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ABSTRACT

A CFD model of bath flow and alumina transport in an
Aluminium reduction cell has been developed using
ANSYS/Fluent.  The model is based on an earlier
ANSYS/CFX model that was valided against PIV

measurements.

Initial work using a simple bubble rise test case, showed a
large discrepancy between the two models. With refinement
of the Fluent model, good quantitative agreement was
achieved. The Fluent model required a finer masth the

use of QUICK differencing.

Information derived from the bubble rise test case was
implemented into a full three dimensional8 anode
aluminium reduction cell bath flow model. A comparison
between the CFX and Fluent models indicated good
qualitative agreement.  Similar bath and bubble flow
patterns were predicted by each model. A detailed
comparison showed some quantitative differences between
the predictions. These differences in the bath flow field
gave rise to some quantitative differendeshe predicted
alumina distribution.

NOMENCLATURE

D kinematic diffusion coefficient

M interphase transfer terms
P pressure

Swu momentum source terms
sc(iF) alumina reduction rate

S Turbulent Schmidt number
U velocity

U phaseg=gas,c=liquid

g volume fraction,

r density

« alumina mass fraction

m effectiveviscosity

INTRODUCTION

Aluminium metal is reduced from alumina in Héléroult
reduction cells this is the main process for producing
primary aluminium metal Opeation of aluminium
reduction cells réés on a detailed knowledge of
electrochemical, electrmagnetic heat transfer and
hydrodynamic processes occurring in the cells.

In the HallHéroult process alumina particles are feedo
the top of a bath containg molten cryolite the alumina
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thendissolves into the bath. Anodemrtially immersed into

the top of the batlsupply an electrical current that drives an
electrochemical reactiotinat reduceslumina to aluminium
metal andoxygen. he evolved oxygerreacts withthe
carbon anodes to form carbon dioxided thealuminium
accumulates aa layer of molten metal in the bottom of the
cell. Carbon dioxide gas forms bubbles under the anode
while buoyancy forces cause these bubbles to travel along
t he & basgbefdretheyrise to the surface beside the
anode. A strong internal flow of théquid bath is
established by the bubble motion and this acts to transport
alumina and heat through the bath.

Aluminium reduction cells operate in a harsh environment
as the bath is molten cryoljitknown to dissolve most
engineering materials, and at a temperature of approximately
970°C. Electrical currents therangeof 100to 450kA are
typical in reduction cells Such currentsinduce strong
magneticfields, which act on conducting liquidsind the

bath indudng secondary flowshy Lorentz forces These
conditions along with restricted access make measurements
on operating cells very difficult and gréatimit the amount

of information that can be obtaing@m operating cells

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

It is usual practice to use airater models to understand
bubble drive bath flow in aluminium reduction cells
(Solheim et al, 1989 and Purdiest al. 1993). As an
alternative to physical experantation, CSIRO has
developed(Feng et al. 2006) and validated(Feng et al.
201(0) a two phaseCFD model of the bath flow. An
extension of the model has been developed to include
alumina feeding, transport and reductionThis model
allows alumina distribtion within the cell and feeding
policies to be investigatedsuch an nvestigation was
reporedby Fenget al. (201(g).

Previous work at CSIRO has been performed using
ANSYS/CFX (ANSYS, 2009)as the numerical solver.
More recently we have replicated thenodel in

ANSYS/Fluent (ANSYS, 2010 allow easy interchange of



results from other models.In the process a comparison

development as the full cell model is by necessity three

between the two codes was used to validate the Fluent dimensional. Two different meshes have been used and

implementation of the bath flonand alumina mixing
modek. This paper reports onthe implementation and
information obtainedrom the process.

MODEL DESCRIPTION

Bath Flow Model
Flow of gas and liquid in the bath is modelled using a
steadystate two phase Euleridtulerian model where
transport equations given below are solved for plvasume
fraction and velocity.
b1(g,r,U.)=0
B(g,(r,U,AU,)) =
- gaDPa +D'ﬂ(ga’7l (DUa +(DUa)T)) +SMa +M a

)
@

Additional source termsSy; are needed to account for
buoyancy and the Lorentz force. Infgtase termdayl, are
added for intephase drag, which is based on the Ishii and
Zuber (1979) model, and for turbulent dispersion based on
the model of Lopez de Bertodai©91) Bubble dameter
varies within the domain and is based on experimental
observations.

