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Abstract

During the last few decades, there have been several improvements to the Hall-Héroult process
to reduce the energy consumption. One of the modifications was the reduction of the anode-to-
cathode distance (ACD), which increases the sensitivity of the cell. However, this can cause
operational problems due to large variations of the current distribution in the electrolytic bath.
To maintain operational stability while minimizing the ACD, a better understanding of the
current distribution in the electrolytic bath is required. Considering the aggressive environment,
an in situ current distribution in the bath remains difficult to obtain. In this paper, a new
approach is proposed to allow correlations between the current distribution variations in a
specific anode block and the change of surrounding in sifu pot operational conditions such as
alumina dissolution, bubble movement, metal pad deformation, etc. Since the current
distribution on a specific horizontal plane in the anode block is linked to the evolution of the
electrical resistance between the anode bottom and the cathode, the proposed approach could
provide an efficient way to identify design and/or operational problems and take appropriate
action.

Keywords: Current distribution in anode block; anode electrical resistance; in situ anode
current distribution; in situ pot operational conditions.

1. Introduction

To improve aluminum production while minimizing the production cost, trends are moving
towards greater cell amperage, larger anodes (to maintain acceptable current density) and lower
anode-cathode distance (ACD). Those changes add further challenges to maintain a uniform
current distribution in the cell.

Indeed, larger anodes and lower ACD lead to a low energy input and a small bath volume which
can cause non-uniform alumina dissolution along the anodes, leading to a non-uniform current
distribution. Also, the use of larger anode block lowers the current pickup rate which leads to a
longer period of non-uniform current distribution [1]. Finally, with a lower ACD, the resistance
between the anode bottom and the top of the metal pad (interpolar resistance) is reduced. This
means that the resistance from the bubble movement and the metal pad distortion represent a
higher percentage of the interpolar resistance than in case of large ACD. Then, considering the
parallel circuit configuration, the uniformity of the current distribution across the anode panel
becomes more sensitive to those local phenomena. The resulting non-uniform current
distribution can lead to high magnetohydrodynamic (MHD) instability, thermal balance
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disturbances and other operational problems such as anode spikes, perfluorocarbon (PFC)
production and anode effects.

To improve the uniformity of the current distribution between anodes, the difference in
electrical resistances of each electrical path (delimited by the anode stall location and the
cathode) has to be minimal. Figure 1 shows the main features leading to variations of the
electrical resistance between the anode stall and the cathode block.
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Figure 1. Elements leading to a variation of the electrical resistance.

Since the interpolar resistance variation is directly influenced by the surrounding pot operational
conditions (alumina feeding, anode change, anode aging, anode effect, etc.), a better knowledge
of the relationship between the in situ interpolar resistance variation and the surrounding pot
operational conditions may lead to key elements for process optimization.

However, since each event, leading to an interpolar resistance variation, can have a local
impact under the anode bottom, the anode rod current variation will give only the collective
behavior of multiple events. In those cases, it may be difficult to correlate this information with
pot operational conditions.

Therefore, local measurements along the anode bottom would allow correlating the current
distribution variation to a local variation of the interpolar resistance. For instance, as
bubble coverage locally increases the resistance and stops the electrolysis leading to higher
current densities over the remaining anode bottom surface, the current distribution along the
anode bottom would give valuable information about the local electrochemical process.

In this paper, since the current distribution in the anode block is linked to the interpolar
resistance distribution (coming from variable ACD, bubble resistance and bath resistivity), an
approach is proposed to allow correlating the current density distribution in a specific anode
block with the change of in situ pot operational conditions.

2. In Situ Measurements

Considering the cell configuration, the aggressive environment and the fluctuations of the local
electrical current, the in situ current distribution in an anode is difficult to measure.

As shown in Figure 2, the approach consists to use multiple voltage drops along the anode block
to be able to interpret the current density distribution along the anode bottom.
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Figure 2. Model components and electrical circuit representation.

A) Model components

To be able to get valuable voltage measurements, the height of the measurement planes have to
be strategically determined. More specifically, the following conditions are required:

1)

2)

where:

To be able to estimate accurately the resistance between the voltage probes in order to
interpret the current density, see Equation (1). Therefore, to select a zone where the
electric field lines are perpendicular to a known cross-section area.

To be in a zone where the current distribution reflects the interpolar resistance variation
along the anode bottom;

AV AV
e T ()
R ( p(T)L ]
ACross —section
AV Voltage difference between the two voltage probes, V
R Resistance between the two voltage probes, Q
p(T) Material resistivity at a given temperature, Qm
L Length between the voltage probes, m
A Cross-section Cross section area perpendicular to the electric field lines, m’

Considering the two conditions, it is necessary to analyze the anode current distribution
evolution in response to an interpolar resistance change.

To do

so, a mathematical model was built on ANSYS Workbench. The model process

parameters, boundary conditions and resistance decomposition between the anode rod and
cathode busbar are based on a previous measurement campaign [2].

