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Abstract:

An aluminum reduction cell is very complex to modslit involves different multi-physics processiés |
thermo-electric, thermo-mechanic, thermo-electr@imaaic, magneto-hydro-dynamic, etc.

The author will review its 27 years experiencehattfield and will discuss about the future chailes that
still remain to be addressed.

Introduction:

Finite element modeling is now a maturing techngloghis means that major breakthroughs in codes
capabilities are getting sparser. Obvious, easyfement applications have already been develgmed
are now routinely being used.

Yet, for more complex, typically multi-physics apmaltions, the finite element technology remains an
underused design tool even nowadays. One exanmplautior is intimately familiar with is the appliican
of ANSYS-based models to support the developmeditretnofit of aluminum reduction cell.

Aluminum reduction cells are very complex to modlcause it is a truly multi-physics modeling
application involving, to be rigorous, a fusion thermo-electro-mechanic and magneto-hydro-dynamic
modeling capabilities in a complex 3D geometry. feadter around 30 years of steady development, the
ultimate fully coupled multi-physics finite elememtodel of an aluminum reduction cell remains a drea
tool and will remain so for many years to come.

To try to predict when, if even, such an advancedeling tool could be finally developed, let's gaimme
perspective by reviewing the personal implicatidntbee author in the field of ANSYS and CFX based
aluminum reduction cell model development.

1984: 3D thermo-electric half anode model

The personal involvement of the author startedydarthe aluminum industry conversion phase where i
shifted from developing in-house finite differenemdels toward developing finite element models dase
on commercial codes like ANSYS (Reference 1). I1B4,%he was assigned to the development of a 3D
thermo-electric half anode ANSYS model (Refererice? and 3, see Figure 1). That model was developed
on ANSYS 4.1 installed on a shaded VAX 780 platfofftnat VAX was running a wide variety of
applications as it was the only general purposeptten used by an R&D organization of around 500
people. A Tektronix 4107 terminal was used to wonkthe VAX via a long distance dedicated telephone
line as that VAX was physically located in anotbity.

It took six months to build that model, includingettime spent to learn ANSYS and the aluminum
reduction cell technology. An instrumented anodmgaign similar to the one presented in Reference 3
was also organized and carried out during the g@emied to support the model validation phase. Vieay

first 3D half anode model of around 4000 Solid B8rino-electric elements took two weeks elapse tome
compute on the VAX in the background batch “NEVEREJE".
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The development and successful validation of thatleh was considered as a major achievement at the
time, but the model potential application in andmoetrofit study was not considered practical therer
on, several anode prototypes were successfullgdediwith that type of half anode model.

1986: 3D thermo-electric cathode side slice and cat  hode corner
model

The next step was the development of a 3D cathatte dice thermo-electric model that included the
calculation of the thickness of the solid electtelphase on the cell side wall (References 1, 23arse
Figure 2). This involved the addition of an extomeergence loop on the geometry of the model iriotal
satisfy both the temperature and the heat flux dagnconditions on the solidified surface.

This loop was programmed in a .COM file in the VAXIS environment. In that loop, ANSYS was called
as a subroutine. The calculation of the new nodesitipn was computed in an external FORTRAN
program also called as a subroutine in the .CO#1 fihe mesh had obviously to be very crude as:ttia e
geometry convergence loop added around an orderaghitude to the CPU time required by ANSYS to
solve a fixed geometry thermo-electric problem.this first side ledge thickness convergence loop
implementation, the solution from the previous leas not used as an initial guess to solve the lnegt

Despite the very serious limitations on the sizéhef mesh, a full cathode corner (Reference 3) wils
next, more to demonstrate the capability to dohsmtto actually use the model as a design toohas t
model turn around time was not at all convenient!

1989: 3D cathode potshell plastic deformation mecha  nical model

After the migration of the computer platform fronVAX VMS environment to a SGI UNIX environment
and the recoding of the cathode ledge thicknesgargence loop directly in ANSYS using APDL and the
successful application of the above models to des@me cell prototypes, it was decided to expaed th
modeling capability into a new direction.

The new model type addresses a different aspetiegbhysics of an aluminum reduction cell, naméby t
mechanical deformation of the cathode steel pdtsider its thermal load and more importantly its
internal pressure load. The internal pressure bpiid coming from the gradual swelling of the diling

as it absorbs sodium during the cell operation.

The requirements for that type of model were gditterent from those of the thermo-electric moddlse

full quarter of the shell structure had to be meshad that mesh had to be fine enough to be able to
accurately compute the level of stress in the mtstructure. Obviously, 2D shell plastic mechahic
elements were used, initially only the triangulaage was available! Providing an accurate thera@lihg

on the potshell structure was a difficulty as narger thermo-electric models were available.

