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Abstract

The dynamic MHD modelling package is applied to sheple test
case presented recently by Severo, et al. in Wggtals 2008 [1].
The electrolyte channel effect is demonstrated deeha crucial
effect determining the shape and size of the nimtthi-interface
deformation. A simple shallow water model allowiagcount of
the channels is proposed. The problem is extengea fmodel of
busbars in order to run the universal busbar degigh and to
apply it for the dynamic simulations. The interfatability is tested
and compared for the channel effects. Results aelia rotating
wave instability without the channels and a sloghiwave
instability with the channels.

Introduction

The MHD problem for aluminium electrolysis cellsakincreasing
importance due to significant electrical energytgodisruptions in
the technology and control of environmental potintirate. The
electric current with the associated magnetic fietdate effects
limiting the cell productivity and possibly cause mstability of
the interface between liquid aluminium and elegtealMoreau and
Evans [2] applied the linear friction model for thwrizontal
circulation velocity and introduced models for tleéectrolyte
channels surrounding the anodes, their influencthercirculation
and the metal-bath interface deformation. Actuallye linear
friction and the variable bottom effects are usédely in the sea
wave theoretical studies [3]. The linear frictiana simplification
of the more general nonlinear bottom friction teappearing in the
shallow water models [4].

According to the Moreau and Evans [2] the interfdeéormation

in the stationary case increases very significantligen the
electrolyte channels are accounted. However fotatiosary or

stability problems in the aluminium electrolysislieghe models
used are typically restricted to the mathematicavetbpments
without the inclusion of the electrolyte channedse for example
[5-8]. Recently a theory and numerical model of ‘Biellow layer’

electrolysis cell was extended to the cases ofaklibottom of
aluminium pad and the variable thickness of thetedéyte due to
the anode nonuniform burn-out process and the pecesef the side
channels[9]. However, in the theoretical developinjéhthe free

surface presence in the electrolyte channels whacoounted for,
effectively assuming that the rigid lid surface diion is imposed
for the channels and the anode bottom.

The problem of the interface calculation appearethé light of the
recent paper [1] providing a clear ‘benchmark’ tdst the
stationary interface and the velocity field in tliquid metal.
During the first attempts to apply the numericaldelo[9] we
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obtained an interface shape which was quite diffefeom that
presented in [1], therefore we reconsidered therthBy including

the free surface effects for the bath filled dedw@mnmels. The
inclusion of the channels permits to develop a Enextension of
the shallow water theory. The new version is diyeapplicable to
the previous full nonlinear wave model and the dyicainteraction
with the electromagnetic field as it is implemeniadthe MHD

numerical code.

M athematical modd for the deformation of interface
between two liquid shallow layers

The full description of the theory is given in th@evious
publications, see [9] and the references theregme kve will repeat
just the main points in the derivation and willests the differences
introduced by the free surface on the top of thenokls. In the
present extension of the theory for a variable lajepth we will
assume that the layer deformation is small, ext@pthe channels
whose effect will be expressed as a hydrostatinriected vessels’
principle. The shallow water model derivation sawith the
assumption that the vertical momentum equatiorafemall depth
fluid reduces to quasi-hydrostatic equilibrium beén the vertical
pressureg and the gravity:

0=-0,p-pg (1)
Then formally integrating, the pressure at anylleve
p(x,y,2)= p(H )=-pg(z-H), 2)

where the reference heigHi(x,y,t) can be chosen as the common
surface for both liquid layers — the unknown irded between the
metal and bath. The hydrostatic pressure distdbugradient in the
horizontal direction does not depend on verticairdmate in the
respective layer, as can be seen from (2):

0,p(xy,2)=0,p(H )+ pgo H

3)
8,p(x,y,2)=0,p(H )+ pgd,H

If the top surface of the bath layeHs, then the pressure at the top
of rigid lid enclosed channels will be obtained nfrathe full
solution. However, if there is a free surface op tf the bath
channels, themp(H,) = 0, and the pressure at the variable interface
H is related by the hydrostatics to the local posibnly:

p(H) = p,9(H, —H(x y,1)), @



where for clarity we added the index ‘2’ for thettbdayer
properties. According to the Moreau & Evans [2E gurfaceH, in

the channels is practically flat and equal in dhwrnels. If the
channels (side, middle and between the individualdas) are
sufficiently deep, say 2-3 or more times the ACBhert this
hydrostatic pressure will effectively act in alleetrolyte layer,
similarly to connected vessels principle. The etgoagnetic force
in the electrolyte will give very little modificain to this dominant
hydrostatic pressure. Then from (4follows an approximated
pressure gradient variation in the electrolyte hé tvariable
interfaceH(x,y):

ax p(H ) = _ngaxH

(5)
ay p(H ) = _pZQGyH

The equations (5) are approximate to the ordeheHt deviation
from the constant value at the free surface cancthe
surrounding air.

