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Abstract
We report on experimental model of magnetohydrodynamical instability of liquid metal pad occurring in Aluminium

reduction cells. Developed room-temperature laboratory model uses simplified geometry of the cell, room-temperature
liquid metal InGaSn to simulate liquid Aluminium and special anode construction, which allowed to eliminate the use
of electrolyte in the experiment and to achieve generation of the instability. Experiment demonstrates rolling-pad
instability wave propagating along the side walls of the cell, dependence of the wave amplitude on the cell current and
background vertical magnetic field. Measurement techniques used in this study allowed to detect fluctuations of the
melt boundary and distribution of the electric potential in the liquid metal during the wave propagation.

Introduction
Primary Aluminium is produced from alumina (bauxite ore) by electrolytic extraction (Hall-Héroult process) in shallow,
few meters wide and >10 m long electrolysis cells (‘pots’) by passing an electric current of up to 500 kA through a
mixture of alumina and cryolite (sodium aluminium fluoride). The electric current flows vertically down from the
carbon anodes at the top of the cell to the carbon cathode at the bottom melting both alumina and cryolite.

As a result of very complex thermo-dynamical and electrochemical processes involving oxidation of carbon from
anodes followed by CO, emissions and precipitation of the metallic Aluminium at the cathode, a two-fluid layer is
formed. The fluid on top is an electrolyte with very poor electrical conductivity of g, = 200 S/m while the fluid below is
a slightly heavier molten aluminium with high conductivity of o, = 3- 10° S/m. Both are kept at about 950 °C.

The interface between the electrolyte and the liquid metal may become unstable to MHD waves if certain parameters of
the process exceed thresholds which are discussed below. The key to the mechanism of instability, suggested first by
Thornlief Sele [1], is the interaction of the horizontal component of the electric current within highly conducting
aluminium layer with the vertical component of the background magnetic field generated by the bus bars supplying
electric power to the cell. This produces horizontal Lorentz force which drives the liquid metal into sloshing motion. In
the case of resonance between two sloshing components, instability grows and rotating interfacial wave is generated.

Up to now the most studies of the instabilities have been theoretical, see the review in [2], suggesting various
mechanisms and flow models, but none of these models has
been verified experimentally. Thus the necessity of low-
temperature model of the instability involving non-aggressive
fluids is essential.

Here we present a solution for experimental modelling, which
eliminates the need for an electrolyte in the experiment and thus
electrolysis altogether allowing to create a low-temperature
model which reproduces Sele-type of instability. In this model
the electrolyte is replaced by a system of 900 thin vertical steel
rods connecting the anode plate and liquid metal. Since electric
conductivity of such rods is much lower than the liquid metal
one, this fulfils the electrodynamic feature of the electrolyte to
conduct current vertically down into the liquid metal but at the
Same time eliminates all the problems related to the electrolysis.

Fig.1 Sketch of the experimental model: 1 -
Plexiglass side walls, 2 - copper anode plate,
3 - 900 stainless steel electrodes (2 mm
diam.), 4 - liquid metal In-Ga-Sn, 5 - stainless

The experimental model
The experimental cell depicted in Fig. 1 represents a container

With square horizontal cross-section with dimensions of 30 x 30 steel cathode plate, 6 - cathode connecting

cm., The cell with electrically insulating side walls and a wires (25 pcs.), 7 - anode current supplying

Stainless steel bottom was filled with a thin layer (1...5 cm) of wires (100 pcs.), 8 - potential probes, 9 - CCD
camera for the melt interface position
tracking.
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room-temperature liquid metal alloy In-Ga-Sn, as a replacement of aluminium. The electric current was supplied to the
metal pad from the anode, located on the top of the cell. It is a 15 cm thick copper plate with 900, 40 mm long, & 2 mm
electrodes made of stainless steel, which were inserted into the bottom surface of the anode plate. The electrodes were
distributed uniformly along the surface of the copper plate with a 10 mm pitch, and being directly immersed into the
liquid metal with their tips, conducted the electric current between nearly equipotential anode plate and the liquid metal.
The immersion depth of the electrodes could be varied by lowering or lifting the anode plate. The surface of liquid
metal was free to move along the electrodes, in the gap with the anode plate. The effective conductivity of the system of
such electrodes is 75 times lower than the one of the same height of liquid metal. The electrodynamic properties of the
electrodes are similar to those of the electrolyte: if the liquid metal rises in some area of the cell, the resistance of the
electrodes in that region reduces, causing higher current in that area of liquid metal and other way around for the melt
areas with lowered height. In other words, the disturbance of the melt surface is driving non-homogeneity of the anode
current, which enters the liquid metal and redistributes horizontally within the liquid metal layer before entering the
electrically less conducting steel bottom. This is essentially the same mechanism of instability as known to occur in real
cells.

The space between the anode plate and melt surface was filled with weak (~ 3%) alcohol and HCI solution to avoid
liquid metal sticking to the side walls during sloshing, and to provide some cooling for the anode electrodes in the case
of electric contact loss between some of the electrodes and the liquid metal. The second liquid, however, did not
conduct electric current, but served to minimise density difference between both fluids.

Maximal anode current achievable in the experiment was 1.8 kA, which is much lower than the one of the real cells.
However in the experiment were able to apply significantly higher background DC magnetic field (up to 20 times of the
real cells). Vertical magnetic field was generated by two induction coils of quadratic shape (not shown in Fig. 2)
surrounding the cell. The cell was placed in the gap between these two coils (Helmholtz configuration), in the region
where magnetic field was nearly vertical with ~5% non-uniformity along the melt area and absolute value of up to 0.1T.