Finally, running in plastic mode was quite a chadje for three reasons:

1) Even on the brand new P-IRIS 4D/20, the CPU tingiired to solve such a model was excessive, the
initial debugging runs had to be done on a Convex@nputer running in England;

2) The ANSYS non-linear solver was not very robughattime;

3) Since potshell designs were very weak, most of theme actually failing under their maximum load
in real life (Reference 4, see Figure 3).

Yet, over the years, this type of model turnedtouie quite an asset, as most if not all of theslpet were
eventually redesigned in order to prevent excesgiastic deformation. This drastically reduced pets
repair costs and contributed to increase cell life.

1992: 3D thermo-electric quarter cathode model

With the upgrade of the P-IRIS to 4D/35 procesand the option to run on a CRAY XMP supercomputer,
the severe limitations on the CPU usage were fir@drtially lifted. This opened the door to the gibdity
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to develop a full 3D thermo-electric quarter cathododel including the ledge thickness convergeaop |
(References 5, 6 and 7, see Figure 4).

Obviously again, the fact that you could build aadve that type of model on an experimental basis\dt
mean that you could plan to use that tool on aimeuiasis as en efficient design tool!

1992: 3D thermo-electric full cell and external bus bars model

This time frame corresponds to an intense phasepdrimental model development. As a first steparaw
the development of a first thermo-electro-magneticdel, a 3D thermo-electric full cell and external
busbars model was developed (References 6 ane &igeare 5). That model was really at the limitdfat
could be built and solved on the available hardvaréhe time both in terms of RAM memory and disk
space storage.

To reduce the size of the model, only the purebrrito-electric elements of the quarter cathode model
were mirrored twice. Of course, the converged leggemetry from the quarter cathode model was used
and kept fixed. Finally, the temperature solutisani the quarter cathode model was also forced as
boundary conditions on those cathode elements.

So only the external busbars were truly solvedully toupled thermo-electric elements. Obvioushe t
electric solution in the cell reflected the impetfdalance of the external busbars so the elestdiation
was different from the forced symmetric solutiontadbed with the quarter cathode model. In turn of
course, this change in the electric solution shdwalde affected the temperature solution and theerged
ledge thickness. Yet, that coupling had to be ragteas the fully coupled problem could not be ibgs

fit in the available computer.

1992: 3D cathode potshell plastic deformation and |  ining swelling
mechanical model

On the other front of model development, the emptgrter potshell mechanical model was extended to
take into account the coupled mechanical respofisieo swelling lining and the restraining potshell
structure. As the carbon lining swelling due to isod intercalation is somewhat similar to material
creeping, different models that represented thatbier were developed (References 6 and 9, seed-igu
6). However, notice that the most interesting afRdJ@emanding model has never been published.

That coupling was important to consider as a stiffeore restraining potshell will face more intdrna
pressure from the swelling lining material. Obvilpushat additional load needed to be considereardter
to truly design a potshell structure that will soffer extensive plastic deformation.

1993: 2D potroom ventilation model

Two dimensional incompressible Newtonian flow wlitdat transfer was considered (Reference 30), which
is described by the continuity equation, the Na@tkes equation and the energy equation. These
equations were solved by the FLOW3D software fasteady state solution. FLOW3D uses the finite
volume approach and hybrid up wind differencingr &mbulence, either the K E model or the differaint
Reynolds flux model were used. The geometry andthamdary conditions were the same as those used in
a previous study (Reference 29).

Due to the flow from the sidewall openings, thertha plume above the cell model was inclined at 20°
towards the center of the building model. There wdarge recirculating loop under the roof and alsm
recirculating loop above the center floor openifge isotherms showed steep temperature gradieats ne
the cell model with a small peak of 32 °C above edge of the cell model. The temperatures were stimo
constant under the roof.

With the Reynolds flux model, the thermal plume viradined at 15° towards the center of the building
model (Figure 20). The isotherms show a small peblB0 °C above the cell model. Both of these
predictions were in good agreement with the expental data.
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1993: 3D electro-magnetic full cell model

The development of a finite element based alumineduction cell magnetic model clearly represented a
third front of model development. The ability tdwothe magnetic field inside an aluminum reducteti

is a key requirement in order to be able to desigstable high amperage cell (i.e. a cell that duoss
amplify small bath-metal interface perturbatioroitdng MHD driven traveling waves).

For a finite element solver, it is not a straightfard application as the requirements are multigte,
model must be able to:

1) deal with locally distributed current sources;
2) deal with far field current sources;

3) deal with a multiply connected ferro-magnetic thiall structure (the potshell) that is shielding the
inside of the cell from the far field current soesc

Because of the presence of the ferro-magnetic dihgelstructure, the solution of the magnetic proble
cannot be reduced to a simple Biot-Savard integmattheme. Instead, solving the problem usingittite f
element method requires meshing the empty spaasmdrthe cell up to the point where semi-infinite
special boundaries elements can be used. Obviailgynodel solution is non-linear because of the-no
linear magnetic properties of the ferro-magnetielsing structure.

