Light Metals 2005 Edited by Halvor Kvande TMS (The Minerals, Metals & Materials Society), 2005

MODELING MAGNETOHYDRODYNAMICSOF ALUMINUM ELECTROLYSISCELLSWITH
ANSYSAND CFX

Dagoberto S. Severo', André F. Schneider?, Elton C. V. Pinto?, Vanderlei Gusberti’, Vinko Potocnik?.

1pCcE Engenharia S/S Ltda, Rua Félix da Cunha, 322 Porto Alegre RS - Brazil
2 Vinko Potocnik Consultant, 2197 rue de Régina, Jonquiere, Québec, Canada, G7S 3C7

Keywords: Aluminum reduction, Magnetohydrodynamics, Interface stability, Volume of Fluid Method

Abstract

The auminum industry is studying ways to increase the
efficiency of reduction cells in new and retrofit smelters.
Numerical simulation has become a very effective tool for
analyzing such complex processes. This paper presents magneto-
hydrodynamic (MHD) simulations of a cell technology case
study. A three-dimensiona (3-D) model was developed by
coupling commercial codes ANSYS and CFX, via in-house
programs and customization subroutines. A  detailed
electromagnetic model was built in ANSYS, which uses Finite
Element Method. Steady state and transient MHD flows in the
cell were calculated with CFX, which uses Finite Volume
Method. Metal and bath were treated as multiphase flow. The
homogeneous VOF (Volume of Fluid) model, available in CFX,
was used to calculate bath-metal interface in steady state and
transient regimes. The transient simulation of the bath-metal
interface was used for the study of cell stability.

Introduction

Primary auminum is obtained by a complex process of
electrochemica reduction of aumina in Hall-Héroult cells. In a
smelter there are many cells, connected in series to form one or
more potlines. DC current flows from cell to cell in aluminum
busbars. Inside each cell, current flows downwards through the
anodes, bath, molten metal pad and cathode carbon block. Steel
collector bars take the current laterally out from the cathode
blocks to the busbars. Electric currents generate magnetic fields.
Our attention is focused on the bath and the metal. The bath floats
on the top of the metal due to dightly different densities. The two
liquids are immiscible. Undisturbed, the meta-bath interface
would be flat and horizontal, but this is never the case in an
operating cell. The combination of the electric current and the
magnetic field gives volumetric forces, known as Lorentz or
electromagnetic forces. These set the metal and the bath in
motion and deform the metal-bath interface.
Magnetohydrodynamics (MHD) is the science that studies the
effect of electromagnetic forces on fluid flow. This paper presents
the development and an application of three-dimensiona MHD
models of aluminum electrolysis cellsin steady state and transient
regime. Bath flow due to bubbles released by the reaction is not
taken into account in this study.

Most energy consumption of the cell occurs in the bath layer,
because it has poor electrical conductivity and because the
electrolysis reaction occurs there. The resistive generation of heat
in the bath layer is proportiona to the anode-to-cathode distance
(ACD), therefore, this layer should be as thin as possible.
However, the cell may become unstable at small ACD due to
interface waves, which promote the mass transfer of liquid

aluminum to the anode and current efficiency loss. The minimum
ACD at which the cell remains stable depends on cell design,
busbar design and cell operation. Cell amperage also plays a
major role since the electromagnetic forces in the liquid zone
increase approximately as the square of the current. Amperage
increase has limits, largely determined by the MHD and heat
balance of the cell. Thorough understanding and control of cell
MHD are key to high current and energy efficiency.