The actual model is shown in Figure 3. The following input parameters and assumptions were

used:
[ )

Electrical resistivity and thermal conductivity of carbon, steel (yoke, stub, cathode
collector bars) and cast iron (stub and cathode collector bar sealing) are taken from [3];

Uniform electrical contact resistance of 0.25 pQm? for each cast-iron to carbon interface
(taken from [2]);

A standard reversible electromotive force of -1.186 V at 970 °C is used [4];

An anodic overvoltage of 0.8 V is used [5];

An electrolytic bath conductivity of 212 S/m is used [6];

861



e The ACD was estimated using [2] results considering the previous assumptions;

m Convection

. Current: 9750. A

. Voltage: 0.V

. Temperature: 970. °C

Figure 3. Boundary condition and model specifications.

The main objective of the simulations is to analyze the current distribution trends following a
variation of the interpolar resistance distribution. Figure 4 and 5 show the current density
distribution variation following a 50 % reduction of the interpolar resistance along 30 % of the
anode bottom surface at the cell center side (left side). This event can take place following a

neighboring anode change which can lead to a local metal pad distortion (local ACD reduction
along the anode bottom surface).
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Figure 4. Current density distribution in the anode as a function of
interpolar resistance uniformity.
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Figure 5. Current density vectors in the anode as a function of
interpolar resistance uniformity.
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Figure 4 shows that the local reduction of the interpolar resistance has more influence on the
current density distribution in the anode block than in the cathode block.

Indeed, since the current follows the less resistive path from the anode rod to the metal pad, the
higher current density in the anode block will be reflected by the large interpolar resistance
variation along the anode bottom.

On the other hand, the current distribution in the cathode block is not much influenced by the
interpolar resistance variation (considering no sludge on the cathode surface). As shown by the
higher current density and the associated vectors (Figure 4 and 5), to follow the less resistive
path from the bath/metal interface to the cathode busbar, the current will travel along the highly
conductive metal pad towards the shell (equalizing the non-uniform current distribution from
the anode) to travel afterward a shorter path in the more resistive cathode bloc.

Also, Figure 4 B shows that the current density gets more sensitive to the interpolar resistance
distribution closer to the anode bottom. Therefore, in order to detect smaller interpolar
resistance variations, the measurement needs to be as close to the to the anode bottom as
possible. However, the anodes being consumed, the measurement planes have to be placed
higher up, but not too high either in order to avoid non-uniform current near the stubs. A
reasonable compromise appeared to be to locate the measurement planes at around 200 mm and
300 mm from the anode top surface.

Considering the available equipment, 2 anode assemblies (4 anode blocks) were instrumented
with 12 voltage probes per anode block (6 voltage measurement positions distributed on 2
measurement planes). Twelve rods made of stainless steel where inserted in each carbon block
for voltage measurements. Figure 6 shows the instrumented anode.

Figure 6. Instrumented anode blocks.

In the anode block, the rods were laterally electrically insulated from the carbon, but the tips
were in contact with the carbon. Voltage drop and temperature measurements were also made
on each leg of the yoke to measure the current passing through each stub. The stub current
distribution is taken into account for current density interpretation from the measurements in the
anode blocks. The data acquisition interval was 0.2 s during the first 8 days and 5 s afterward.

Figure 7 shows the the spatial distribution of the probes and the nomenclature used in the
experiment.
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Figure 7. Representation of the instrumented anode assembly and nomenclature.

Since the voltage probes are not distributed uniformly in the anode, the area in Equation (1) is
variable and this has to be taken into account in the calculation of the current densities from the
voltage measurements.

3.

Data processing

Using Equation (2), an application was developed on Maple which uses integration by finite
elements in order to determine the current distribution in the anode from the acquired voltage

measurements.
I,=[j «dA,
where: Current density vector, A/m’
dA; Differential arbitrary area vector, m”
o Scalar product.

The application includes the following steps:

Reading of the in situ data:

Voltage drops from the anode block (6);

Specific localization of each voltage probe on the measurement plane (X, y);
Distance between each associated voltage probe (z);

Dimension of the measurement plane/anode cross section area (X, y);
Resistivity of the anode carbon in function of temperature;

Estimated temperature of the carbon between the two measurement planes;
Total current passing through the anode (I measured).

Data construction for integration by finite elements:

Definition of the number of integration points;

Dimensioning and solving of the coordinate vectors and associated weight;
Construction of the 2D (x, y, weight) scheme;

Solving of the Jacobian function;
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e Solving of the real coordinates and arbitrary area of integration points;
e Solving of the arbitrary area function for each integration point, A(X, y);

Data processing:
e Construction of the approximated function of the current density j(X, y): linear in y
direction and quadratic in x direction (2 X 3 voltage measurements);

e Definition and initialization of the data matrix (X, y, j);

e Construction of the solution matrix for each integration point which includes:
- Current density j(x, y),
- Current I(x, y)
- Interpolation error on current density,
- Ratio between calculated current summation of I; (I calculated) and the

measured current from the yoke (I measured).

