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Abstract

Achieving voltage savings over the anode assembly in an
aluminium reduction cell, particularly at the anode con-
nection, is a worthwhile approach within a wider pro-
gramme of improvement in energy efficiency. Experi-
ments carried out using operating cells are very diffi-
cult and expensive, however finite element method (FEM)
simulations as used in this study are a cost efficient and
accurate method to understand the behaviour of the an-
ode connection, and to identify the constraints to volt-
age savings. This study investigates the impacts of stub
deterioration and yoke stiffness on the anode connection
and hence the performance of the anode assembly. An
ideal stub diameter for the investigated configuration was
found, and the increased voltage drops for various level of
stub deterioration were identified. The results show that
a yoke cross-bar with reduced height and hence reduced
stiffness decreases the tensile stress developed in the car-
bon anode, which lowers the risk of anode cracks. A limit
for stub service life is suggested, showing a potential sav-
ing of US$0.8m annually.

Introduction

The electrolysis process for aluminium production con-
sumes the carbon anode block. After the anode is spent,
the remaining 'butt’ of the anode has to be replaced with
a new anode. The anode assembly must be taken out
of the cell, and carbon butt and cast iron thimble are
stripped off the stubs. The steel yoke assembly is then
inspected for damage, and re-used if the level of damage
does not exceed specified smelter limits.

New carbon anode blocks are connected to the anode as-
sembly using molten cast iron, which is poured into the
spatial gap between the stubs and anode stub holes. The
hot cast iron heats up the steel stubs, causing thermal
expansion, giving a shrink fit of the cast iron onto the

stubs. The cast iron shrinks when it solidifies, causing an
air gap to develop at the cast iron - carbon interface. This
air gap is critical to anode performance, as it increases the
contact resistance of the anode connection. Research has
shown that a voltage drop of 80 to 130 mV appears at the
interface from stub to cast iron to carbon {1]. More than
90% of this is due to the cast iron to carbon interface [2].
The aggressive environment of high temperature and
electro-chemical attack in the reduction cell can also cause
deterioration and deformation of the anode assembly.
The degree of stub deterioration and yoke bending are
the major factors that determine the performance of the
anode connection, influencing the stress, voltage and tem-
perature distribution significantly.

The cast iron thimble formed on a new, non-deteriorated
stub is relatively thin, and hence the shrinkage of cast
iron is small, giving a narrow air gap at the cast iron
- carbon interface. The small air gap results in rapid
tightening of the connection when the anode heats in the
cell. This saves early-cycle voltage losses, but also causes
higher stresses in the carbon anode and greater risk of
harmful vertical anode cracking.

Conversely, when deteriorated stubs are re-used, more
cast iron is required at the connection to fill the anode
stub hole, giving increased cast iron shrinkage and hence
a larger air gap. This air gap creates high early-cycle
voltage losses, as the air gap closes later in the anode cy-
cle. The stress in the carbon anode is significantly lower
however, and the risk of anode cracking is decreased.
The high temperature environment in the aluminium re-
duction cell causes significant thermal expansion in the
yoke. For a three-stub assembly geometry as studied in
this work, the yoke expansion causes a bending moment
and hence radial pressure increase at the outer stubs.
This can have an significant impact on the stress develop-
ment in the carbon anode block and needs to be further
investigated [3].
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Research Aim

The cast iron - carbon interface at the anode connection
has a thermo-electro-mechanical interrelated behaviour
which is strongly influenced by stub deterioration and
yoke bending. The investigation of this behaviour by
in situ plant measurements during cell operation is a
very difficult and expensive approach. This study focuses
on computational FEM simulation of an anode assembly,
presenting a cost efficient and qualitative approach.

The following key research questions were developed,
which form the main objectives of this study:

e What is the ideal ratio of stub diameter to cast iron
thickness for the investigated configuration, to pre-
vent anode cracks and give maximum voltage savings
at the anode connection?

e How significant is the impact of stub deterioration
on the anode connection and hence on the anode as-
sembly performance?

¢ Does yoke bending increase tensile stresses in the car-
bon anode, causing increased risk of vertical anode
cracks?

o How long is the ideal stub service life before replace-
ment for greatest economic benefit?