Steady-state and transient MHD of the cell have been described
elsewhere [1]. Two kinds of cell stability model have been
developed: linear perturbation analysis of waves [2-4] and
transient MHD analysis [5-7]. The latter uses transient shallow
water [5] or three-dimensional models [6-7]; in these models, cell
stability is inferred from the decreasing or increasing wave
amplitudes with time. In 3-D models, the amplitude can be as
large as the ACD since the current density at each timestep is
caculated from Laplace or Poisson equation without
simplifications. Following this second approach, a 3-D MHD
methodology to study auminum reduction cells, using
commercial software packages, was developed by PCE. The
electromagnetic problem and the magnetohydrodynamic problem
are solved with ANSYS and CFX, respectively. Bath and metal
are considered as two distinct phases, separated by an interface.
V OF approach, available in CFX, is used to track the position of
the interface. In-house software was necessary to help the data
transfer between the programs. With this methodology it was
possible to build very detailed 3-D models, with the minimum
negligence of physical effects. These models, both steady state
and transient stability, are now ready for cell MHD analysis and
design. They were used in this work to anayze the MHD
behavior of a hypothetical side-by-side cell with four side risers,
operating at 240 kA. The cell has 24 anodes, an ACD of 4.5 cm,
metal height of 20 cm and cdll-to-cell spacing of 6.2 m. The
return row of cells is a 60 m. Thecathode busbars have
asymmetric current for compensation of the vertical magnetic
field from the neighboring row.

M odel Description

Figure 1 is the flowchart of a complete MHD study. At PCE,
thermo-€electrical models are built using the commercial software
package ALGOR, based on finite element method. The
temperature distribution from these models is used to define the
ledge position and the electrical resistivity of materias in the
electromagnetic and hydrodynamic models. For practical reasons,
all the meshing for the MHD modelsis also madein ALGOR and
then exported to ANSY S or CFX. A different mesh may be used
for each step asrequired by the method used in each program. In
ANSY S, electrica and magnetic calculations are done with aflat
metal pad. The electromagnetic force is transferred to CFX,



where it is kept constant during the primary steady state run with
flat anodes. In the steady state run with consumed (curved)
anodes, the current density and the electromagnetic force are
recalculated in CFX. Thisis a constant ACD model, which is the
closest approximation to steady state of an operating cell. In the
transient stability run, the current distributions in the metal, bath
and anodes are recalculated each timestep. This is essential,
because the wave gets the driving force from the changing current
density distribution.

The very same procedure is used when an anode change is
simulated, except for the meshing step, which does not need to be
repeated because the same meshes are used as in the base case.
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Figure 1. Methodology diagram
Electromagnetic M odel

The first step in MHD modeling is to obtain a detailed
electromagnetic model. All relevant aspects of the cell, such as
external conductors (busbar arrangement), internal conductors
(liquid layers, collector bars, anodes and cathodes), and the stedl
shell are taken into account. In ANSYS, the electromagnetic
caculations are done with aflat bath-metal interface.

In ANSYS the electric potential V is calculated as a primary
variable from the Laplace Equation (1),

NxsNV) =0 (1)

where s is electrical conductivity. The current density J in each
material is calculated from Equation (2):

J=-sNv ©

The electric model boundary conditions are: reference potential
equal to zero at the negative terminal of the power supply and the
line current entering at the positive terminal.

For magnetostatic field problems ANSYS has the Magnetic
Scalar Potential approach [8]. Severa options are available, but
only General Scalar Potential is applicable to electrolysis cellsin
order to account properly for electrical current going out through
the cathode shell. A brief description of eguations that ANSY S
solves follows. The constitutive relationship for magnetic fieldsis
given by Equation (3).

B=mH )

where: B is the magnetic induction, H is magnetic field strength
and m, is the magnetic permeability. H is calculated by Equation
(4.

H=H,- N/, @)

where: Hy is a preliminary magnetic field and /4 is the
generalized magnetic scalar potential. The “initial guess’ field,
Hg, is calculated from the Biot-Savart law, given in Equation (5)
which, as a condition to the validity of this approach, satisfies
Ampere'slaw
1 Jxr

=— 5—d(volC) (5)
410 volC

Hs is the magnetic field from the electric current sources
(conductors), J isthe current density in the conductor, volC is the
volume of the conductor and r is the distance vector between the
conductor and the point of interest. The generalized magnetic
scalar potential is calculated from Equation (6).

NxmN/ - NxrH =0 ©6)
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The magnetic scalar potential approach works well, when the first
term in Equation (4) is much larger than the second term,
otherwise the cancellation errors reduce the accuracy. Thisis why
ANSYS has developed a three-step solution procedure, solving
Equation (6) three times: the first time in the steel only
(MAGOPT,1), the second time in the air only (MAGOPT,2).
These two steps use Hg from Equation (5) as the “initia guess’
field Hg. The third step (MAGOPT,3) is the refinement, which
uses the solution of the first two steps as Hg, and gives the final
solution for the whole domain. Appropriate boundary conditions
between steel and air are used in each step.