Considering the input parameters, the j(x, y) function can then be plotted for each time step in
order to find correlations between the current distribution variations and the change of
surroundings in situ pot operational conditions.

4. Preliminary Results

The following sections show the processed results for different associated pot operational
conditions. Additionally, the stub current distribution and Fast Fourrier Transform (FFT) of the
voltage probes will be used to provide a more reliable interpretation.

4.1.  Current density quantification from voltage measurements

Since an adjacent anode change produces large current redistribution which can cause local
metal pad distortions and lead to variation in the anode current density distribution, this specific
event will be used to study the approach functionality. Figure 8 shows the measured anode
current, 'l measured', the calculated anode current, 'I(x, y)', and the ratio 'I(x, y)'/'l measured' for
a 160 s window taking place after 190 hours of operation.
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Figure 8. Measured VS calculated anode current.

The lower calculated current 'I(x, y)' comes from the fact that the ratio of the distance between
voltage measurements and the anode cross section is very small. Considering the nature of the
carbon anode material, this leads to preferential electrical paths which underestimate the total
anode current. A correction factor corresponding to the ratio 'I(x, y)'/'l measured' is used to
obtain a more accurate quantification of the current densities. Note that the current pickup of the
instrumented anodes was approximately 11 - 13 % larger than the average (during nearly the
entire anode life) because they were set too low.
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While in stable operation, the ratio 'I(x, y)'/'I measured' corresponds to approximately 0.68 for
the left anode and 0.83 for the right anode. However, this ratio shows a greater variation when
the anode current distribution becomes less uniform which induces higher current density
gradients along the anode. Then, considering the limited number of measurements in the anode
(2X3), the resulting approximated function of the current density (linear on the width and
quadratic on the length) leads to larger extrapolation error with higher current density gradients.

To verify the functionality of the approach, Figure 9 shows the variation of the stub current
during the anode change (at t = 101 s). For t = 39 s and t = 139 s, Figures 10 and 11 show
snapshots of the calculated current density and the FFT of each measurement points with an
observation time of 20 seconds (100 data at 0.2 s interval).
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Figure 9. Stub current distribution during an adjacent anode change.
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Figure 10. Calculated current density distribution during an adjacent anode change.
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At t = 39 s (before the anode change), Figure 10 A shows that the anode current density is
around 0.9 and 1.2 A/cm” which is in good agreement with the measured anode current and
anode cross section. The lower current from stub 3 is well reflected by the smaller current
density of the left anode at the cell centre side (C3-C4). Also, the lower current passing through
stub 5 is well represented by the lower current density in the centre of the right anode (C2-C5).
At t = 139 s (after the anode change), the stub current distribution (higher current in stub 2 and
4) is also well represented by the current density distribution in the left and right anode.

The FFT of Figure 11 B shows higher amplitude around 1 Hz for higher current density
locations (C2-C3-C4) suggesting a higher sensitivity of the bubble movement due to a local
decrease of the ACD in these regions.

However, even at stable operation, the current density can reach high values on the periphery of
the anode due to extrapolation errors on j(x, y) because of the limited number of measurements
along the section.

4.2.  Effect of measurements proximity to the anode bottom

As previously discussed (section 2), the measurements need to be closer to the anode bottom in
order to detect smaller variation of the interpolar resistance. As the anode is consumed, the
measurements get closer to the anode bottom. Figure 12 compares the evolution of the anode
current density measurements with the evolution of the stub current. Note that from 50 to 400
hours, the distance between the bottom measurement plane and the anode bottom goes
approximately from 310 mm to 30 mm.
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Figure 12. Evolution of stub current and anode current density measurements.

For a same anode, Figure 13 A shows that the difference between the 6 carbon measurements
gets larger as they get closer to the anode bottom. However, the difference between the stubs
current stays in the same kind of order. These trends suggest that, as the anode is consumed, the
current density measurements get more sensitive to the interpolar resistance variation. But, a
higher sensitivity leads to a higher extrapolation error of the current density.

Figure 13 shows the resulting anode current density at t = 388 h. Indeed, the high current

density gradients around measurements lead to large extrapolation error on the current density
function which is amplified as the carbon is consumed.
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Figure 13. Current density gradient at measurements location.
5. Conclusions

- The approximated function of the anode current density, j(X, y), taken from the anode
measurements is able to detect variation of the interpolar resistance distribution;

- The ratio between the calculated current summation according to Equation (2) and the
measured anode current allows a better approximation of the resistance between the
measurement planes which leads to a more reliable quantification of the anode current
densities;

- Higher current density gradient along the measurements leads to larger extrapolation
errors of j(X, y).

- A greater number of voltage probes along the measurement planes are needed to get a
more accurate (higher polynomial degree) approximated function of j(x, y).
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