Starting with version 5.0A, ANSYS could be usedstidve that problem. Obviously, because the full cel

and its surrounding empty space had to be meshiedtype of model required a tremendous amount of
computing resources. An experimental version of tiyae of model was developed and run on a CRAY
C90 supercomputer (Reference 8, see Figure 7).

That model required so much computer resourcesthibanext planned development phase, the extension
of the full cell thermo-electric model presentedwad into a full cell thermo-electro-magnetic models
cancelled. To this day, the aluminum industry sélles on in-house developed boundary elementstie
compute the cell magnetic field (Reference 10grmftising a very approximate representation ofeatigd
geometry leading to a magnetic field calculatiosdshon very approximate locally distributed current
sources (Reference 7).

1993: 3D transient thermo-electric full quarter cel | preheat model

Driven by an urgent plant request, the cathode tquahermo-electric model was extended into a full
quarter cell geometry in preheat configuration eardin transient mode in order to analyze the medheat
process (References 11, 12 and 13, see Figurén8)nded was urgent, but again due to its huge ctimgpu
resources requirements, the model was not reatitjénto be used to solve the plant problem atithe.t

Fortunately, since then, the model results werdlfirput to contribution to solve the plant probleren it
resurfaced. So again, we have here an exampldayfettmodel success story.

1998: 3D thermo-electric full cell slice model

In 1994, the aluminum industry was in the middleao§melting overcapacity crisis and reacted among
other things by a wave of R&D budgets cut. Cuttihg funding for the development of expensive and
“unproductive” aluminum reduction cell models sedrtge right thing to do in that context.

So at that time, the author stopped working forR&D organization of a major aluminum company and
started working as a consultant. After a few yedrsonsolidation, he was able to finance his own[R&
activities in the field of aluminum reduction cetbdel development. The 3D thermo-electric full ctite
model is the first new model developed that way.

As described previously, the 3D half anode model &me 3D cathode side slice model have been
developed in sequence, and each separately recuifaid amount of computer resources. Merging them
together was clearly not an option at the time,iy@ould have been a natural thing to do. Manyrgea
later, the hardware limitation no longer existedrsay were finally merged (Reference 1, see Fi§yre
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1998: 2D+ thermo-electric full cell slice model

At the same time, a 2D+ version of the same full sice model was developed. Solving a truly three
dimensional cell slice geometry using a 2D model reaund like a step in the wrong direction, but
depending on the objective of the simulation, same$ it is not so. Having both models availablénis
that context an advantage.

The 2D+ model uses beam elements to represent geoffeatures lying in the third dimension (thent i
the 2D+ model). Even that way, some geometric gT&tion accuracy is of course lost compared to a
true 3D model, but on the other hand, the paybsi@fmost an order of magnitude gain on the modsdels
turn around time (Reference 1, see Figure 10). Hypeat of speedup becomes very important in theeoant

of the utilization of that kind of model in transtemode.

1999: 2D+ transient thermo-electric full cell slice model

So not much later, a transient version of the 2aikckll slice model was developed. An interestiegture

of that model is the extensive APDL coding that pates other aspects of the process related to the
different mass balances like the alumina dissahjttbe metal production and the cell controllerncact

like the alumina feeding and the anode cathodesadgnt (References 14 and 15, see Figure 11).

As that type of model has to compute the dynamawtion of the ledge thickness, there is a lot more
involved than simply activating the ANSYS transienbde option. Unfortunately, as each transient load
step has to alternate with a geometry change arnidial condition initialization load step, the rant
numerical scheme is far from being efficient. Cigathere is a need for further development on tizpée

of model.

2000: 3D thermo-electric cathode slice erosion mode I

As the needs of the industry evolve, new types oflefs are required. In the past, cathode swelling &
big problem. Now, with the new types of cathodecklat is the cathode fast erosion rate that ceeate
problem.

As this erosion rate is proportional to the cathedeface current density and since the initial ecef
current density is not uniform, the erosion profél not be uniform. Furthermore, that initial aion
profile will promote further local concentration tife surface current density that in turn will paima
further intensification of the non-uniformity ofdlerosion rate.

That extra physics can be incorporated in a stahtte@rmo-electric cathode model. In turn, that mepe
of model can be used to investigate potential desigprovements that are dealing with the erosion
problem (Reference 17, see Figure 12).

2000: 3D thermo-electro-mechanic half anode model

In the anode manufacturing process, cast iron isgzbbetween the steel stud and the carbon bloghrtb
the two pieces. As the contact between the castanal the carbon remains imperfect, a significattage
drop occurs at that interface while the anode igpieration.

