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PREFACE

This book contains selected papers from the 10" International Conference on Computational Fluid
Dynamics in the Oil & Gas, Metallurgical and Process Industries. The conference was hosted by
SINTEF in Trondheim in June 2014 and is also known as CFD2014 for short. The conference series was
initiated by CSIRO and Phil Schwarz in 1997. So far the conference has been alternating between
CSIRO in Melbourne and SINTEF in Trondheim. The conferences focus on the application of CFD in
the oil and gas industries, metal production, mineral processing, power generation, chemicals and
other process industries. The papers in the conference proceedings and this book demonstrate the
current progress in applied CFD.

The conference papers undergo a review process involving two experts. Only papers accepted by the
reviewers are presented in the conference proceedings. More than 100 papers were presented at
the conference. Of these papers, 27 were chosen for this book and reviewed once more before being
approved. These are well received papers fitting the scope of the book which has a slightly more
focused scope than the conference. As many other good papers were presented at the conference,
the interested reader is also encouraged to study the proceedings of the conference.

The organizing committee would like to thank everyone who has helped with paper review, those
who promoted the conference and all authors who have submitted scientific contributions. We are
also grateful for the support from the conference sponsors: FACE (the multiphase flow assurance
centre), Total, ANSYS, CD-Adapco, Ascomp, Statoil and Elkem.

Stein Tore Johansen & Jan Erik Olsen
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ABSTRACT

The industrial process for producing primary aluminium
metal is the reduction of powdered alumina in a Hall-
Héroult reduction cell. These cells operate at
temperatures above 940 °C with a highly corrosive
electrolyte making physical measurement of the process
difficult or nearly impossible. Computational models of
the electro-magnetic fields and heat transfer are widely
used in industry to design cells. Only recently (Feng et
al., 2010b, Witt et al, 2012) have detailed
computational models of the molten liquid-gas bath
become available. Alumina distribution within the cells
is important for cell efficiency and preventing anode
effects. Using the bath flow information and an
assumption of uniform reduction, a single scalar
transport equation has been used to track the time
variation of alumina within cells (Feng et al., 2011).

In this work the previous single species model is
extended to include six chemical species and four
chemical reactions. The reaction pathway developed for
the model is that solid alumina particles are fed to the
bath surface, where they mix and submerge into the
liquid bath, and then undergo dissolution from solid
particles to the liquid species Na,Al,O,F,. Within the
bath Na,Al,O,F, converts to Na,Al,OF¢, which is
involved in an oxidation reaction with carbon to
produce carbon dioxide and AlF; at the anode surface.
At the metal pad a cathodic reaction occurs with AlF;
converting to aluminium metal. Species solubility rates
are based on the work of Solheim et al. (1995).

A CFD model of a single anode in a bubbly cryolite
bath was built based on a corner anode from an
industrial cell. Steady state bath flows were calculated
and used to transport the six chemical species in the new
bath chemistry model. Results were obtained for 20,000
seconds of real time for species distributions in the
anode to cathode distance (ACD), change in mass of
species in the bath with time, rates for the four reactions
at locations in the bath and change in the species mass
fraction with time at various locations during a feeding
cycle.
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Keywords:  CFD, Process metallurgy, Alumina
reduction chemistry, Hall-Héroult aluminium cell,
Multiphase chemistry.

NOMENCLATURE

Symbols

Agnoge Anode surface area, [m?]

Acatnode  Cathode surface area, [m?]

F  Faradays constant = 96 485 [A s mol™]
Janode Current density at anode, [A m?]
Jcathode Current density at cathode, [A m?]
k, Reaction rate equation (1), [mol s™]

k, Reaction rate equation (2), [mol s™]

ks Reaction rate equation (3), [mol s™]

k, Reaction rate equation (4), [mol s™]

r  Cryolite ratio (molar ratio of NaF and AlF3)
x; Molar fraction of Na,Al,OF¢

x, Molar fraction of Na,Al,O,F,

Y; Mass fraction for species i

Sub/superscripts

a Anode

¢ Cathode

i Indexi.
INTRODUCTION

The Hall-Héroult process is the dominant industrial
scale technology for reducing alumina powder to
primary aluminium metal. Reduction cell performance
is dependent on a mix of complex physical processes
that occur in the cell and includes electrochemical,
electro-magnetic, heat transfer and hydrodynamic
processes.

