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Abstract

High voltage drop results in excess energy consumption which is not used to produce Aluminium
metal. One of the areas where voltage drop occurs in aluminium electrolysis is in stub to carbon
(STC) connection. The voltage drop between stub and anode is an essential part of the overall
voltage drop in anode section and has an impact on the electrolytic process. INALUM has
developed STC design improvement to reduce voltage drop in this area. We showed that reducing
stub hole depth, flatten base, reducing stub hole diameter and reducing number/width of flutes are
strongly impactful to STC voltage drop and cast-iron consumption. According to application test
result in reduction cell, application of STC with design 6 flutes, flatten base and modification
casting collar, INALUM could successfully save STC voltage drop of 17.70 mV (from 293.2 to—
275.5) and it could reduce 33.6 % cast iron consumption.

Keywords: Stub to carbon, Voltage drop, Contact pressure, Air gap, Cast iron.
1. Introduction

In order to reduce alumina to be aluminium in electrolysis process at reduction cell, it consumes
huge energy around 14,000 kWh/ton Al and some technologies, energy consumption has even
12,000 kWh/ton Advancement in energy-saving measures. Voltage drop is used as the main index
to evaluate the performance of reduction cell. High voltage drop consumes excess energy which
does not need to produce Aluminium metal. One of voltage drop produced in aluminium
electrolysis is in area stub to carbon (STC) connection. The voltage drop between stub and anode
is an essential part of the overall voltage drop in anode section and has an impact on the
electrolytic process. Anodic voltage drop is attributed to steel/cast iron/carbon interface as per
Jeddi et al. [1]. Referring to this condition, it is imperative to ascertain the most optimal and
precise design for stub to carbon area to minimize voltage drop.

The anodic voltage drop is one of the components of the overall pot voltage or cell voltage. The
cell voltage refers to the total voltage present in the electrolytic cell which divided into several
entry to anode voltage (anodic voltage drop), bath voltage, cathode voltage and collector bars to
exit voltage. The anodic voltage drop generally contributes approximately 6 % of the total pot
voltage, with the bath voltage being the primary determinant. Nevertheless, it remains essential
to optimize the anode voltage drop, particularly in the stub to carbon region, as it plays a
significant role in the overall performance of the system. High electrical contact resistance in stub
to carbon area is predominantly caused by contact pressure, specifically cast iron to carbon
interface in the prebaked anode which certainly a cause of waste energy consumption in
aluminium electrolysis.

1007



TRAVAUX 52, Proceedings of the 41st International |CSOBA Conference, Dubai, 5 - 9 November 2023

2. Contact Pressure

The contact surface between the cast iron thimble and anode carbon is a major contributor to
variations of electrical contact resistance. These variations depend on not only the roughness of
the contact surface but also the effective contact pressure generated on the contact surface. The
contact pressure is a function of the initial air gap that forms during thermal contraction of the
cast iron and steel stub during casting process, as well as the subsequent thermal expansion
generated during use within the reduction cell [2].

Figure 1. shows the contact pressure for cast iron thimble surface. The peak contact pressure is
located at lower portion of the stub hole walls, close to the stub hole base, even though the contact
zone is slightly changed for each stub hole wall. The regions with no contact pressure, deep blue,
represent high electrical resistance. It can be seen that there is almost no contract pressure on the
entire collar area, particularly for the mid stub holes [3]. Contact pressure must be greater than 1
MPa to achieve adequate electrical contact. Figure 1 also shows that virtually no contact exists at
the top of the thimble.
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Figure 1. Contact pressure distribution on stub hole wall [4].

Hugues Fortin et al. [5] also present on figure 2 the normal contact pressure between cast iron and
carbon in the center stub hole. The contact pressure is strong (red) on lower cylindrical side of the
cast iron thimble.