Previous Work

This research is based on the work by Richard et al.
[4] who developed the first weakly thermo-electrical-
mechanical (TEM) coupled FEM model, which con-
tributed to the development of a constitutive cast iron -
carbon resistance model [5]. Goulet [6] further improved
the TEM coupling, and implemented the FEM solver
FESh++ for Hall-Héroult Aluminium reduction cells.
This work was progressed by Fortin et al. [7] and Richard
et al. [8]. Fortin investigated the impact of stub deterio-
ration by varying the stub shape, showing that the outer
stub holes of a three stub anode assembly have more im-
pact on the anode performance than the middle stub.
Richard simulated and compared anode assemblies with
a different number of cast iron flutes, showing that the
benefit of an increased number of flutes is limited.

The anode assembly model presented and studied in this
work is based on the simulation code used by Fortin and
Richard, provided by the Aluminium Research Centre -
REGAL from Laval University. The anode assembly code
was enhanced in APDL (ANSYS Parametric Design Lan-
guage), and the simulation was solved with FESh++, the

FEM solver for Hall-Héroult aluminium reduction cells
developed by REGAL [6].

FEM Model

The FEM model of an anode assembly counsists of an alu-
minium rod, a steel yoke, three aligned steel stubs with
cast iron thimbles, and the carbon anode block as shown
in Figure 1. The models dimensions and design are widely
used in industry and are based on Fortin et al. [9].

- Aluminiumrod

Steel yoke
Steel stubs
Cast iron

_-Carbon anode

Figure 1: Generated FEM anode assembly model

The main model dimensions are: anode width 700 mm,
anode length 1500 mm, anode height 650 mm, stub centre
distance 500 mm, stub diameter 190-160 mm, stub hole
diameter 209 mm, stub hole depth 130 mm, yoke cross-
bar width 120 mm, yoke cross-bar heights 93 and 100mm.
Various boundary conditions were applied to represent
the operational conditions in an aluminium reduction cell:

o Immersion height of the anode into the bath of 400
mm.

¢ Hot gas immersion from the bath of 150 mm height.
¢ Height of cover and crust layer of 350 mm.

e The bottom face of the anode block is defined as zero
voltage.

e The applied current density is dependent on rod di-
ameter and assumed a total line current of 330 kA
and 40 anodes per cell.

e Gravity and the buoyancy force are applied to the
anode block.
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e Several convective and radiative heat fluxes were ap-
plied over the anode assembly taking into account
the hot air, crust, gas and bath conditions as well as
anode position in the cell [6, 9].

Air Gap Prediction and Plant Measurement
Comparison

The air gap developed at the cast iron - carbon interface
depends on various factors which are not yet fully under-
stood. Richard [8] proposed a comprehensive method to
predict the air gap. This validated simplified analytical
method is given in Equations (1) to (3).

8gap = s + (t —vs) - acr - (Ter — Th) (1)

vs=rs-as- (Ts—T) (2)

t= d;h —rs 3)
Where:
Sgap = Air gap size at Ty, mm
vs = Change in radius of the steel stub, mm
t = Stub hole gap, mm
acr = Thermal expansion coefficient of cast iron, %
Tecr = Temperature of cast iron, °C
To = Ambient temperature, °C
rs = Stub radius, mm
as = Thermal expansion coefficient of steel, %
Ts = Temperature of steel stub, °C
dsp, = Stub hole diameter, mm

The initial air gap size syq, is calculated for the ambient
temperature Tp as shown in Equation (1). The cast iron
solidification temperature Ty is assumed to be 1200°C
with the ambient temperature Ty of 20°C and the ther-
mal expansion coefficient of cast iron a¢y of 9 - 10_6%.
The change in radius of the steel stub is described by ~g
in Equation (2). It is determined by the ambient temper-
ature Ty, the effective stub temperature when cast iron
solidifies Ts at 200°C [10], the stub radius rg and the
thermal expansion coeflicient of steel ag of 1.5 - 10“6%.
The change in spatial gap, ¢, between stub hole and stub
is given by Equation (3).