Having stated the approximations for the pressndkits horizontal
gradient (3) in both the shallow layers, we canesthe horizontal
momentum equations for the depth average non-dioeals
quantities. For simplicity we will consider initiglthe stationary
case only. The Moreau & Evans model [2] is basedhenlinear
equations for the two fluid layers:

0=-0,p- i, +f,, (®)

d.0. =0, 7
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where the indexe§ = (1 or 2) represent respectively y
coordinates, the summation over repeated ind¢xagans the
divergence free depth average velocity field. Agebstituting the
depth independent pressure gradient from (3), tbdzdntal
momentum equations are

0=-d,p(H)-pgd H - ui, +f,. ®)

The common pressungH) at the interface can be eliminated by

taking the difference between the equations in tike layers,
characterized each by the respective index: i=tnfadium) and
i=2 (electrolyte). The unknown interface shape Wwél determined
by solving the resulting equations coupled to tledoeity field.

When the channels are absent, the friction coefficican be
assumed as a constant in each layer, and the eq@)i gives the
second order equation for the interface:

(a-p)edH=0,(f,~f). ©

The boundary conditions are derived from the zenonal velocity
condition at the cell walls.

However, in the presence of the bath channelsgheogimation of
a constant friction is not valid, dropping to awéw value in the
channels. Therefore the divergence operator apfdi€d) will not
eliminate the velocity field from the interface edon. The
coupling to the intense velocity near the channets be
eliminated, to a certain approximation discussedvipusly, if
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applying the hydrostatic pressure gradient (5) afiyein the
equation (8) stated for the aluminiuim=(1) layer only:

0=-(o, _p2)gaj H _,ulalj + fj;‘ : (10)

The continuity of the pressure at the interfacesasisfied by
choosing the pressurg(H) at the common interface. The bottom

friction in the aluminium is constant accordingtt® Moreau &
Evans model, and the divergence of (10) gives tia¢iogary
interface equation for the conditions with freerface deep
electrolyte channels :

(:Qt_pz)gdjo :aj(fjl)' (11)

The horizontal circulation velocities, driven byethotational part
of the electromagnetic force, can be calculatedsblving the
equations (6) in the two layers. The numericalficeint procedure
consists of taking first the curl of the equatiori6) with a
generalized coordinate dependent friction coefficiddditionally,
the 2-equation turbulence model can be appliedHerhorizontal
turbulent momentum diffusion (the effective visd¢gsiin more
general approach. We will not consider here thit pithe theory,
instead focusing on the interface evolution equetimdification.

Taking into account the hydrostatic pressure distron in the
presence of the channels for the full time dependeterface
equation stated previously [9], we have the noedm wave
equation for the aluminium-electrolyte interfacexhi(t) with the
variable bottom K(x,y) and top Kx,y):

H-H, H-H H-H, H -H

«A-p)9oH = 42
:aj (_fjl) —3(H- Hb)djj le_
-9, (l]kldkajj) -pL, (G, ﬁkaj 2l

The linear stability models can be recovered frof®)(by
excluding the nonlinear horizontal velocity ternorftaining the
rotational and potential parts), the vertical elactagnetic force
component f contribution, and assuming the,Hand H as
constants. The nonlinear equation (12) extends e
description to the weakly nonlinear and slowly vagytop and
bottom cases in the presence of electrolyte chann&he
complexity of any practically usable MHD model assfrom the
coupling of the various physical effects: fluid dynics, electric
current distribution, magnetic field and thermatldi Magnetic
field in an aluminium cell is created by the cuteeim the cell itself
and from the complex bus-bar arrangement aroundehgin the
neighboring cells and the return line, and by tiffece of cell
construction steel magnetization. The general MHDdeh
presented previously [9,10], accounts for the tiaependent
coupling of the current and magnetic fields witte thath-metal
interface movement. The magnetic field from therents in the
full bus-bar network is recalculated at each tirtep sduring the
dynamic simulation using the Biot-Savart law.