The advantage of magnetic scalar potential is that the source
conductors do not need to be part of the solid Finite Element
mesh, so that we do not need to mesh the whole smelter. Solid
mesh is needed only in the analyzed cell for a detailed electrical
and magnetic solution, including steel. Surrounding the cell of
interest, an amount of ar should be modeled. There is a
compromise between the mesh and the volume of air modeled
that should be respected to define how far the air box should go.
There should be enough elements to define accurately the



gradient of the magnetic scaar potentia in and around the
analyzed cell. The elements must have a good aspect ratio to
avoid interpolation singularities, resulting in divergence of the
iterative calculation. On the other hand, the number of € ements
in the mesh box must not be too large so that the calculation can
be done in reasonable computer time. The best approach is to use
an expanding mesh that is detailed in the cell and less detailed
outside the cell. The boundary condition @Normal Flux® is
applied in the external nodes of this air box. Other boundary
conditions did not give good results.

In the case study presented here, the anayzed cell, two
neighboring cells upstream and two downstream were modeled in
detail. Figure 2 shows part of the mesh used in the
electromagnetic model. The neighboring rows of cells were also
taken into account since they create an offset in the vertical
magnetic field on the analyzed cell. The coordinate system is
such that x-axis points to the right of Figure 2, y-axis from
upstream to downstream and z-axis vertically up.
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Figure 2. Electromagnetic model mesh.

The electromagnetic model mesh, using ANSY S terminology, is

composed of the following element types:

- LINK 68 — One dimensional wire element, used to calculate
electric potential and acts as magnetic source. The wireframe
is used to represent al busbars and neighboring lines;

SOLID 5 — Multi-physics three dimensional brick, depending
on the active flag, can be used to calculate electric potential
and magnetic scalar potential. This element is used inside the
analyzed cell to model the stubs, anodes, bath, metal,
cathodes and collector bars;

SOLID 96 — Three dimensional brick to calculate the
magnetic scalar potential where there is no electric current.
The ferromagnetic shell, the insulators inside the cell and the
surrounding air are modeled with this element.

The number of elements and nodes needed to properly model a
cell obviously depends on the project and on the level of accuracy
and detail desired. In this case study, 653337 elements and
617159 nodes were used. Figure 3 shows the magnetization of the
cathode shell; Figures 4 — 6 show the magnetic field components,
B, By and B,.

The volumetric electromagnetic forces in the liquids are now
obtained as the vector product of the current density and the
magnetic induction, Equation (7). Figure 7 shows the horizontal
force field obtained for the case studied.

Few =J%B (1)

At this point the magnetic field, the electric current density and
the electromagnetic force are transferred from ANSYS to CFX.
Due to the different nature of variables calculated and due to
different numerical methods used by each software package, the
computational mesh is different in each of them. Completely
independent meshes can be used because an interface program
was written to interpolate and transfer data seamlessly.
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Figure 3. Shell magnetization (mT).
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Figure 5. Magnetic field component B, , middle of the metal pad.

Steady Sate MHD M odel

Steady state models still play an important role in cell MHD
design, since it gives relevant information about the mean values
of flow patterns and the metal bath interface deformation and
their symmetry. It is also useful to determine the point feeder
positions. The main set of equations solved in CFX are known as
the Navier-Stokes Equation (8) and the Continuity Equation (9).
These are solved by Finite Volume Method.
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Figure 6. Magnetic field component B, , middle of the metal pad.
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Figure 7. Horizontal electromagnetic force field at the middle of
the metal pad.

r(jT—\t/+v>1§|v):- Np + m, (N>v)+ rg+F, ®

Nx =0 ©)

where: v is velocity, p is pressure, « is effective dynamic
viscosity, is density; Fgy is electromagnetic force, and g is
gravity.

For the magneto-hydrodynamic model in CFX, the physica
domain includes anodes and their stubs, liquid bath and metal
(Figure 8). This alows the calculation of electrical potentia
according to Equation (1) in the anodes and according to Poisson
Equation (10) in the metal.