Turbulent effects in the liquid phase are account for by an
extension of the two equatiok-e model. Gas phase
turbulent viscosityis obtained from the liquid phase values
based o a zero equation approach. Additional source terms
are added to th& and e equations to account for bubble
induced turbulence.

For brevity details of the various models are not included
here but interested readers are referred to Fehgal.
(201M) for further detailsof the model and its validation
against PIVimeasurements

Alumina Mixing Model

Once a steadgtate bath flow is calculated from the Bath
Flow Model a transient simulation of alumina within the
liquid phase is performed by solving a trpod equation for
the alumina mass fraction.

Tl
— f)+b U.r.
ut (gCrC CI) 1T(-QC,’C C CI) (3)

- B1(g.(r.DY +g—°)afd) =P
Ge

A source term for alumina consumption is add@cif),

under the anodeto account for reduction of alumina.
Further details of the alumé mixing model are reported in
Fenget al.(2011).

BUBBLE RISE TEST CASE

Description

A simple test case has been used to assist in the
implementation and testing of the model in Fluent. The case

is a vertical column filled with liquid and has a centrdl je
through which air enters at a velocity of 018k and gas

leaves the top through a degassing boundary. At the sides

and basewalls are usedThe system is essentially two
dimensional;howeverfour cells are included in the third
direction with symmet planes appliedin the depth
direction The use of three dimensions is to assist with code
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these are shown ifrigurel. Mesh 1 is a uniform mesh,
Mesh 4 has the same vertical spacing but is refined at the
centre and near the side walls.

(a) Mesh 1 (b) Mesh 4

Figure 1: Meshes used for bubble rise test case

Results

The plot on the lef in Figure2 shows the gas distribution
for the CFX model without the additional source terms for
turbulent dispersion and bubble induced turbulefesults

in the centre andn the right aréor CFX and Fluenmodels
with the alditional source termincluded The effect of
these additional terms on laterally dispersing the bubble
plume is very marked.

Influence of the mesh resolution on liquid velocity, gas
distribution and turbulenproduction for CFX was assessed.
Results areshown inFigure3 as a series of plo@longthe

three green horizontal lines shownFigurel. The lines are
0.05, 0.1 and 0.15 m above the base on the geometry. Only a
small difference in the results observed between the two

meshes. These resul ts wer e ob
Resolutiond scheme for convecti
which is a bounded and essentially second order
differencing scheme.
0.0 0.05 0.1

| |

CFX + Src

CFX Std. Fluent +Src

Figure 2: Plots of gas volume fraction for Mesh 4.
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Figure 4: Plots of liquid vertical velocity (top), gas
. L . . . ,
Figure 3: Plots of liquid vertical velocitytop), gas

volume fraction ¢entrg and turbulent production (bottom)

at 3 locations for CFX on thevo meshe¢M1 = Mesh 1&

M4 = Mesh 4 0.05, 0.1 and 0.15 are the distance above the
inlet).

A similar comparison of predicted flow profiles using the
two meshes and Fluent as the solver are plottédginre4.

The liquid velody profile shows that refining the mesh
significantly alters the velocity profile both in the central
plume and near the wall©On the coarse mesh, Mesh 1, the
results were not sensitive to the differencing scheme. On the
fine mesh results were sensitiiee the differencing scheme
with the results shown obtained using QUICK. One of the
reasons for such a difference in the velocity profiles between
the meshes appears to be the turbulence production. The
coarse mesh model has very large turbulence pragucti
near the walls but much lower values in the bubble plume
when compared to both the fine mesh Fluent and the CFX
results inFigure3.

Results for CFX and Fluent using the fine mesh are
compared inFigure5 indicating that good agreement is

volume fraction ¢entrg and turbulent production (bottom)
at 3 locations for Fluent on the two meshes.

Results from these tests indicate that the CFX Bath Flow
model physics has beerucgessfully implemented into
Fluent. For a simple test case Fluent was found to give
similar results to CFX but requires a finer mesh near walls
and regions of step gradients.