In the standard thermo-electric half anode modielt extra contact resistance is added to the naslah
extra radial electrical resistivity in the castrir@o it is up to the model user to adjust thenisity of the
extra cast iron radial electrical resistivity inder for the model to accurately reproduce the nreasu
contact drop during model calibration (Reference 3)

Yet, that contact resistance per unit surface dépen the stud hole design, as it is inversely qitgnal

to the average contact pressure between the castind the carbon. The average contact presseté its
depends on the steel stud diameter, the averagér@aghickness, the details interface geometrg e
relative thermal expansion of the three material®lved. Finally, the relative thermal expansioselt
depends on the different materials operating teatpes that in turn depends on the contact resistaadt

is responsible of an extra very localized productib Joule heat.

Using ANSYS and CFX to Model Aluminum Reduction Ghce 1984 and Beyond
Page5



The anode stud/cathode block cast iron connectystes thus is a perfect example of fully coupled
thermo-electro-mechanic behavior. This complex bhawas successfully reproduced in a model by
Daniel Richard in his master study project. Thatlelavas then successfully used to improve the lstlel
design in order to minimize the voltage drop duedntact resistance (References 18 and 19).

2000: 3D thermo-electric full quarter cell model

The continuous increase of the computer power fimws not only to merge the anode to the cathode in
cell slice model but also in a full quarter cell aed (Reference 16, see Figure 13). The liquid zcare
even be included if the computation of the currdensity in that zone is required for MHD analysis
(Reference 7).

We are not yet at the point where we can plan teesa full cell and external busbars thermo-electri
model on a US $2000 PC, but this time will comergoo

2001: 3D potroom ventilation model

The mixed convection air circulation pattern insaealuminium smelter “potroom” building is ratheard

to reproduce in a mathematical model. As it wanalestrated previously (Reference 30), only theaise
differential Reynolds flux turbulence model avalaln the CFX-4 commercial code led to the accurate
reproduction of the 2D flow pattern observed im&h physical model.

As the ventilation pattern in a modern smelter fpom” building is truly three dimensional in natutbe
next logical step was to develop a 3D ventilatioodel to be able to carry out industrial applicasiomAs
before, the model was developed using the CFX-4neeroial code in order to use the differential
Reynolds flux turbulence model that in 3D requiths solution of ten partial differential equations
(Reference 31).

For the presented mesh density, the model is ma#i@37590 finite volumes. As the differential Reyas
flux turbulence model is being used, there aretal @wf 15 partial differential equations that ne¢dshe
solved at each node.

As the model is not converging with the defaultingt the temperature has to be underrelaxed tarens
smooth convergence. For that reason, the modeireztjaround 800 iterations to converge. Sincéreac
iteration requires 22 CPU seconds on a PIIl 800 roéinputer, the total convergence required 4.9 CPU
hours, see results in Figure 21.

2002: 3D half cell and external busbars thermo-elec  tric model

Taking advantage of the increasing power of compuieis now practical to consider building a 3l f
cell and external busbars thermo-electric modeth&npresent study, a 3D full cell quarter therrectic
model and a 3D cathode half plus liquids zone argbars thermo-electric model have been developed an
solved using a PIIl 800 MHz computer (Reference 26)

Developing a 3D full cell and external busbars itin@electric model will constitute a step furthewsrds
the development of a fully “multi-physic” unifiedusminium reduction cell model.

We can see in Figure 13 the “complete” versionhaf 8D full cell quarter thermo-electric model. That
model is using 44,260 thermo-electric 3D elemeatdd mesh the anode rods and studs, the anodercarb
blocks, the cathodes blocks and the collector faauds flexible. It is using 36,818 3D thermal only
elements to mesh the anode crust, ledge and catimioig, 8853 2D thermal only elements to mesh the
cathode shell and 15165 3D electric only elementaesh the liquid bath and metal.

The convergence of the ledge profile and hencectineesponding metal pad geometry is also part ef th
problem solution. A PIIl 800 MHz computer with 38&EG of RAM memory and equipped with a 20 GB

SCSI hard disk took 52.48 CPU hours and 75.68 wlaltk hours to compute the solution presented in
Figure 14.
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It is quite straightforward to mirror a full celugrter model in order to produce a full cell halidel (see
Figure 15). Yet, there is no need to solve suclodahunless we apply asymmetric boundary conditams
it. As the addition of the external busbars netwwilkautomatically introduce such an asymmetrywesdn
the positive and the negative side, adding thereatdusbars network to the model is the best thingo
at this point (see Figure 16).