Resultsfor the 180 kA benchmark cell

The numerical solution of the described MHD modstsia mesh
of 128x64x2 and a spectral function representatiotine space of
each fluid layer. This ensures a good accuracytisoland enables
one to re-compute the electromagnetic and fluidadyio field time
dependent distribution in a reasonable computdtidimae if
required. The paper [1] provides several ‘benchin@dts for the
aluminium electrolysis cell MHD models regarding thtationary
fields only. The first test is for a given electragmetic force
distribution in the aluminium layer only. In thiase both equations
(9) and (11) are equal and the results computetd aitr MHD
code are presented in the Figure 1, showing pedistiedentical
correspondence to the analytical result given ]n [1

numerical; Hmax-Hmin=0.10155 gon 63 elements in centres)
analytical: dH=-0.00637x**2+0.03398
Hmax-Hmin=0.10194 (if H(0)-H (4 m))

-
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Figure 1. The test N 1 for the interface shape ofjieen
electromagnetic force in the aluminium layer only.
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Figure 2. The computed electric current in the tebdgte with the
channels.

Jz current
JB: -11000 -9800 -8600 -7400 -6200

Figure 3. The computed electric current in theitiguetal with the
prescribed bottom distribution.

The second test requires to compute the electnicecuin both
fluid layers from the given distribution at the t@miform from all
anodes) and the bottom as
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j, =—5625- 250(}’2 (A/rﬁ , (13)
where the coordinate origin is the middle of tret fhottom of the
cell. The electric current computed by the MHD cdde these

conditions is represented in the Figures 2 andh& gresence of
the channels is clearly seen for the electrolygerién the Figure 2.
The magnetic field is assumed to be given in bddid flayers

independent of the vertical coordinate

B, =6y10° (T)
B, =(-3x+1.5)(10° (T, (14)
B, =(xy+0.5)10° (T)

The divB = 0 for this field, but the Ampere equation cBrl, =j
gives the current in the fluid:

j=e10x-e,10y-e, 910 (A/nt, (15)

which is not very realistic and does not corresptmdhe given
conditions at the top and bottom. Neverthelessnthgnetic field
(14) is thought to be representative for a typi20 kA cell. The
given by (14) magnetic field is represented inFigure 4.

Magnetic field in the liquid metal

BZ: -0.0050 -0.0015 0.0020 0.0055 e

benchmark180kA BS t= 00s

Figure 4. The magnetic field of the prescribedriigtion.
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Figure 5. The electromagnetic force distributiorcluing the
electrolyte channels.



The electromagnetic force distribution computed foe given

magnetic field and the electric current (showniguFes 2 and 3) is
demonstrated in the Figure 5. Clearly, there arelactromagnetic
force in the electrolyte channels, but the ovel@ite distribution

and magnitude are quite similar in both layers.ré&fuge it is not
surprising to find the interface deformation beigyy small and
slightly inflected in the middle (because of thegkx electrolyte
force concentration there) as shown in the Figurferéthe case
without the effect of the electrolyte channel fseeface. There is
practically a balance between the ‘pinching’ effect the forces in
the two layers. A strikingly different interface fdemation

(Figure7) is obtained when using the model equatld) with the
hydrostatic pressure dominating in the electrolyteor the

comparison with the published ‘benchmark’ resulfisthe Figure 8
shows a very close correspondence with the pregsdheory and
numerical result.

Figure 6. The computed metal-bath shape withoubpen channel
effect.
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Figure 7. The computed metal-bath shape with thenaghannel
effect.
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Figure 8. The computed metal-bath shape at thexidtlle section
in longitudinal direction compared to the resul{Ljf

The accurate representation of the interface dependa number
of additional conditions, like for instance, theode bottom being
burnt out to the profile corresponding to the acinterface and
corresponding electric current redistribution foe tonstant ACD,
see Figure 9 for the anode bottom computed withMRD code.
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For further tests the velocity fields were computade velocity in
the electrolyte is not shown in [1], but the initidistribution
computed with the presented here MHD code (Fig@eid very
similar qualitatively to that predicted by Moreau Bvans [2],
clearly showing the effects of the intense recatioh in the
channels. The flow is sufficiently intense and depse significant
turbulence, which is represented by the turbulénetic energy
distribution in the Figure 10. The momentum difeusi and
advection (not accounted for in [2]) leads to aseibution of the
velocity field, as shown in the Figure 11. A verymiar
transformation of the velocity field is found fohet aluminium
layer, as shown in Figures 12 and 13. The estalisklocity field
is very similar to that predicted in [1] as a pafrthe ‘benchmark’
tests.