NxsNV) =NxvxB) (10)

The dectrica boundary conditions in CFX are: a reference
voltage at the top of the stubs and current density distribution at
the bottom of the metal pad, constant with time, given by the
ANSYS electrical model. The fluid boundaries with the ledge,
anodes and the top of cathode carbon are al set to have zero
velocity. The top of the channels between anodes was treated as a
free dlip boundary.

In CFX, the electromagnetic force is given by Equation (11),
which includes the flow-induced electrical current, s(v” B). The
latter is significant only in metal in the areas with high velocity.

Foy =JxB+s(vxB)xB (12)
As explained earlier the electromagnetic force is imported from

ANSYS for the model with flat anodes. In the model with
consumed anodes and in the transient model, the current density

and the electromagnetic force are recalculated in CFX. The
magnetic field from ANSYS is used aso in this case. A second
order error is committed by not taking into account the magnetic
field changes due to changing current density in the wave motion.

Three turbulence models, available in CFX, were tested: constant
viscosity, k- and k- . In a validation case, not shown here, the
best agreement with velocities, measured by PCE in a plant, was
obtained with the constant viscosity model. In this model, the
molecular viscosity of the fluids was multiplied by a constant,
considered as an adjustable parameter of the model, which gave
the effective viscosity in the range of 0.5 - 1.0 Pas. Best
agreement with measurements with constant viscosity model was
also reported in [9]. Standard two-equation models, such as the k-

and k- model, provide good predictions for many flows of
engineering interest. It should remembered that al turbulence
models contain adjustable constants that need to be validated
against experiments [10]. These constants may need some
adjustment for re-circulating flows, encountered in auminum
electrolysis cells. However, more research is needed to prove this
hypothesis.

Figure 8. Finite Volume mesh used in CFX.

Due the nature of this flow system the fluids are expected to be
completely dtratified, separated by a distinct interface. The
interface shape was modeled as free surface two-phase flow. CFX
uses the homogeneous VOF (Volume of Fluid) Method, for
interface tracking. In this method, each finite volume of the mesh
is either filled with metal, or with bath or partially with metal and
partialy with bath. The sum of the volume fractions of metal and
bath must be 1. The physical properties for each finite volume are
weighted by the volume fraction of each fluid. The homogeneous
model can be viewed as a limiting case of Eulerian-Eulerian
multiphase flow in which the inter-phase transfer rate is very
large. This results in al fluids sharing a common flow field, as
well as other relevant fields such as pressure [11]. In the
calculation, the volume fraction of each phase in each volume is
tracked with time. The shape of the interface is given by the
geometric location of the finite volumes with 0.5 of volume
fraction of each liquid. Steady state calculation also requires time
dependent calculation. It is considered that the steady state is
achieved after a long time transient run, at the point where no
significant change is observed in the flow or metal heave. The
computational effort needed to caculate the finad steady state
with consumed anodes is much larger than for primary steady
state with flat anodes, but the results are very similar (Figures 9
and 10). Most difference probably comes from a somewhat
different current density in the metal pad, obtained for the two
cases: one coming from ANSYS and the other from CFX. We
concluded that for most rapid calculations, the primary steady
state calculation with flat anodes is adequate.



Figures 11 and 12 show the flow fields obtained in the tests with
k- and k- turbulence models, respectively. We see that these
two models give quite similar velocities and aso similar
circulation patterns to the constant viscosity model. However, the
velocity magnitude is smaller in the constant viscosity model.
Measurements would show, whether the constant viscosity has
theright valuein this study case.

Figure 9. Velocity field in the middle of the metal pad (m/s),
primary steady state with flat anodes and constant viscosity.

Figure 10. Velocity field in the middle of the metal pad (nm/s),
final steady state with consumed anodes and constant viscosity.

Table . MHD parametersin all metal pad for constant viscosity.

Steady State Statistics for cases: Primary Fina
Average velocity [cm/s] 2.8 3.2
Maximum velocity [cm/s] 129 11.9
Percentage above 10 cm/s 0.2 0.4
Percentage below 2 cnm/s 50.5 46.2
Metal heave (Max £ Min) (cm) 5.6 5.0

Figure 11. Velocity field in the middle of the metal pad (m/s),
primary steady state with k- turbulence model.