Alumina particles are periodically feed on to the top of
this molten cryolite bath; these particles then dissolve
into the bath. Electrical current is supplied to the cell
through anodes that are partially immersed into the top
of the bath. Through an electrochemical reaction this
electrical current reduces alumina in the presence of
carbon anode to aluminium metal and carbon dioxide.
Evolved carbon dioxide gas forms bubbles under the
anodes where buoyancy forces cause these bubbles to
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travel along the anode’s base, before they rise to the
surface beside the anode. A strong internal flow of
liquid bath is established by the bubble motion and this
acts to transport alumina and heat through the bath.
Aluminium metal, reduced by the reaction, forms a
layer of molten metal in the bottom of the cell.

Aluminium reduction cells operate in a harsh
environment as the bath is molten cryolite, known to
dissolve most engineering materials, and at a
temperature of approximately 940°C. Electrical
currents in the range of 100 to 450 kA are typical in
reduction cells. Such currents induce strong magnetic
fields, which act on conducting liquid metal and the
molten bath, inducing secondary flows by Lorentz
forces. These conditions along with restricted access
make measurements on operating cells very difficult
and greatly limit the amount of information that can be
obtained.

To develop new cells and to improve the economic and
environmental performance of existing cells, new tools
are needed. Moxnes et al. (2009) described how
optimised alumina feeding through experimentation can
improve performance. However, experimentation is
very costly and time consuming. Mathematical models
can provide a tool to understand and explore how
changes to cell geometry and operation affect
performance (Gusberti et al. 2012). Thus validated
mathematical models can provide a more efficient
means of achieving improved cell performance than
through experimentation.

The above description of the alumina reduction process
is vastly simplified but has been successfully used
previously to develop a computational fluid dynamics
(CFD) model of alumina distribution in these cells.
Feng et al. (2010a) and Feng et al. (2011) tracked an
alumina species using a predicted bath flow field and
assumed that uniform reduction occurred throughout the
anode to cathode distance (ACD) under the anodes.
Alumina distribution within the cell and feeding policies
were able to be investigated; such an investigation was
reported by Feng et al. (2010a).

In practice the bath consists of a number of ionic species
that undergo a series of complex reactions. Work such
as those by Gagnon et al. (2011), Kvande (1986)
Mandin et al. (2009) and Solheim (2012) among others
have proposed reaction models and bath species. All
have assumed species transport by diffusion or simple
hydrodynamic models.

In this work we extend the earlier alumina distribution
model of Feng et al. (2011) to include six chemical
species so as to more accurately represent the
underlying electro-chemistry occurring in Hall-Héroult
cells.

MODEL DESCRIPTION

The CFD modelling approach used in this work is to
solve a steady-state model for the bath and bubble flow
within a cell. Then by holding the bath flow fixed a
transient model of species transport, alumina feeding
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and reactions is used to predict the time varying species
concentration in the cell.

Details of the CFD model physics, approach and
implementation in ANSYS/Fluent (ANSY'S, 2013) have
been previously documented in previous works Feng et
al. (2010a, 2010b, 2011) and Witt et al. (2012). For
brevity only an overview of the bath flow model is
presented here.