Limitations of this method were found for cast iron config-
urations with flutes, where the prediction method results
in a too large air gap for the large cast iron thickness at
the flutes. Cast iron shrinkage appears non-linear to its

thickness, and Richard’s method is only valid for a certain
range of cast iron thickness.

Simulations with various air gap sizes were developed and
solved, and compared to in sifu measurements from in-
dustry. It was found that a reduction of 13.5% of the
initial calculated air gap, as given by Equation (4), best
matched actual measured voltage drops from industry.

(4)

Sgap flutes = Sgap * 0.865

Where:

Sgap flutes = Air gap size at cast iron flutes, mm

The air gap used in the FEM model at the cast iron body
was calculated by Richard’s method, and the air gap at
the cast iron flutes was reduced as given by Equation (4).
This approach gave the best agreement with the temper-
ature and voltage measurements of 10 anode assemblies
taken in Smelter ‘A’. Temperature measurements were
taken at 14 points over the anode assembly, with volt-
age drops taken at 9 different measurement points. All
predicted model results fell within the range of both the
temperature and voltage measurements. For reasons of
confidentiality no further information can be published
on the plant measurements.

Model Application

Two case studies were performed: firstly, the base model
was modified by using different stub diameters of 190,
180, 170 and 160 mm with a constant stub hole diame-
ter of 209 mm, representing different stages of stub de-
terioration. The different stub configuration models were
solved and compared with respect to temperature, stress,
voltage and current distributions. These models allow
conclusions to be drawn on the influence of re-usage of
deteriorated stubs.

Secondly, each of the stub configuration models were
solved using a reduced yoke cross-bar height of 93 instead
of 100mm. The reduced height results in a decreased sec-
ond moment of area, and reducing flexural stiffness by
20% as shown by Equations (5) and (7).

w-hd
Jp = 5
= (5)
120 - 1003
Je1= %’— = 10, 000, 000 (6)
120938
re= T = 8,043, 570 (N
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J; = Second moment of area, mm?
w = Width of the sectional area, mm
h = Height of the sectional area, mm

The reduced flexural stiffness results in greater bending
of the yoke, causing increased radial pressure at the outer
stubs and stub holes. The comparison of various stub con-
figuration models with 93 and 100mm yoke height clari-
fied the effect of yoke stiffness on the anode connection.
These predicted model results allowed development of a
cost analysis, where voltage drop increase due to stub
deterioration, anode cracking, material and replacement
costs are taken into account. Potential voltage savings at
the anode connection are identified, and suggestions for
an ideal stub service life are made.

Results and Discussion

Stub Deterioration

The simulation of anode assemblies with various stub con-
figurations showed that the normal stress at the interface
is significantly lower for smaller stub sizes when the cast
iron thickness and hence the air gap is increased. The in-
creased air gap however causes a higher contact resistance
and higher voltage drop as shown in Figure 2. A voltage
drop increase of 68% was found at the anode connection
for a stub diameter reduction of 16%.

200
180 g
160 o

-= -Rod
:E_ 140 T =
o o \\‘ + Yoke
o 100
° = Stubs
g 80
8 60y y i 1 —Castiron -
§ a0 | : | : Carbon

Stub diameter, mm

Figure 2: Voltage prediction for stub configurations

The larger air gap causes low contact pressure, which in-
creases the electrical resistance Rg. This leads to high
local current density over the actual contact surface. The
high current density I increases the ohmic heat @ gener-
ation as given by Equation (8).

Q=1I’Rg (®)
The cast iron temperature increased by 13% with stub
deterioration by 16%. This temperature is conducted to
the cooler upper parts of the anode assembly, and the
connection, stubs, yoke and rod all show a slightly in-
creased temperature as shown in Figure 3. The higher
temperature of the materials leads to slightly higher elec-
trical resistance causing a further increased voltage drop
as shown in Figure 2.
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Figure 3: Temperature prediction for stub configurations

The highest stresses in the carbon anode was found at the
stub hole flutes. The local stresses were very high, and
decrease rapidly from the carbon top to the bottom. For
a stub diameter of 190mm with a cast iron thimble of 9.5
mm thickness, the local stress predicted is very high and
likely to exceed the carbon anode stress limits. The local
stresses decreased strongly by 33% with a 16% decrease
in stub diameter as shown in Figure 4.
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Figure 4: Predicted tensile stress in stub hole flutes
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Yoke Stiffness