3.  Contact Resistance and Contact Pressure Relationship

The high contact resistance at the STC originates from solidification shrinkage of the cast iron
connection which creates an initial gap between the iron thimble and carbon stub hole wall with
a low contact pressure [6]. Cast iron thimble has a lower thickness at the tip of the stub than in
the upper part of stub hole. The shrinkage of cast iron in the upper, thick-wall part is usually
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higher than in the lower [7]. The rate of solidification also plays a role in the extent of shrinkage.
Thicker sections take longer to solidify compared to thinner sections. As a result, the longer
solidification time allows for more significant shrinkage to occur. During solidification, heat from
the molten cast iron needs to be transferred to surrounding environment to initiate and complete
solidification process and a larger surface area (thicker section) facilitates higher heat dissipation
rate (figure 3). In simpler terms, thicker cast iron sections create larger gaps, resulting in reduced
contact pressure and increased contact resistance, as shown in figure 4.

,_——-—-—--...,;:@

Anode stub | Cost Iron

.............. = Higher Shrinkage

_____ ., Lowercontact pressure
...... Higher contact resistance

------------ Tapared thimble
— (Taper 6 - Bmm)

seeeses Higher contact pressure
< Lower contact resistance

EEEITTETRERLRE TRt . Lower Shrinkage

ooooooooo

Anode

Figure 3. Ordinary design of the stub — anode connection [7].
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Figure 4. Contact resistance as function of contact pressure [6].

4. Current Flow

Due to insufficient contact pressure between the bottom of the stub and stub hole base there is no
appreciable current flow through the base of stub hole. The current goes “the long way around”.
Quite evident is the localized distortion underneath each of stub where there is little or no current
flow [2]. Figure 5 shows electrical current does not pass through the bottom of the stub, instead,
it traverses through the lateral side of the stub. The electrical current also does not traverse around
the flutes, as illustrated from figure 1, that diminished contact pressure in the flute region leads to
increased contact resistance, thereby diverting the current towards areas with lower contact
resistance. Consequently, the number of flutes can be minimized, considering the higher
consumption of cast iron material associated with their presence.
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Figure 5. Current flows through the stub hole wall.

5.  High Voltage Drop

The voltage drop for the stub to carbon (STC) connection is measured to be quite high in
comparison to other connections around a smelter. It can be up to > 250 mV to begin with and it
usually settles down to 100 — 120 mV. INALUM is reported to be approximately 194 mV. High
existing STC voltage drop is 194 mV compare to 120 mV typically other smelter. Besides line
current, STC design plays critical role to STC voltage drop. INALUM is currently using 8 flutes
and not flattening stub hole base. In addition, typical thimble geometry of existing is around 20.3
to 22.0 mm that surely consumes much cast iron and air gap is definitely present. In order to
minimize energy consumption, cast iron consumption and other specific potential optimization
through stub to carbon improvement.

6.  New Design of Stub to Carbon Area

In response to the observed high voltage drop in the stub to carbon area of the existing design
compared to typical other smelters, and with reference to the supporting literature mentioned
earlier, an initiative is proposed to anode hole design, referred to as STC design improvement.
Prior to initiating any modifications to the stub hole design, some considerations and cautionary
points need to be taken into account regarding the modification of stub hole design:

e Deepening or enlarging the stub hole reduces the cross-sectional area of the carbon that needs
to withstand tensile stress. By making the stub hole deeper or larger in diameter, the cross-
sectional area of the carbon that needs to bear the tensile stress is reduced. By reducing the
cross-sectional area, the load stress that the carbon has to endure is also reduced. This helps
prevent cracking or failure in the carbon.

e Making the thimble thickness too thin creates high carbon stress. If the thimble thickness is
too thin, the carbon experiences high stress. This stress can exceed the carbon's elastic limit
and lead to cracking or failure.

e Cracks generally initiate from the top surface of the anode, so any design changes aim to
minimize stress increase at the top surface of the anode. Cracks on the anode usually start
from its top surface. Therefore, when making design changes, the main objective is to reduce
the stress increase occurring on the top surface of the anode.
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6.1 Key Design Improvement

To facilitate the implementation of new stub to carbon design, there are several key design
considerations that serve as guiding principles for creating STC design improvement. These
essential design factors include:

Creating and 30° angled casting collar with a 2 mm outer collar height

Flatten the base of the stub hole to the present maximum depth

Remove all raised detail from the base of the stub hole, stub hole base must be flat