The bath flow model describes the steady state flow of
both gas and liquid phases based on a time averaged
method. Key features of the bath flow model are:

e Gas and liquid flow are modelled using the
Eulerian-Eulerian or two-fluid approach,

e Small-scale structures such as bubbles and
turbulent structures are averaged in time and space,

e Drag from the bubbles is modelled using the Ishii
and Zuber (1979) drag law,

e Turbulent effects are modelled using the k-&
turbulence  model with  modifications for
multiphase flow to include, turbulent dispersion
Lopez de Bertodano (1991), bubble induced
turbulence (Smith, 1998 and Olmos et al., 2003)
and enhanced turbulent viscosity,

e Electro-magnetic effects are included through the
Lorentz force, which is calculated from magnetic
and electric fields for a typical pot line.

The alumina distribution model describes the transient
distribution of alumina and other chemical species
within the liquid bath. Transport of alumina and other
chemical species is based on the steady state bath flow
model.

The key stages in reduction of alumina to aluminium
metal are:

e Feeding of alumina to the bath surface, this can
occur at various times and at a number of locations,

e Initial breakup, mixing and submersion of particles
from the surface into the liquid bath, assumed to
occur over 10 seconds, this is used to set a boundary
condition for the alumina such that the mass from a
feed event is averaged over a 10 second period,

e Dissolution of alumina particles into the bath
through the reaction:

k1
Al,O30 + 3 NaF + AlF; = ; Na,Al,O,F, (1)

e Equilibrium bath reaction:

Na,Al,O,F, + 2 NaF + 2 AlF; (k:z> 2 Na,Al,OF¢ (2)
e Anode boundary layer reaction:

2 Na,Al,OF¢ + C 8 4e + 4 AIF;+4Na" +CO, (3)
e Cathode or metal pad boundary layer reaction:

AlF; +3 Na++3e']§A|+3 NaF (4)
Reactions rates are required for equations (1) to (4).

The rate for alumina dissolution into the bath is based
on the work of Frolov et al. (2007) who observed
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alumina dissolution in both an industrial bath and a
modified bath with fast dissolution properties. By fitting
two straight lines to their data for the industrial cell, as
shown in Figure 1, the following rate equation can be
obtained:

0.164

0.35
k; = max(0,0.35 — mYAlzomﬂs' 0.164 — o007 Yai203ais)

©)

To limit the reaction in areas of low undissolved
alumina the equation is modified to:
k, = (1.0 — e300 arzosuna)

0.1

0.35 .164
max(0,0.35 — 003 Yai2034is, 0.164 — WYAIZ(BdiS)

(6)

Where Y aposdis IS the mass fraction of dissolved alumina
in the bath and Y,;,03una the undissolved alumina in the
bath. In this work the dissolved alumina species are
Na,Al,O,F, and Na,Al,OFs.

0.4
035
g 03
2025
E o2
Bo1s
> 01
0.05
0
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AN
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—
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[Al,0;], wt. %

0% 1‘;/0 ZL%,
Figure 1:  Dissolution rate of alumina in industrial
baths at temperature 960 °C from Frolov et al. (2007) —

black line and the model of equation (5) — blue line.

For equation (2), data from Solheim and Sterten (1999)
was used to derive the equilibrium condition that was
reported in Solheim (2013) as:

GEOMETRY AND BOUNDARY CONDITIONS

Geometry for the single anode model was based on a
Hydro Aluminium HAL300 cell and is shown in
Figure 2. The full industrial cell has 30 anodes, to
simplify the model for this work a corner anode from
the full cell was built, including a typical ledge profile,
and meshed using ANSYS/ICEM to give 124,000
hexahedral cells. The anode had two slots; the centreline
of the full cell is treated using a symmetry plane while
the inter-anode gap is considered to be a vertical wall.

Details of the physics and boundary conditions used are
as per the full cell model reported in Witt et al. (2012).
Gas enters the model through the anode base coloured
red in Figure 2. Gas leaves the domain through the free
surface coloured green via a degassing boundary
condition. Alumina feeding could be varied to different
positions in the cell and in this work was to the top of
the side channel of the cell through the purple region
shown in Figure 2. Each feed was chosen to be 0.15 kg
of alumina uniformly added over a 10 second period
and was added every 80 seconds.