Unfortunately, it was clear that trying to solvaatt?11,648 elements full half cell and externalbaws
thermo-electric model on a PIlIl 800 MHz computerilesthe 105,096 elements full cell quarter thermo-
electric model took 52.48 CPU hours and 75.68 walaltk hours to compute would require a lot of time,
too much time!

2004: 3D half cell and external busbars thermo-elec  tric model, part2

Figure 15 presents the mesh of a 3D half-cell moddlis mesh is made of 290410 finite elementsatTh
model is the biggest model with constraint equatitivat could be solved. The P4 took 100 CPU hturs
converge with the assumed ledge profile. Figureshds the thermal solution obtained. Of coursth w
that much CPU time required for an assumed ledggleyrit was not practical to repeat this 5 — lrfds,
the number of iterations needed for the calculatibthe ledge profile (Reference 27)!

2005: 3D full cell and external busbars thermo-elec  tric model

The mesh of a 3D full cell and external bus-barrtteeelectric model of a 300 kA cell has been prasgn
in 2002 (Reference 26). That 423,296 elements nmualétl not be solved on the Pl computer available
the author at the time.

A bit later, the mesh of a 3D full cell and extdrbas-bar thermo-electric model of a 500 kA celt leen
presented (Reference27). That 585,016 elementslmodkl not be solved either, even on a P4 3.2 GHz
computer with 2 GB of RAM.

Figure 18 presents the coarser 249,322 elementscohdd finally actually be solved. The P4 3.2 GHz
computer took 63.7 CPU hours to solve the modekdsee the thermal solution in Figure 19). Since it
took so long to solve, no attempt to converge #ugé profile geometry has been performed (Reference
28).

2005: Weakly Coupled Thermo-Electric and MHD Mathem  atical
Models

As described in Reference 26, the velocity depenlbeal heat transfer coefficients at the bath/eedgd
the metal/ledge interfaces are at the heart otthipling between the thermo-electric model andMiitD
model. The principal goal of the present work isléwelop the convergence strategy of the weaklpleau
thermo-electric and MHD models, so it is importemget a significant coupling feedback loop betwten
two models. The thermo-electric model is of cOBESY S based but since ANSYS-CFX cannot solve the
MHD problem in an efficient way, the specializedruercial code MHD-Valdis was used to solve the
MHD problem (Reference 28). The obtained non uniftedge profile is presented in Figure 22.
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2008: Weakly Coupled Thermo-Electro-Mechanical and MHD
Mathematical Models

To start with, the vertical potshell deformatiorolpiem is a fully coupled thermo-electro-mechanical
problem. The potshell deforms due to its thermabland this thermal load is generated by the @t h
dissipation characteristics.

Then, as demonstrated in Reference 35, the metihpazontal current density has a strong influeoce
the MHD cell stability and the intensity of thatrimontal current density is directly proportional the
metal pad thickness. With a vertically deformedspetl, there is a strong longitudinal variationtbét
horizontal current density even for the “statictidenetal interface configuration.

A new version of MHD-Valdis cell stability model ibeen developed to take into account the longiaidi
deformation of the cathode block surface as conaphyethe mechanical model (Reference 36) and hence
take into account the strongly varying metal padkitess and corresponding horizontal current desit

the non-linear MHD cell stability analysis.

2010: New Generation of 3D cathode potshell plastic deformation
and lining swelling mechanical model

The “empty shell” thermo-mechanical potshell modikE the other two types of models for that matier
based on the usage of the quadrilateral FiniteirSstell element (SHELL181) in the commercial code
ANSYS®. The temperature distribution obtained frime full cell quarter thermo-electric model [2] is
applied as a body load to the entire potshell strec Also for all three types of model, it is pitde to
solve the mechanical problem only by considerirgydtastic properties of the potshell steel strecturto
consider in addition the temperature dependentdpat hardening von Mises plasticity behavior oé th
potshell steel structure using the MISO non-lineadening option in ANSYS®.

All this is relatively straightforward to setup,tithere is still the internal forces generated fithie thermal
and chemical lining expansion to be specified asndary conditions in the model. Obviously, model
boundary conditions are model inputs, while thagerhal forces are a priori unknown and dependhen t
potshell structural rigidity. Yet, it is now poskbto apply as boundary conditions to the “emptgliSh
model the contact interface pressure distributigtnaeted from the “almost empty shell” model saduti
(References 37, 38). As can be seen in Figuren23esulting improved “empty shell” model displaesm
solution is now quite similar to the one from tlariost empty shell” model” presented in Figure 24.

In the “almost empty shell” model type, more physcincorporated by adding the lining geometry
between the potshell walls and the cathode blodkaraund the potshell and by applying a pressure
loading as boundary condition at the carbon blad&/¢ining interface that is lying on the Dewingash-
stress relationship (i.e. that represents the cabbmck equilibrium condition). In order to be alib do so,

a new convergence numerical scheme external toAAN®YS solver must be setup. Starting from an
assumed initial internal load, the task of thaeenxdl convergence loop is to converge toward tatdtare
block equilibrium condition pressure loading forckaelement face of the carbon block/side lining
interface.