The caculated bath velocities for the fina steady state and
constant viscosity is shown in Figure 13.

Figure 12. Vel ocity field in the middle of the metal pad (nVs),
primary steady state with k-  turbulence model.

Figure 13. Velocity field in the middle of the bath (m/s), final
steady state for constant viscosity.

As already discussed, some quite relevant characteristics of a cell
design and its flow behavior can be found with a detailed steady
state model. The flow within a reduction cell has to satisfy two
contradictory requirements for the process efficiency. The
alumina distribution and dissolution in the bath requires high bath
flow, whereas the current efficiency suffers from high bath and
metal flow. We can see from Figures 10 and 13 that the bath flow
is essentialy coupled to the meta flow. It is difficult or
impossible to dow down the metal without slowing down the
bath. In this situation, considering the importance of current
efficiency, the criterion of minimizing the metal flow should
prevail. The flow of metal is also expected to be divided into
pools along the metal pad and symmetrically mirrored by the
short axis (y) of the cell. Large asymmetric pools are not wanted.
When the magnetic field is uncompensated by the existence of
adjacent rows of cells, the pools at one end of the cell become
dominant. Thisis why the magnetic field of the neighboring rows
should be compensated. Typical metal flow velocities from 2 to
10 cm/s can be taken as standard for comparison between
different cell designs or models. Table | gives some results for
primary and final steady state. Steady state metal shape is shown
in Figure 14. We can see that it can be inferred from the
horizontal force distribution shown in Figure 7. It has a dlight
hump in longitudina and transverse directions. Most of the
interface is between +1.4 cm and 1.8 cm. The longitudina hump
is caused by the transverse magnetic field; the transverse hump by
the longitudina magnetic field. In a rea cell the anodes are
consumed in a way to keep constant ACD. Again here, an in-
house code is used to bring the model close to redity by
deforming the anode underside to the interface shape. Thisis aso
the usual departure for the stability model run but the waves can
also be analyzed with aflat anode interface.



Figure 14. Metal-bath interface shape (m), final steady state,
constant viscosity.

Transient MHD Stability M odel

After anode changing, the cell takes hours before the normal
situation is established again. A long transient simulation can be
done, as it was for the steady state, and the flow patterns of the
metal can be obtained. This simulation shows the capability of the
magnetic field to deal with inherent perturbations to the cell
operation. Large horizontal currents in the metal, which are the
result of the anode changing, modify the steady state and can lead
to instahilities. Figure 15 shows the steady state metal circulation
after the anode change. Comparing this case with Figure 9 it can
be seen that anode change influences the flow considerably.

Stability analysis is done with transent MHD simulations. As an
initia condition, the interface is deformed to various harmonic
shapes and its movement in time is calculated. The outputs are
waves, circulation patterns at any timestep, current densities in
the metal pad and individual anode currents. Wave damping or
growth is analyzed and stability is determined. The calculated
anode currents can be validated with measurements if they are
available. In the case studied, the stability was analyzed for
uniform anode current distribution and for anode change in the
downstream corner shown in Figure 15. The pot stability behavior
for the two cases is aso different. An example of how the
stability modedl results can be anayzed has been published
esewhere[12].

Figure 15. Velacity field in the middle of the metal pad (m/s), 550
s after downstream corner anode change, indicated by rectangle.

Conclusion

We have developed a three-dimensional steady state and transient
MHD model of the cell by coupling ANSYS and CFX with in-
house software. The methodology is presented, using a test cell.
A specia feature of this approach is to take into account the

anode consumption in the steady state, by conforming the anode
bottom shape to the interface heave. The case study showed that
the steady state flow and metal heave are well approximated
when the electromagnetic forces, calculated for aflat interface are
used.

This methodology has been validated in side-by-side end-riser
technology. The constant viscosity model gave the best
agreement with measured metal velocities and metal heave.
Further studies are needed to determine if k- and k- turbulence
model constants need to be adjusted for better agreement with
measured velocities.

The model is suitable for cell design and retrofit studies. It can
calculate the influence of busbar design, anode changing, ledge
profile, cavity bottom deposits, ACD and metal height on steady
state MHD and on cell instabilities.
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