Symmetry

Free Surface
Plane

Treated as a
degassing boundary

Alumina
Feed Area

2
X —
1 _ 11.3e 2.63r

U]

2
where x; and x, are the molar fractions of Na,Al,OF¢ Ag"de. Blase
and Na,AlLO,F, respectively, and r is the molar ratio thrgjg'ﬂ o
(Cryolite Ratio) of NaF and AlF;. From the equilibrium surfaces

condition in equation (7), the reaction rate, k,, needed to
bring the two species into equilibrium in that time step
is determined.

Reaction rates for the anode and cathode reactions
(equations (3) and (4)) are based on the current density

Figure 2:  Single Anode Model Geometry.

Initial concentrations for the mass fractions are given in
Table 1, which gives a cryolite ratio of 2.2, from which
the equilibrium condition for Na,Al,OFs and
Na,Al,O,F, can be determined. The model was run for a

such that: time of 20,000 seconds with 1 second time steps.

k — ]AnodedAa (8) - . . . .
=T Table 1: Initial Species mass fraction in the Single
and s Anode Model.
k4 — ]Cath;;e c (9)
‘ A|203 ‘ N32A|202F4 ‘ NazAlzoFs | Na | NaF ‘ A|F3 ‘
where Jnoqe is the current density at the anode, Jearhode ‘ 0.025! ‘ 0.0442 0.0847 | 0.070° | 0.420° ‘ 0.3822 ‘

is the current density at the cathode, F is Faradays
constant and dA, is surface area of the anode and
cathode.

! Mass fraction of total liquid phase
2 Mass fractions of dissolved species

Since the current density is not solved in the model, a
fixed value at the anode of 0.9 [A cm?] is used and
then, assuming conservation of charge, the cathode

. . A
current density is Jcatnode = Janode ﬁ'
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RESULTS

For the single anode model the steady state bath flow
model was first run to calculate the bath flow field.
Results for the bath flow are shown by the streamlines
plotted in Figure 3, velocity vectors in the ACD plotted
in Figure 4 and the gas volume fraction plotted on two
vertical slices near the centre of the anode in Figure 5.
These plots show that the model predicts a thin gas layer
under the anode that drives a strong bath flow under the
anode towards the centre channel. Liquid bath then
flows to the end channel, along the end channel and
back to the side channel.

Using PIV measurements the bath flow model
formulation used in this work was validated for a three
anode water model by Feng et al. (2010b), thus we
expect that the current model should also predict
reasonable results. Geometry used by Feng et al.
(2010b) differs from the current geometry in a number
of keys areas: a single anode rather than three anodes, a
narrower centre channel, shaped external cell walls due
to ledge formation rather than vertical walls, slotted
rather than unslotted anodes and an anode slope of
nearly 2° upward at the centre channel compared to the
flat anodes in the earlier work. These changes prevent
direct comparison and have an effect on the flow field.
Measurements reported by Feng et al. (2010b) show the
velocity in the ACD can exceed 0.12 m s® with a
complex flow field. Due to the sloping base of the
current anode, which will create stronger and more
directional buoyancy forces, flow is directed along the
anode length to the centre channel and velocity in the
ACD is higher with predicated values up to 0.2 ms™.

Analysis of streamlines indicates that the travel time for
the bath from the side channel under the anode to the
centre channel and back along the end channel is
approximately 50 seconds.

Figure 3:  Streamlines showing the bath flow in the
Single Anode Model.
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Figure 4: Liquid velocity vectors on a plane
through the ACD showing the bath flow in the Single
Anode Model.

Figure5: Gas volume fraction on two vertical
planes in the Single Anode Model.