Measurement technique
To register the liquid metal surface oscillations two measurement techniques were used: (I) registration of the electric

potential distribution along the liquid metal perimeter (Fig. 1, pos.8) and (II) tracking of the liquid metal interface
position at some fixed point of the cell perimeter with video camera (Fig. 2, pos.9).

In the undisturbed state, distribution of the electric potential @y in the liquid metal is stationary; it is formed by the
anode current passing through the liquid metal layer. If some disturbance of the liquid metal interface is propagating in

the cell with velocity v under magnetic field B, the electric potential perturbation ¢ - @ is formed by local change in

the resistance of the anode’s electrodes @4 and the electric field induced due to the motion of the melt vxB, where v is
propagation velocity. The potential difference in the melt was measured between the center of the melt and its periphery.
At such long distance between the electrodes and propagation velocity of the gravity wave, V(vxB) >> ¢4 , and
essentially our potential measurements represent flow rate of the melt through the line connecting these two electrodes.
Since the liquid metal height is changing in time along the perimeter of the cell due to wave propagation and assuming
that propagation velocity and form of the wave are the same along the perimeter, the different flow rates measured at
different points along the perimeter are proportional to the liquid metal height at these points.

24 electric potential probes were distributed uniformly along the perimeter of the cell and installed at the inner surface
of the sidewalls 10 mm above the bottom. Instant values of the electric potential along the perimeter of the cell were
recorded. Results of these measurements provided qualitative picture on the overall behaviour of the liquid metal
surface at B = const.

The second measurement technique used in the experiment (high-resolution video capture of the liquid metal height at
the middle of the side wall - Fig. 1 pos.9) allowed to compare surface fluctuations’ amplitude for different B, values.
After digital post-processing of captured frames it was possible to obtain time-history of some point at the edge of the
liquid metal surface. This data provided information on the amplitude, waveform, frequency and spectra of the
oscillations. ,,

Results

The procedure of the experiments was as follows: first, the anode was lowered for its electrodes to immerse in the liquid
metal. Next, the anode current was switched on to the maximal value of 1.8 kA and, after that, vertical DC magnetic
field was applied. If the value of By is high enough to provide initial perturbation of the surface, the instability evolves
rapidly. It manifests itself as a rotating interface of the liquid metal with counter-clockwise rotation direction (assuming
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B points up and I - down). Switching direction of vertical magnetic field changes the direction of rotation. The height of
the wave varies in a wide range of 3...50 mm rising with the anode current , and magnetic field B,. Fig. 2 provides
time-history of the measured electric potential map during the wave propagation reconstructed from the electric
potential acquired along the perimeter of the cell. The rest of the surface is the result of interpolation. It represents the
rotating surface with the local height (electric potential value) proportional to the height of the metal at that position.
The obtained map of the potential correlates very well with visual observations of the liquid metal interface and its
shape can be described by sum of two sinusoidal waves sloshing along both sidewalls.
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Fig. 2 Time-evolution of the electric potential in the liquid metal recorded with potential probes
along the perimeter of the cell during propagation of instability wave. Here time interval between
frames is 0.13 s; I = 804, By=30 mT, hy =2 cm. The wave propagates counter-clockwise.

Frequency of the wave observed in the experiment varied with the thickness 4 of the liquid metal layér in the range of
0.5..0.9 Hz (hy = 10...45 mm). Sample frequency spectrum of the wave obtained from video measurements is shown in
Fig. 3. Main frequency of the wave f, measured for different liquid metal heights A, fits well (see Fig. 4) with the
gravity wave one given by formula for two immiscible liquids:

(1

Where L — horizontal dimension of the box, P1, p2 are densities and h;, h; are heights of lower and upper liquid
respectively (h; = hy in our notation).

The amplitude of the liquid metal surface elevation is found to depend linearly on the anode current I, This is
demonstrated in Fig. 5 for two fixed values of external magnetic field By. One can see that for higher induction of the
Magnetic field the surface oscillations are growing faster.
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Fig. 3 Frequency spectra of the wave obtained from video Fig. 4 Dependence of the main wave frequency fo on the
measurements at By = 20 mT, Iy= 1kA, hy =25 mm ; height of the liquid metal pad hg; shaded area is
fo=0.75 Hz. computed according (1); area width corresponds to the
error of height measurement in the experiment (0.5mm);
squares — experimental data.
i;j B, = 50 mT Conclusions
111 ® The results show that the replacement of an electrolyte
101 ° B, =25 mT layer, which is normally located on top of liquid metal,
e with a system of vertical electrodes is a viable method to
81 study instabilities relevant to aluminium reduction cells
E Iy experimentally. This eliminates electrolysis and many
y 61 other undesired effects associated with it, such as
Z: excessively high Joule heating, production of hazardous
3 gases, etc. This also allows to operate with much higher
5] electric currents at Toom temperature, and thus to study
1] various phenomena related to aluminium reduction cells
; y T y : : in a laboratory.
0 200 400 600 800 1000 1200 As expected, the results of the experimental study
Ip A presented here show that instability appears due to

Fig. 5 RMS value of interface fluctuations h* vs. current . interaction of the horizontal currents in the liquid metal

layer and the vertical background magnetic field. The
threshold of instability is lower for i) lower thickness of the liquid metal layer, A, ii) higher vertical current, /, iii) higher
background magnetic field, Bo
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