FULL CELL MODEL

Description

Having demonstratethat the key model physickad leen
successfullyimplemented ito Fluent a full 3D model of a
reduction cell was modelled in Fluent. The full cell model
is 6.42 m long, 3.32 m wide and the bath depth is 200 mm,
it has 18 anodes of length In8and width 0.65 m with an
anode to cathodéistance (ACD) of 40 mmFigure6 shows

a view of the model geometryurther details of théull cell
modelgeometry and flow conditions adescribed by Feng

et al.(201M). The ANSYS/Workbench mesher was used to
generate a dxahedral mesh consisting of approximately

achieved between the two codes. To achieve this agreement 270,000 hexahedral cellghe meshis larger than the

in the Fluent model it was necessary toe UQUICK
differencing for the convection terms.Wall boundary
conditions in the CEX mo d el used
Funct o nEhigd boundary conditionvastrialled in Fluent
but it did not give significantly different results to the
standard logarithmic turbulent wall functions. To match the

CFX resultsshei Enhanced Wal | inFluentct i
was used.
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previously reported CFX mesh  This was because
preliminary simulations and the bubble rise test case

i S c aihddied ¢hat tiwasl necessary tincrease the numbenf

cellsacross the side and end channels

Boundary conditions for the modebnsist of

1 Gas generated at the base of each anedech is

0 nntplemeatedewith source termenters the model at a
rate of 0.0157 kg'§

1 A degassing boundary at the tsprface 6 the model,
with liquid bath treated as a fre#ip wall andgasis able



to leave the modetthis was developed by the authors  chamels. For the 14 anodes not adjacent to the end channels

and tested in the bubble rise test case, the streamlines show flow into the ACD from the side and
1 The remaining surfaces acensideredvalls with a ne centre channels and out from the ACD into the Harewde
slip condtion for the liquid andree-slip for the gas. gaps. As evident from th&treamlinesliquid flow under the
four anodes near the @ichannels is predominantly from the
—e—Fluent-M4-005  ——Fluent-M4-0.10 Fluent-M4-0.15 end channel and along the cell to the iw#eode gapwith
oo ——CFXke-M4005  ——CFXkeM4-0.10 ——CFxke-M4015 some flow also to the side and centre channels. Both models
T; predict similar bath flow behaviour with slightly higher
E velocities predicted by the Fluent modelthe channels.
§ o Detailed plots of the liquid bath velocity through the centre
g o of an anode at X.43 m is shown inFigure8 and along
g oo the centre of an inteanode gap at X=0.335 m is shown in
'5’_0_02 Figure9. Location of the planes imdicated inFigure®6.
As bath flow is predominantly symmetric about the centre
008 " channel only one side of the cell is shown. Both models
X Position [m] . . . . . .
— predict strong recirculation in the side channel and a pair of
— Fluent-M4-0.10 cownter rotating cells in the centre channel. In the centre
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goos /- \ —— CFX-ke-M4-0.15 channel. CFX results have this down flow located at the
% oo Vi \ middle of the centrehannel. Results from the Fluent model
gom = S\ predict that the down flow location varies along the cell due
gggi T /A X — to the predicted flow not being completely stable. Fluent
o -~ , N also predictslightly higher velocities than the CFX model.
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Figure 5: Plots of liquid vertical velocity (top), gas
volume fraction €entr§ andgas vertical velocitybottom) at
3 locations for Fluendnd CFX on Mesh 4. Q’o‘
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Figure 6: Geometry of the 18 anode full cell model.

Figure 7: Streamlins of bath velocity originating from

Bath Flow Results under the anodgwedicted by thé&luentmodel.

Results for thesteady statefull cell model have been A substantial mount of gas is released from under the
obtained for both the CFX and Fluent quels using the anode via the interanode gap. This is shown Figure10
same geometry, mesh and flow rat&treamlines of liquid by high gas volume fractionslotted on a vertical planén

bath flow that originate under the anodes are plotted in the interanode gap at X=0.335 nmVelocity vectors for the
Figure7 and show strong recirculation in the side and end CQ, gas are plotted in the inteanode gapn Figurell.
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Both models show good agreement for the flow in these | == pt2
gaps with the flow pattern and magnitude being similar. Gas
bubble distribution and gas velocities predicted by each
model aregenerally in good agreement.
St ying g o= Pt1 Pt 4
Bath Velocity [m.s™] - - =+ . - *'
0.025 0.075 L | Ipts /\/
0.000 0.050 0.100 Feeders
’ } Pt 3
.|
[ I *
Figure 122 Location of duminasampling pointand
feeders
Alumina Concentration
) o ) 0.0358 0.0393
Figure 8: Liquid bath velocity vectors on a plane through
the anode centratx=-1.43 CFX (top) Ruent (bottom)

Bath Velocity [m.s™]
0.125 0.375

Figure 9: Liquid bath velocity vectors in theteranode
gapatx=0.335, CFX (top) Fluent (bottom)

CO,Volume Fraction
0.063 0.188

N . .
0.000 0.125 0.250

- i Figure 13:  Alumina mass fraction at time of 60 se@n
‘ ‘ - a plane through the centre of the AQTFX (top) Fluent
el (bottom).