The “almost empty shell” potshell model have bewproved by decoupling the 2D potshell mesh from the
3D side lining mesh and by reconnecting the twaspasing ANSYS® CONTA174 and TARGE170
contact pair elements. After the decoupling, ip@ssible to completely refine the 2D potshell mégtis
was not possible before the decoupling. Figure @ents the resulting displacement solution. Afmart
the possibility to further refine the 2D potshelesh, a second significant improvement is the added
possibility to extract from the solution the pregsthat the side lining is applying on the potshiaibugh

the contact interface.

In addition to the lining material located betwebha potshell walls and the cathode carbon bloaksadly
present in the “almost empty shell” potshell mogge, the “half empty shell” potshell model typeal
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includes the geometry of the cathode blocks therasel As already briefly described in Referencet38,
Dewing sodium expansion behavior of the cathodecKslois treated in ANSYS® as a “creep-like”
behavior. By definition, this means that it is wgqd to solve that model in transient mode follogvihe
build-up of the sodium concentration in the cathblieks from start-up to around 1000 days of openat
where the cathode blocks get fully saturated inwsund This way, the model computes the incremental
build-up of the strain-stress relationship duette gradual and non-uniform carbon swelling gendrate
from the gradual increase in the sodium concepinaith the cathode blocks and also to the gradudl an
non-uniform restraining effect of the potshell dre tcathode blocks sodium expansion. Of courss, thi
must be done using relatively small time steps é¢he huge CPU time requirement.

Solving the “half empty shell” demo potshell modeplastic properties mode presented in Figureo® t
103842 CPU seconds or 1.2 CPU days on the 64 bas abre Intel Centrino T99300 Dell Precision
M6300 portable computer which is 3.8 times morenthdat was required to solve the “almost empty
shell” demo potshell model in plastic propertiesdewo It is interesting to note that the CRAY X-MB/2
would have required about 80 CPU days to solveséime model at 90 MFLOPS, which could explain why
Figure 1 of Reference 39 presents model results €& days of cathode life only!

2010: Fully coupled thermo-electro-mechanical anode and cathode
models

The author took advantage of the recent developwieANSYS® contact elements library to develop an
ANSYS® version 12.0 based fully coupled TEM anotidhole design tool that is now available to the
whole aluminium industry through GeniSim Inc. Thatdel is based on the usage of ANSYS® SOLID226
3D thermo-electro-mechanical second order elenwgygther with CONTA174 and TARGE170 thermo-

electro-mechanical contact pair elements. Furtheem@ONTA174 element supports the setup of a
pressure and temperature TCC (thermal contact obawice) and ECC (electrical contact conductance)
values through the %table% option.

The quarter stub hole model presented in Figureddes in only around 4000 CPU seconds on a 64 bits
dual core Intel Centrino T 9300 Cell Precision M83ibrtable computer running ANSYS® 12.0 version.
So this parametric ANSYS® based TEM anode stub hmldel is a very efficient tool to study alternativ
flutes design per example (Reference 40).

As for the TEM anode stub hole design tool devedopad presented before (Reference 40), the TEM
cathode collector bar slot model is based on thegeisof ANSYS SOLID226 3D thermo-electro-
mechanical second order element together with CONPBAand TARGE170 thermo-electro-mechanical
contact pair elements. CONTAL74 element suppbassétup of a pressure and temperature TCC (thermal
contact conductance) and ECC (electrical contastigotance) values through the %table% option.

The finer mesh quarter block model presented imf€i@7 solves in only around 5200 CPU seconds on a
64 bits dual core Intel Centrino T 9300 Cell PrieaisM6300 portable computer running ANSY$2.0
version. So this parametric ANSY8ased TEM collector bar slot model is a very edfititool to study
alternative collector bar and collector bar slatige (Reference 41).

