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Abstract

The electric current and the associated magnedld fn aluminium electrolysis cells create effelisiting the cell
productivity and possibly cause instabilities: agd waving, ‘anode effects’, erosion of pot linifged material
sedimentation, etc. The instructive analysis iss@néed via a step by step inclusion of differenysidal coupling
factors affecting the magnetic field, electric eumt; velocity and wave development in the electiglgells. The full
time dependent model couples the nonlinear turbdieid dynamics and the extended electromagnéid fn the cell,
and the whole bus bar circuit with the ferromagnetifects. Animated examples for the high amperegjées are
presented. The theory and numerical model of thetrllysis cell is extended to the cases of vagiaell bottom of
aluminium layer and the variable thickness of thecteolyte due to the anode non-uniform burn-owcpss and the
presence of the anode channels. The problem afttaenel importance is well known (Moreau-Evans rijofde the
stationary interface and the velocity field, andswelidated against measurements in commercia, gadrticularly
with the recently published ‘benchmark’ test foe tiHD models of aluminium cells [1]. The presenéelectrolyte
channels requires also to reconsider the previoagnetohydrodynamic instability theories and the adyitc wave
development models. The results indicate the inapae of a ‘sloshing’ parametrically excited MHD wav
development in the aluminium production cells.

Introduction

MHD problem for aluminium electrolysis cells is micreasing importance due to significant electrigakrgy costs,
disruptions in the technology and control of enmireental pollution rate. The electric current witke tassociated
magnetic field create effects limiting the cell guativity and possibly cause an instability of théerface between
liquid aluminium and electrolyte. Moreau and Evf2isapplied the linear friction model for the hasi#tal circulation
velocity and introduced models for the electrolgtennels surrounding the anodes, their influencéhercirculation
and the metal-bath interface deformation. Actudh, linear friction and the variable bottom effeate used widely in
the sea wave theoretical studies [3]. The lingatién is a simplification of the more general riaehr bottom friction
term appearing in the shallow water models [4].

According to the Moreau and Evans [2] the interfdedormation in the stationary case increases samnificantly
when the electrolyte channels are accounted. Howéae unstationary or stability problems in the rainium
electrolysis cells the models used are typicalbirieted to the mathematical developments withbatihclusion of the
electrolyte channels, see for example [5-8]. Régemtheory and numerical model of the ‘shallowdgyelectrolysis
cell was extended to the cases of variable bottbatlumninium pad and the variable thickness of tleeteolyte due to
the anode nonuniform burn-out process and the pcesef the side channels[9]. However, in the thimak
development [9] the free surface presence in teetralyte channels was not accounted for, effegtisesuming that
the rigid lid surface condition is imposed for dfennels and the anode bottom.

The problem of the interface calculation appearethé light of the recent paper [1] providing aaclébenchmark’ test
for the stationary interface and the velocity figtdthe liquid metal. During the first attemptsdpply the numerical
model [9] we obtained an interface shape which wa#de different from that presented in [1], therefowe
reconsidered the theory by including the free surfaffects for the bath filled deep channels. Tiw@usion of the
channels permits to develop a simple extensiomefshallow water theory. The new version is diseapplicable to
the previous full nonlinear wave model and the dyicainteraction with the electromagnetic field agsiimplemented
in the MHD numerical code.

M athematical model for the defor mation of interface

The full description of the theory is given in theevious publications, see [9] and the referenbesetn. Here we will
repeat just the main points in the derivation aritistress the differences introduced by the fredae on the top of
the channels. In the present extension of the yhiewora variable layer depth we will assume that tdyer deformation
is small, except for the channels whose effect bl expressed as a hydrostatic ‘connected vegm@t€iple. The

shallow water model derivation starts with the agstion that the vertical momentum equation for alhepth fluid

reduces to quasi-hydrostatic equilibrium betweenvigrtical pressune and the gravity:
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p(x,y.2)= p(H ) =-pg(z—H), n
where the reference heigH{x,y,t) can be chosen as the common surface for bothdligyers — the unknown interface
between the metal and bath. The hydrostatic presdistribution gradient in the horizontal directidoes not depend
on vertical coordinate in the respective layercas be seen from (1). If the top surface of thé beater isH, , then the
pressure at the top of rigid lid enclosed chanmélsbe obtained from the full solution. Howevef,there is a free
surface on top of the bath channels, thp(H;)) = 0, and the pressure at the variable interface Helsted by the
hydrostatics to the local position only:

p(H) =p,9(H, —H(x,y.1)), (2)
where for clarity we added the index ‘2’ for thetlbéayer properties. According to the Moreau & Ev#2], the surface
H; in the channels is practically flat and equal inchknnels. If the channels (side, middle and behwé&e individual
anodes) are sufficiently deep, say 2-3 or moredithe ACD, then this hydrostatic pressure will etifeely act in all
electrolyte layer, similarly to connected vesseaisgiple. The electromagnetic force in the elegtt®lwill give very
little modification to this dominant hydrostaticgzsure. Then from (2)follows an approximated pressure gradient
variation in the electrolyte at the variable inéedH(x,y):

0,p(H)=-p,g0,H; d,pH )=-p,g0 H. (3)
Having stated the approximations for the pressnockis horizontal gradient in both the shallow lsyave can state the
horizontal momentum equations for the depth averagedimensional quantities. For simplicity we wibnsider

initially the stationary case only. The Moreau &af¢ model [2] is based on the linear equationgtertwo fluid
layers:

0=-d,p-pi,+f; J,4,=0 (@)
where the indexejs= (1 or 2) represent respectivedyy coordinates, the summation over repeated indere=ans the

divergence free depth average velocity field. A&abstituting the depth independent pressure gradftiem (3), the
horizontal momentum equations are

0=-3,p(H)-pgdH -, +f, . (5)
The common pressupgH) at the interface can be eliminated by taking tifferénce between the equations in the two
layers, characterized each by the respective indéx(aluminium) and i=2 (electrolyte). The unknownterface shape
will be determined by solving the resulting equasicoupled to the velocity field. When the chanrebs absent, the

friction coefficient can be assumed as a constartch layer, and the equation (5) gives the seoohel equation for
the interface:

(pl_pz)gdjo =aj(fj1_ sz) : (6)
The boundary conditions are derived from the zemonal velocity condition at the cell walls. Howeyir the presence
of the bath channels the approximation of a condtamion is not valid, dropping to a very low wed in the channels.
Therefore the divergence operator applied to (H) et eliminate the velocity field from the intede equation. The
coupling to the intense velocity near the channatsbe eliminated, to a certain approximation dised previously, if
applying the hydrostatic pressure gradient (3)atliyen the equation (5) stated for the aluminitins (L) layer only:

0:_(p1_102)gajH —HUy; T f]j' (7)
The continuity of the pressure at the interfacsaissfied by choosing the pressypéH) at the common interface. The
bottom friction in the aluminium is constant acdagdto the Moreau & Evans model, and the divergenfo) gives
the stationary interface equation for the condgiwith free surface deep electrolyte channels :

(pl_pz)gdjo =aj(fj1) : (8)

The horizontal circulation velocities, driven byethotational part of the electromagnetic force, bancalculated by
solving the momentum equations in the two layeddifionally, the 2-equation turbulence model carapplied for the
horizontal turbulent momentum diffusion (the effeetviscosity) in more general approach. We wilt nonsider here
this part of the theory, instead focusing on therfiace evolution equation modification.
Taking into account the hydrostatic pressure distidon in the presence of the channels for the tfiome dependent
interface equation stated previously [9], we hawe rion-linear wave equation for the aluminium-etdgte interface
H(x,y,t) with the variable bottoril,(x,y) and topH(x,y):
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The linear stability models can be recovered fr@nhky excluding the nonlinear horizontal velocigyrh (containing



the rotational and potential parts), the vertitat@omagnetic force componedntontribution, and assuming thi and
H; as constants. The nonlinear equation (9) extdras/ave description to the weakly nonlinear anavisiovarying top
and bottom cases in the presence of electrolytangis. The complexity of any practically usable Mididdel arises
from the coupling of the various physical effedisid dynamics, electric current distribution, magio field and
thermal field. Magnetic field in an aluminium c@lcreated by the currents in the cell itself amahf the complex bus-
bar arrangement around the cell, in the neighbaseity and the return line, and by the effect df eenstruction steel
magnetization. The general MHD model, presentedipusly [9], accounts for the time dependent cauplof the
current and magnetic fields with the bath-metadrfsice movement. The magnetic field from the cusém the full
bus-bar network is recalculated at each time stejmgl the dynamic simulation using the Biot-Savaw.