Reduce the number of flutes from 8 to 6

Reduce nominal diameter of stub hole by 7 mm

Reduce the flute width to 15 mm at top and 10 mm at the base

Reduce hole depth which equivalent to a number height of raised detail removal at stub hole
base

Through the implementation of optimized stub to carbon design, preliminary estimations indicate
a potential voltage drop reduction of 22 mV and a noteworthy decrease in cast iron volume by 33
%. These projected outcomes demonstrate the promising impact of the proposed modifications
and highlight the potential for enhanced efficiency and performance in the intended
implementation. Furthermore, another potential impact is prolonged anode life cycle, leading to
a reduction in the thickness of butt (spent anode) return from reduction cell. Prolonged anode life
cycle is caused by increasing tensile stress of cross-sectional area of carbon that may prevent
anode cracking, especially near to the end of anode life cycle (> 22 days).

7.  Application Test

In order to verify STC design performance as mentioned in preliminary estimation, it needs to be
applied in reduction cell. Anodes had been produced with existing design and test design (STC
design improvement). Application test was performed in 3 cells for anode test and 3 cells for
anode reference (existing design), with each cell consisting of 18 anodes.

7.1 Procedure Overview

A new stub hole former was designed, manufactured and then installed into mold box in green
plant or paste plant. Hole former designed is referring to key design improvement guidance. After
the hole former was installed, a total of 575 anodes with new design were produced, baked and
rodding by normal processes. The number of anodes produced is based on the number of reduction
cells used during test and the specified testing duration. In this case, testing was conducted on 3
reduction cells over a period of 3 months. To confirm the targeted voltage drop reduction, during
the same period, 3 reduction cells were also prepared using the existing anodes. Then, offline
electrical resistance measurement was conducted using 10 anodes assembly with new design and
10 anodes assembly with existing, measured using a micro-ohmmeter.

Once the anode was assembled, anode was transported to the potroom to be charged into
determined reduction cells. The anode charging schedule aligns with the predetermined timetable
and follows standard procedures. After the transition period, which 18 anodes were used in a cell,
consisting of both test and reference anodes, the measurement of voltage drop and temperature
were conducted. Measurement was conducted in every 2 days during 3 months. In addition to the
reduction cell in normal operation, testing was also carried out on a cell in the preheating period.
One cell was selected to be installed 18 anodes with the new design. All anodes were visually
observed to identify any fractures in the stub-to-carbon area. Observations were made during the
baking process, after bath charging, and startup operations up to the 9™ day.
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7.2  Offline Electrical Resistance Measurement

Prior to anode assembly was charged into reduction cell, offline electrical resistance measurement
was conducted to verify theoretical result whereas new design will lead to reduce anode voltage
drop in STC area (Figure 6). In addition, due to entry to anode voltage only contributes
approximately 5.9 % to the overall voltage in reduction cell, offline electrical resistance
measurement could be comparison to measurement result in reduction cell. Micro-ohmmeter
facility (figure 7) was used to measure anode assembly, either test or reference.

Table 1. Offline electrical resistance measurement result.

No Measurement Point Unit Test Reference | A (Ref. - Test)
1 Stub to Carbon (STC) mQQ 4.016 5.398 1.382
2 Rod to Carbon (RTC) mg 3.805 5.000 1.195

According to measurement result, new design could improve electrical resistance in stub to carbon
area. Table 2 showed STC test was better than reference by 1.382 mQ. That result aligns to RTC
measurement result showing RTC test is smaller 1.195 mQ than RTC reference. This result
indicates that anode reference has more electrical resistance in area stub to carbon than anode test
and this result aligns with the supporting theories that have been previously discussed. It is
possible more air gap presence in anode reference caused by cast iron shrinkage is larger than and
at the end will create less contact pressure which lower contact pressure will create more
resistivity.
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Figure 6. Offline electrical resistance Figure 7. Micro-ohmmeter.

measurement point.
7.3 Load Pressure

The implementation of new stub to carbon design, leading to a decrease in the volume of cast
iron, has a direct impact on operational efficiency of the thimble removal press. As a consequence
of the reduced cast iron volume, the workload on the press is significantly alleviated and get easier
to stripping the thimble. Therefore, to validate the aforementioned assumption, load pressure in
thimble removal press was measured. A pressure gauge was installed on the equipment as
measuring instrument.