Anode block bottom z

K 10E-04 22E-03 43E-03 64E-03 §5E-03 0.1
SR ——

Figure 11. Established velocity in the bath, 100s.
HN T [ Ta _

k: 2.0E-05 3.2E-04 6.2E-04 9.2E-04 12E-03 0.1

Figure 12. Initial velocity in the liquid metal, 5s



Kk 1.0E-04 14E-03 2.7E-03 4.0E-03 53E-03 0.1
g

Figure 13. Established velocity in the liquid mefdOs.

Since we have derived a new modification of theetidependent
interface model, given by the equation (12), wednteeinvestigate
the consequences of the free surface channels emdbsibly
unstable behavior of the electrolysis cell. Fos thirpose a model
bus network for a 180 kA cell was set up, as showthe Figure
14. This permits to run the full MHD time dependeode with
coupling of the fields. The magnetic field (withdbe effect of any
steel parts) is shown in the Figure 15 for thedbthe liquid metal.
The horizontal electric currents in the liquid affehe magnetic
field, making it different at the top and bottomtbé metal layer, as
can be seen from the comparison of the Figuresd5L&.

|7 3.1E+03 19E+04 34E+04
Figure 14. Busbar for the 180 kA cell used to sateilthe
‘benchmark’ case.

For this model cell the initial deformation of thiguid metal

surface (usually assumed to be a ‘stationary’ fate), as
computed with the effect of the free electrolytamhels, is rather
moderate if compared to the very large deformatiomputed for
the ‘benchmark’ case. The reason for this is thaicantly lower

magnetic field B component in this more realistic cell model.

Magnetic field in the liquid metal

BT
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Figure 15. The computed magnetic field at the tbpooid metal
for the 180 kA bus network.

Magnetic field in the liquid metal

T .

BZ: -0.0015 0.0005 0.0025

Figure 16. The computed magnetic field at the wotwf liquid
metal for the 180 kA bus network.

Il T .

Figure 17. Initial surface of the liquid metal, B)en channels are
accounted.

DH: -0.032 -0.020 -0.008 0.004 0.016

Figure 18. Sloshing wave development with the cbhaffect.

However, the distribution of the magnetic fieldtinis cell is more
concentrated in the middle of the cell, which letmlsn unstable
wave development, as illustrated in the FigureTt& time history
and the Fourier power spectra are shown in ther€id®. This
Figure shows also the instructive comparison witle twave
development in case without the presence of the éectrolyte
channels.

Without the inclusion of the electrolyte channeithwiree surface
the instability sets in more easily, and the tinfewthe wave crest
reaches the anode bottom is shorter. The instabjlie in the case
without the channels is the classical rotating w@ee Figure 20) ,



as described in the theoretical papers [5-7]. Ttesgnce of the
electrolyte channels changes the instability tyg@ch resembles a
‘sloshing’ wave concentrated along the middle Itundjnal line of

the cell. The Fourier power spectra clearly denmaist the

difference in the wave frequencies: a single peakte case with
the channels, and at least two dominant wave frezjae for the

case not accounting for the channels.

Interface oscillations, benchmark 180 kA cell
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------------------ DHcorner1 no channel effect ;
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Figure 19. The channel effect on the unstable fater
development and the respective Fourier power spectr

BT [
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Figure 20. Rotating wave development without thenctel effect.

Conclusions

MHD model software for the cell stability analysigs updated to
take into account the deformed bottom and topased with the
free channels filled with liquid electrolyte.

Good comparisons to the previously published ‘berart’ tests
were presented for the stationary case.

For the 180 KA cell, the non-linear cell stabiligsults show that
the presence of the free channels affects thestadility, making it
relatively more stable. The well known rotating wawastability is
observed without the channel effect. With the cledsinthe
instability of the surface wave is of different &presembling a
sloshing wave.
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