2011: What still remains to be done and when it wil | be done

As for past developments, the author believes tatrate of future model development will be mainly
dictated by the Moore law. As stated at the begignthe ultimate goal as far as model developnent i
concerned is the development of a fully coupledtrplilysics model of a full electrolysis cell. Why?
Simply because in an electrolysis cell many diffiériaterrelated types of physics are involved athafa
those interactions have a significant impact onpifeeess:

1) The potshell must be mechanically designed soittlvétl not plastically deform under its thermaldn
lining expansion pressure loading. Yet, that logdiepends on the lining design, itself mostly dexda
by the thermo-electric behavior of the cell;
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2) The potshell could also be designed for its feragmetic shielding impact on the magnetic fielcglits
affecting the cell MHD stability;

3) The potshell temperature and mechanical deformatabange its ferro-magnetic shielding
characteristics;

4) The potshell deformation and the cathode blocksihgéerosion affect the geometry of the cell cavity
which itself affects the local thickness of the atgtad;

5) The local variation of the metal pad thicknessdatlyeaffects the local horizontal current densitgigh
itself affects the cell MHD stability;

6) The shape of the cell cavity and the local varratid the metal pad thickness also affect the local
cathode blocks surface temperature and the potdatidocal sludge accumulation on the cathode
surface;

7) The local cathode block surface temperature andl Isitidge accumulation affect the potential of
forming hard alumina deposition on the cathodeama itself affecting the local current density, in
turn affecting the MHD metal flow and MHD cell stkily;

8) The cell thermo-electric design affects the ledgekness which itself affects the horizontal cutren
density, in turn affecting the cell MHD stability;

9) The cell MHD stability affects the anode-cathod@ustinent which itself affects the cell heat balance
in turn affecting the ledge thickness.

Only a fully coupled thermo-electro-mechanico-mdgreydro-dynamic model could be used as a design
tool in order to fully take into accounts all ob#e complex interactions. On the other hand, sutiodel
even if it could be available today, could not sedias a practical design tool as it would redfairé¢oo
much computer resources to have a manageableraundatime. That is why the Moore law will continue
to be an important factor in future model developtmate.

Step 1, 3D thermo-electro-magnetic full cell and ex  ternal busbars
model:

The next step would be to remesh the potshell @ithelements and mesh the air around the cell and
busbars in order to be able to solve the magnétid.fFor that preprocessing step, it would be nice
ANSYS could provide an automatic way to generatd #ir mesh. As example, the surface on the egistin
mesh could be used to create a single volume aiitigée “air” volume could be generated by subtragti
that single “cell” volume from a bigger volume imporating it.

Once the air mesh is available, there is no hayingrto solve the magnetic field using the solutadrthe
previous model as current source and the potshelpérature to define its ferro-magnetic properipgis
the above computer. If the problem could be solwedhat computer in an acceptable turn around tite,
would represent a major step forward accomplisheg xapidly. If not, we will simply have to wait fache
next generation computer!

Step 2, 3D electro-magneto-hydro-dynamic full cell and external
busbars model:

The next step may require coupling of ANSYS withawerful CFD solver like CFX for solving the cell
MHD flow, which is very demanding. The CFD code ibs able to solve an immiscible two liquid
phases MHD driven flow, which includes the solutifrthe position of an internal free interface betw
the two liquids. In addition, the top liquid phalew is also driven by the drag of bubble release i
addition to the MHD Lorentz body force.

Solving the above flow problem with a constant lmdrebody force field is already quite a challengd a
should already require a lot of computing resourddafortunately, that would be neglecting an intpot
coupling effect. As the bath-metal interface deferthe shape of the anodes must be readjustecpothe
anode cathode distance constant. This change aigtepwill for sure affect the bubble release patte
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Rigorously, the change of the bath-metal interfaicg of the anodes shape also affected the curessitg
field in the metal pad, which in turn affected thagnetic field so both need to be updated. ThelC#i@
problem needs to be solved again with the new asbdpe and the updated MHD Lorentz body force.
Hopefully after a few iterations between the CFIugon and the anode geometry and MHD Lorentz body
force update, the global solution will nicely conye!

Clearly, there are a lot of challenges associaté tive successful development of this step:

1) The CFD code must be able to converge efficierttig tlosed domain, multi-phases, body force
driven problem, CFX can;

2) The interfacing of ANSYS with CFX CFD solver must bmooth and efficient (in 1993, the author
successfully coupled ANSYS and FIDAP in order tve@ MHD flow in a simple test problem);

3) Updating the magnetic field must be performed mirimum computing cost (Biot-Savard subtraction
of old source terms and addition of the new orlesn trestarting of the non-linear convergence from
the previous solution);

4) Restarting the CFD convergence after an updatbeohode geometry and MHD Lorentz force must
be equally efficient.

Finally, even with the most efficient numerical soie, solving this problem will require tremendous
computing resources. Solving this type of problemymot become affordable before two or even three
computer generations from now!

As proof of this, steps 1 and 2 have been alreabnldeveloped and published (Reference 32) but as
expected, solving that model required far too moemputing resources. For that reason, that impressi
model cannot be used for design work. For that, ahthor continues to recommend using a separate
specialized MHD solver called MHD-Valdis (Referer8s).

Step 3, 3D thermo-electro-magneto-hydro-dynamic ful | cell and
external busbars model:

After having solved a fully coupled electro-magnbtaro-dynamic model using a fixed ledge geometry,
is time to consider yet another coupling: the intpafcthe flow solution on the liquid/ledge heatriséer
coefficient and hence on the shape of the ledgéniaiss.