Simulation models were developed with various stub di-
ameters and yoke cross-bar height reduced from 100 to
93mm, giving 20% reduction in yoke stiffness and hence
increased yoke bending. The simulation results for the
various stub diameters from 190 to 160mm were com-
pared, and no significant differences in voltage or temper-
ature distribution were found with reduced yoke height.
The tensile stress strongly reduced in average in the car-
bon flutes however, by around 22% as shown in Figure
5. It was seen that the increased radial pressure due to
increased yoke bending reduced the tensile stress at the
top of the stub hole, and increased the compressive stress
at the bottom of the stub hole. The stress limit of car-
bon anode is significantly higher in compression than in
tension [11]. This results in a lower risk of anode cracks
formation for the 180mm diameter stub configuration. It
can be concluded that increased yoke bending and the ra-
dial pressure increase has a positive impact on the stress
development in the anode carbon block.
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Figure 5: Predicted tensile stress in the carbon anode
flutes

Cost Analysis

The lowest anode voltage drop found without exceeding
carbon stress limits was found for the configuration with
180mm stub diameter and 93mm yoke height. This is
taken as the initial configuration in the cost analysis,
which assumes a operation at 330kA with US$0.044 costs
per kWh and uses various assumption based on smelter
cost statistics as discussed by Beier [12].

The simulation results showed that the voltage drop in-
creases with decreasing stub diameter, giving additional
annual operational costs as shown in Figure 6 as solid
line.

Additional material and operational costs are incurred
due to earlier stub replacement. The material cost of a
180 mm steel stub was assumed to be US$47. With an
average stub life cycle of 15 anode cycles and a replace-
ment cost of US$51.3, additional annual costs due to ear-
lier stub replacement accrue as a function of the specified
minimum stub diameter before replacement.

In addition to these costs, the risk of anode cracks was
also taken into account. The maximum stress developed
in the anode block was found from the simulation results,
while a stress limit for the carbon anode was assumed.
The local stress was used to find a percentage increase
in voltage drop, assuming the maximum voltage drop oc-
curs in the case of an anode breakage when the maximum
stress limitation is reached. The maximum voltage drop
due to an anode breakage was simulated, and the voltage
drop for lower local stress values was found assuming a
linear relationship due to partial anode cracking. These
additional annual costs were added to the calculated cost
due to stub replacement, and are also shown in Figure 6
as dashed line.

The cost due to increased voltage drop outweighed the
cost caused by stub replacement and risk of anode crack-
ing below a stub size of 139mm, equivalent to 41lmm or
28% deterioration in stub diameter.

A common smelter procedure found in an industry sur-
vey is to replace a deteriorated stub after approximately
28% diameter reduction to 130mm [13, 14]. This study
suggests replacement after approximately 23% reduction
to 139 mm, giving US$800,000 annual saving in voltage
drop for a smelter with 264 pots operating.
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Figure 6: Comparison of annual cost per pot by voltage
drop against cost by stub replacement and anode cracks
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Conclusions

In this study a FEM model of the anode assembly was
used with an adjustment of the air gap prediction for
a fluted cast iron connection. The adjusted simulation
model results compared well with in situ voltage and
temperature measurements from industry. Various stub
and yoke configurations were subsequently investigated
regarding voltage drop, temperature, current and stress
distributions.

It was found that reduced yoke stiffness significantly de-
creased the tensile stresses in the carbon anode. For
the anode assembly design investigated, the configura-
tion with 180 mm stub diameter and 93 mm yoke cross-
bar height gave the best compromise between low voltage
drop and stress development below the critical carbon an-
ode tensile stress limit.

A cost analysis based on the simulation results showed
that the cost due to increased voltage drop caused by
stub deterioration is very high. A common smelter prac-
tise is to replace stubs after approximately 28% deteri-
oration, while this analysis however showed that earlier
replacement after only 23% stub deterioration could lead
to significant annual savings due to reduced voltage drop.
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