Alumina Concentration

Figure 10.  CO, gas volume fraction in thaieranode 00250 Ll
HE 4
gapatx=0.335, CFX (top) Fluent (bottom) 3 0.0340
€O, Velocity [m.s-1]
0.125 0.375

Figure 11: CO, gas velocity vectors in theteranode
gapatx=0.335, CFX (top) Fluent (bottom)

Alumina Mixing Results

A transient simulation of aluminaixing and consumption
was runin both CFX and Fluent using the gas and liquid
flow fields from the steady state models presented in the
previous sectionlnitially a uniform alumina concentration

of 0.035was assumedyith alumina feed to the cell at four
locations along the entre channel. Alumina feeding Figure 14:  Alumina mass fraction a time of 2940 sec.

locationsare shown irFigure12, with details of thededing on a plane through the centre of the AGIFX (top) Fluent
cycle and the consumption model given in Festgal. (bottom)
(2010a).
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Strong vertical velocitiesni the cell produce strong mixing
in the vertical direction. There is thus very little vertical
variation in the alumina concentration relative to the lateral
variation.  For this reason vertical plots of alumina
concentration are not presented here.

After 1 minute results inFigurel3 show that alumina has
dispersed under the anadtom the two feeder locations
near the centre of the cell and into the end channels from the
two outer feeders. In the CFX results the alumina is
dispersed very symmetrically int@a quarter symmetry
pattern Whilst the Fluent results also exhibit the quarter
symmetry patternthey have variations ertd-end and side
to-side. This variation is likely to be a result of the prestict
bath flow in the Rlient model. Results iRigurel4, at the
end of the feeding cycleshow that after a significant time
without feeding regions of relatively low alumina
concentration occsrunder the centre anodes

Transient alumina concentratios monitored at fivepoint
locations shownin Figurel2. The change in alumina
concentration vth time at each of these samplitogations

is plotted in Figurel5 and shows that there ikrge
variations in the alumina concentration with time and
location in the cell. These plots show excellent agreement
between the CFX and Fluent models. Results for Point 1,
which is in the ACD near the centre of the cell, shows some
differences during # overfeeding period of 1400 to 1900
seconds. This difference is most likely due to the slightly
different flow behaviour predicted in the centre channel by
the Fluent model.

—SrPntl CFX
SrPnt2 CFX
——SrPnt3 CFX

—Pointl Fl
—Point2 Fl
——Point3 Fl

0.04 1

0.035 7

0.03 A

Alumina Concentration

0.025 T T T
0 500 1000 1500
Time|[s]

2000 2500 3000

Figure 15  Variation in alumina concentration, witime,
at various locations in the bath. Locations of the sampling
points are showm Figure12.

CONCLUSION

A previously published aluminium cell bath flow model has
been transferred to Fluent. Key physics ingtgdyasliquid
inter-phase momentum transfer, bubble induced turbulence,
turbulent dispersion force and alumina dispersion and
consumption models have been implemented into Fluent.

Copyight © 2012 CSIRO Australia

Testing of the model for a bubble rise case shows good
qualitative agreenmd. Reasonable quantitative agreement
was achieved but required a finer mesh and the use of
QUICK differencing in the Fluent model. Furthermore the
CFX model showed little sensitivity to the mesh resolution
while the Fluent model showed significant samiit to the
mesh and numerical scheme used.

A three dimensionall8 anodemodel of the bath of a full
reduction cell was setup in Fluent and run to obtain steady
state bath and bubble flow fields. These flows were then
used to predict transient alumirteansport, mixing and
consumption in the cell. Flow results from the Fluent model
were compared to those obtained from a preWous
validatedCFX model. Qualitatively the two models predict
similar bath and bubble flow patterns. Detailed comparisons
showv some difference in the quantitative values predicted by
the models, with slightly higher velocities predicted by
Fluent. Comparison of the transient alumina distribution
predicted by the two models shows that they are in excellent
agreement.

A complex multiphase model of bubble and MHD driven

flow, based on a published CFD model, has been
incorporated into Fluent. Differences in the underlying
numerical methods of the two solvers mean that finer
mestes are required in the Fluent model to match the CFX
results.
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