Practically, this means that after having solvedl itfitial flow solution, the local heat transferegficient
on the liquid/ledge interface must be reevaluatedl the thermo-electric ledge convergence loop rbast
repeated in addition to the anode geometry adjusdtriéie rest of the numerical scheme remains theesa
of course, the current density will be updated a$ pf the thermo-electric ledge convergence poses
the magnetic field needs to be updated. Yet thi tin addition to the Biot-Savard source term cleang
the ferro-magnetic shielding property of the polisheeds to be updated as well as the potshell éeatpre
changed as part of the thermo-electric ledge cgarere process.

Implementing step 3 on top of step 2 is quite gtrdorward, yet obviously the required computer
resources are getting even bigger with each additimteraction added to the numerical scheme. fforte

in that direction has already been published (Refeg 34). Unfortunately surely because the required
computing resources would have been excessivesaingling loop between the solution of the MHD flow
with a given ledge geometry and the solution of lgmwge geometry with a given distribution of heat
transfer coefficients was not performed.

Step 4, 3D thermo-electro-mechanical-magneto-hydro-  dynamic full
cell and external busbars model:

Now that we have a converged ledge profile competibith the MHD flow on an assumed rigid potshell
geometry, we can solve the “simple” cathode potgtiaktic deformation and lining swelling mecharica
model to obtain the deformed shape of the potshadl the corresponding deformed shape of the cell
cavity.
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This may sound like a minor issue, but on a 15 redtg potshell, the maximum vertical deflectianc
reach 5 cm. As the metal pad is around 20 cm thiekare talking about a 25% variation, which walvie

a significant impact on the heat loss distributithe local ledge thickness, the local metal curcentsity,

etc. As this is definitively not a weak couplingetaddition of that extra inaction effect on theneuical

scheme of step 4 will further increase the requa@thputer resources one more time.

Step 5, 3D thermo-electro-mechanical-magneto-hydro-  dynamic full
cell and external busbars model coupled witha 3D s  lice potroom
ventilation model:

As the potshell deformation is added to the listoifiti-physics coupled interactions, it becomes dnbant
to point out that the potshell temperature is asongly influenced by the potroom ventilation patt
This type of coupling between the potshell heas knsd the potroom ventilation has already been faedde
by Ingo Eick (Reference 20). He combined ANSYS BHAAP to build his model.

Coupling step 4 model with a potroom slice venitilatmodel like the one presented in Reference 2ddco
become quite important as potshell length continuacrease (References 22 and 23).

Step 6, adding the dispersed alumina phase to the C ~ FD model:

As stated previously, the settling of the disperakeninina on the cathode blocks surface affectstineent
distribution and the heat loss partition. Adding tbolid dispersed alumina phase and the physics of
alumina dissolution and sedimentation in the CFOdeha@ould become important in order to get a model
100% representative of the reality as everythisg élas already being considered.

The physics of the alumina dissolution/sedimentaiiothe cell could already be the key limiting tfacin
drain cathode and inert anode/drain cathode R&Depts. In those innovative designs, the metal gad i
removed and the anode cathode distance is grestlyced. In those designs, the alumina dissolutizh a
the sludge formation become an even more critisaet of the process (Reference 24).

Some modeling of the non uniform mixing of the dised alumina using CFX has been recently presented
(Reference 42) but one of the model assumptiohas the alumina fed is dissolving instantaneously s
there is undissolved dispersed alumina phase inrtwalel. It is the opinion of the author that such
simplified model representation cannot produceistalresults. Since model results validation wohtl
extremely difficult to do, it would take some tirhefore the issue is settled.

Conclusion

Considering the model developments that still rexmad be done, it may well be possible that evesr 80
years of continuous development, we are just pasalay through it and there are still as many peafr
further model developments ahead of us. Not that thuch time is required to actually do those
developments but simply because we need that mampuater generations before a complete multi-
physics aluminum reduction cell model could becoame affordable and efficient design tool for the
industry.

The pace in the aluminum industry for the developinué that advanced modeling technology just starte
to pick up. For sure the current aluminum reductielt technology developments (References 22, 23 an
24) could certainly greatly benefit from it. In atioh to having to wait for the Moore law to coniim to
take effect, the industry will probably need in@ed environmental pressure to produce aluminum with
less energy and with less greenhouse gas emissifumebit feels the need to modernize its smelting
capacity (Reference 25). The bottom line being hiigih tech computer models will become strategsetss
only after the aluminum industry massively shiftenfi operating old less efficient cell technologies
towards operating more efficient but also much mooenplex and challenging high amperage cell
technologies.
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