Mass fractions for the undissolved and dissolved
alumina species considered in the single anode model
are plotted on two vertical planes in Figures 6 to 8 after
20,000 seconds (5 hrs 33 minutes). This time instant
was selected as it is just before a feed of alumina is
about to occur and thus is likely to be close to the point
of minimum alumina concentration under the anode.
Low alumina concentration in the ACD is one potential
cause of anode effects. As alumina is fed to the top of
the side channel, undissolved alumina mass fraction is
highest in the side channel but lowest in the inter-anode
gap and centre channel. The dissolved alumina species
in Figures 7 and 8 have a similar concentration
distribution to the alumina but note that the plot range is
very narrow to highlight the distribution within the cell.

The reaction rate for the dissolution reaction is shown in
Figure 9 and indicates that the rate is constant through
the cell. The equilibrium reaction rate is plotted in
Figure 10 and shows that the reaction proceeds strongly
under the anode and reverses in parts of the side and end
channels. Figure 11 plots the reaction rate for the anode
reaction, and shows the reaction has a slightly lower rate
in the centre of the anode due to the gas holdup. The
cathode reaction rate is not shown as it is uniform across
the metal pad surface.
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Figure 6: Undissolved alumina mass fraction on
two vertical planes in the Single Anode Model at
20,000 [s].

Figure 7:  Na,Al,O,F, mass fraction on two vertical
planes in the Single Anode Model at 20,000 [s].

Figure 8: Na,Al,OF¢ mass fraction on two vertical
planes in the Single Anode Model at 20,000 [s].

Figure 9: Dissolution reaction rate on two vertical
planes in the Single Anode Model at 20,000 [s].
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Figure 10: Equilibrium reaction rate on two
vertical planes in the Single Anode Model at 20,000

[s]:

Figure 11: Anode reduction reaction rate on two
vertical planes in the Single Anode Model at 20,000

[s].

Figure 12 shows the variation in undissolved alumina on
a plane through the centre of the ACD at 20,000
seconds. The magnitude of the variation in species mass
fraction is not great but results indicate regions of
higher and lower concentrations. Figure 13 plots the
equilibrium reaction rate on a plane through the ACD.
The equilibrium reaction rate is the fastest under the
one-third of the anode near the inter-anode gap and the
reaction is predicted to reverse in the side and end
channels.

Figure 12: Undissolved alumina mass fraction on a
plane through the ACD in the Single Anode Model at
20,000 [s].
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Figure 13: Equilibrium reaction rate on a plane
through the ACD in the Single Anode Model at
20,000 [s].

The total mass of the chemical species in the bath and
how they change with time is plotted in Figures 14
to 16. In Figure 14 the mass of alumina in the bath
varies due to periodic feeding, as shown by the inset;
this results in what appears as a wide band for the
alumina mass at any time instant. The initial condition
for this run was an undissolved alumina mass of 0.984
kg; this reduced rapidly to between 0.7 and 0.8 kg after
about 5,000 seconds. After this time the mass is
reducing slightly indicating the bath has not completely
reached a steady operating condition, but is close to a
steady condition. Two other preliminary calculations
were run; one with a zero initial undissolved alumina
concentration and one with the initial mass set to 4 kg.
Both of these showed significant changes in the mass of
alumina but would require significantly more than
20,000 seconds before reaching a steady condition.
From these preliminary calculations the initial value of
0.984 kg was identified as being close to the steady
condition. Mass of the other bath species are plotted in
Figures 15 and 16 and show slight changes in their mass
with time.

Based on the above results it was concluded that the
model was at close to stable operating species
concentrations and conditions at 20,000 seconds. To
assess the magnitude of the change in bath chemistry
between feed additions the results at 20,000 seconds
were used to restart the model, from which time it was
run for a further 100 seconds. During this short run
species mass fractions at nine monitoring points were
stored at each time step. The locations of the points are
shown in Figure 17. Points 1 to 4 are located on the top
of the bath with point 1 being at the feed location. The
remaining 5 points are located in the ACD with point 6
being near the centre of the anode and the other four
located near the anode edge.