Resultsfor 180 kA cell
The numerical solution of the described MHD mod®#sia mesh of 128x64x2 and a spectral functioreseptation in
the space of each fluid layer. This ensures a gmodracy solution and enables one to re-computeldatromagnetic
and fluid dynamic field time dependent distributiona reasonable computational time if requirede Paper [1]
provides several ‘benchmark’ tests for the alumimielectrolysis cell MHD models regarding the stadicy fields only.
The second test requires to compute the electricecuin both fluid layers from the given distribrt at the top
(uniform from all anodes) and the bottom as

j, =-5625- 2509° (A/mM ), (10)
where the coordinate origin is the middle of tta Bottom of the cell. The electric current computg the MHD code
for these conditions is represented in the Figdrand 3. The presence of the channels is cleaely && the electrolyte
layer in the Figure 2. The magnetic field is assdin@ be given in both fluid layers independent loé tvertical
coordinatez:

B, =6y[10°, B, = € X+ 1510 B,= xy+ 0.5) 18 , ( (11)
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Fig. 1: The computed electric current in the liquid Fig. 2: The computed electric current in the eldgte
metal with the prescribed bottom distribution with the channels.

The electromagnetic force distribution is computedthe given magnetic field and the electric catréshown in
Figures 1 and 2), then there are no electromagf@te in the electrolyte channels, but the ovei@ite distribution
and magnitude are quite similar in both layers.réfwge it is not surprising to find the interfacefakmation being very
small and slightly inflected in the middle (becaudehe larger electrolyte force concentration é)eas shown in the
Figure 3 for the case without the effect of thewtdyte channel free surface. There is practicalbalance between the
‘pinching’ effects of the forces in the two layessstrikingly different interface deformation (Figu4) is obtained
when using the model equation (8), or even (9)hlite hydrostatic pressure dominating in the eddgl. For the
comparison with the published ‘benchmark’ resulfisthe Figure 4 shows a very close correspondence.

Fig. 3: The computed metal-bath shape without the Fig. 4: The computed metal-bath shape with the open
open channel effect. channel effect.



The accurate representation of the interface dependa number of additional conditions, like fostance, the anode
bottom being burnt out to the profile corresponditag the actual interface and corresponding eleatricrent
redistribution for the constant ACD. For furthestiethe velocity fields were computed. The compwigdcity in the
electrolyte, as computed with the presented MHDe¢asl very similar qualitatively to that predictegt Moreau &
Evans [2], clearly showing the effects of the isemecirculation in the channels. The flow is idfitly intense and
develops significant turbulence, which leads teedistribution of the velocity field. The establisheelocity field for
the aluminium layer is very similar to that predittin [1] as a part of the ‘benchmark’ tests.

Since we have derived a new modification of theetalependent interface model, given by the equd8@nror (9), we
need to investigate the consequences of the fidaceuchannels on the possibly unstable behavidheklectrolysis
cell. For this purpose a model bus network for & k8 cell was set up. This permits to run the MHD time
dependent code including the coupling of the fieldse horizontal electric currents in the liquideat the magnetic
field, making it 3-dimensional and different at ttep and bottom of the metal layer. For this mockdl the initial
deformation of the liquid metal surface (usuallgased to be a ‘stationary’ interface), as compuwigt the effect of
the free electrolyte channels. The distributionthaf magnetic field in this cell leads to an unstalthve development,
as illustrated in the Figure 7. The time historgwh also the instructive comparison with the wasreetbpment in case
without the presence of the free electrolyte chEnMgithout the inclusion of the electrolyte chalsneith free surface
the instability sets in more easily, and the tinfeew the wave crest reaches the anode bottom iteshibne instability
type in the case without the channels is the aatsotating wave (see Figure 6) , as describetiertheoretical papers
[5-7]. The presence of the electrolyte channelsngha the instability type, which resembles a ‘sloghwave
concentrated along the middle longitudinal linghef cell (Figure 5). The Fourier power spectrantyedemonstrate the
difference in the wave frequencies: a single peakHhe case with the channels, and two dominaneviwquencies for
the case not accounting for the channels.
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Fig. 5: Interface with steel effect amdth channels. Fig. 6: Interface with steel effect and no channels

Interface oscillations, benchmark 180 kA cell
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Fig. 7: Different type of instability when the chraats and steel are accounted.
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