Figure 18 plots the change in undissolved alumina at
these locations. The mass fraction at the feeding
location, Point 1, initially increases from 0.002 to 0.007
during feeding and the initial 10 second immersion.
After feeding it drops rapidly back to the steady state
condition, indicating that convective transport rapidly
disperses the alumina particles. Points 2 and 8 show
nearly a 50% rise in concentration approximately 20
seconds after feeding commences. The streamline in
Figure 3 and velocity vectors in Figure 4 show the bath
flows from the feed location towards the inter-anode
gap and then along the anode to the centre channel,
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which transports the alumina through the cell and results
in the increase in alumina concentration at points 2
and 8.

Alumina

0 5000

10000 15000 20000

Time [s]

Figure 14: Change in Undissolved Alumina Mass
with time for the Single Anode Model.
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Figure 15: Change in species mass with time for the
Single Anode Model.
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Figure 16: Change in AlF; and NaF mass with time
for the Single Anode Model.
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Figure 18: Change in undissolved Alumina mass
fraction with time at various locations in the Single
Anode Model.

DISCUSSION

The complex reactions, high temperature and harsh
chemical environment make direct validation of the
single anode model extremely difficult. Based on our
past work (Feng et al., 2010a, 2010b and Witt et al.
2012) we have a reasonable level of confidence in the
bath flow and alumina distribution predictions. Further
work using a water model with tracers could be used to
improve confidence in the model. Moxnes et al. (2009)
have used AlF; addition to change bath conductivity and
measure changes in anode currents. In future work it
may be possible to apply this approach to validate the
model on a full cell.

For simplicity at the present stage of model
development we assume a uniform current distribution
across the anode base. This leads to uniform gas
generation rate and uniform anode and cathode reaction
rates. Clearly this is a simplification as current
distribution is non-uniform and a function of gas
generated through the anodic reaction. Our plan in
future work is to include current distribution in the
model and to link the anode and cathode reactions to the
local current density. A further complication is our
present use of a steady-state bath flow. We propose to
iterate between the bath flow and transient chemical
reaction models to couple the effects of anode reaction,
gas generation, bubble flow and species distribution to
overcome limitations in the present approach.

CONCLUSION

We have proposed a new alumina reduction model for
the Hall-Héroult process that consists of six chemical
species and four reactions. The reaction pathway
developed for the model is that solid alumina particles
are feed to the bath surface; they take a short time to
mix and submerge into the liquid bath, where they
undergo dissolution from solid particles to the liquid
species Na,Al,O,F,. Within the bath a reaction reduces
Na,Al,O,F, to Na,Al,OF, which is further reduced to
carbon dioxide and AlF; at the anode surface. At the
metal pad a cathodic reaction reacts AlF; to form
aluminium metal.

A previously published CFD model is used to transport
chemical species within the bath based on bubble and
MHD driven flow. Reaction for the new bath chemistry
model were included in a CFD model and tested on the
geometry for a single anode that was run for 20,000
seconds of real time.
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Key findings from the model are:

e  Preliminary calculations show that if the initial
undissolved alumina mass fraction is
significantly  different from the steady
operating state then real times of over 20,000
seconds maybe be required to reach steady
conditions.

e Alumina was fed to the top of the side channel
and because of this the highest concentration of
undissolved alumina was found in the side
channel. This location was also where the
undissolved alumina mass fraction increased
from 0.002 to 0.007 during feeding.

e At a location near the inter-anode gap and
midway along the anode the undissolved
alumina mass fraction increased by
approximately 50% about 20 seconds after
feeding commenced.

e  Other species showed only a small variation in
mass fraction both across the cell and with
time.

e Reaction rate for the dissolution reaction was
found to be reasonably constant throughout the
cell.

e The equilibrium reaction rate was high in the
ACD under the anode and highest for the part
of the anode near the inter-anode gap. In some
parts of the side and end channels the
equilibrium reaction was predicted to go in the
reverse direction.
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