1012



TRAVAUX 52, Proceedings of the 41st International |CSOBA Conference, Dubai, 5 - 9 November 2023

Table 2. Load pressure measurement result.

No. Anode Rod Pressure Load (Bar)
Test Reference A (Ref. - Test)
Rod 1 70 175
Rod 2 55 175
Rod 3 55 175
Rod 4 130 175
Rod 5 175 175
Rod 6 175 160
Average 110 172.5 62.5

Workload of thimble removal press is lighter when stripping thimble of new design (test)
compared to existing design (reference). The analysis of 6 sampled anode rods, stripped of their
thimbles, reveals that the workload for the rod test is lighter on average compared to reference.
Pressure load of test is lower 62.5 bar compared to reference. This is caused by lowering force
value which attributed by lowering amount of thimble mass. This observation provides concrete
evidence that the implementation of the new stub to carbon design has effectively reduced the
workload on the thimble removal press. With existing design, a lot of thimbles could not be
stripped cause with pressure 175 bar, thimble still not separated from anode stub. Meanwhile,
equipment is only set up with maximum load up to 175 bar to prevent damaging the hydraulic
system.

7.4 Cast Iron Consumption

Volume cast iron will be reduced 4.5 kg/anode hole (from 13.4 kg to 8.9 kg) or 33.6 %. Despite
there are conditions not ideal in positioning stub to anode hole such as eccentricity, it does not
change volume of cast iron in case all other supported variables are same.

7.5 Cell Preheating Period

Cell preheat is an important stage in cell life. The main goal of preheating is to create a uniform
temperature distribution in the cathode. Preheat is a heat-up process from lower temperature to
typically in the range of 800 °C -900 °C [8]. Due to target temperature up to 900 °C, it needs
anode effect occurs in reduction cell and during anode effect in cell, high voltage is generated by
10 Volt in average, leading to increased resistance and temperature. Consequently, thermal
pressure is generated due to the elevated temperature caused by high resistance. In
thermodynamics, thermal pressure is a response to a temperature change at constant volume [8].
Due to the reduced thickness of cast iron/thimble in the new design, concerns arise regarding the
gripping ability of the cast iron on the anode, particularly during the preheating period when the
highest thermal pressure is exerted. To address this concern, a visual inspection is conducted by
observing the anodes that fall or slide off from cast iron.

Based on visual observations, there have been no instance of anode operational failures during
preheating period. It can be concluded that the reduced thickness of cast iron in the new design is
still capable of effectively gripping the anodes. The successful performance of anodes during
preheating period indicates that new design has effectively addresses concerns regarding the
gripping capability of cast iron over the anode.
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7.6  Application Test in Reduction Cell (Online Measurement)

Application test in reduction cell aimed to validate the targeted assumptions, particularly the
reduction of voltage drop. There were 10 of 18 anodes per cell (specifically anode no. 1, 3, 5, 7,
9,10, 12, 14, 16, 18) selected for measurement, as illustrated in figure 8. The measurement period
spanned 3 months, from September to December 2022.

ClampQ |[ClampC |ClampE |ClampG |Clampl ClampK |ClampM |ClampO | ClampA

Anode Anode Anode Anode Anode Anode Anode Anode Anode
no.10 no. 11 no. 12 no. 13 no. 14 no. 15 no. 16 no. 17 no.18
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ClampH |[ClamplL |ClampN |ClampP |ClampR |ClampB |ClampD |ClampF | Clampl
Or Or or Or Or Or Or Or Or

Anode Anode Anode Anode Anode Anode Anode Anode Anode
no.l no. 2 no. 3 no. 4 no.5 no. 6 no.7 no.8 no.9

Figure 8. Anode position in reduction cell.

Stub to Carbon Voltage Drop

Since the improved area is anode hole design improvement, the stub to carbon area must be
considered as the most impacted area and should be measured to validate whether this application
testing works well or not. The voltage drop measurement were conducted at both the stub and
anode points, and the distribution of the measurement results is presented as below data analysis
(Figure 9).

Stub to Carbon Stub to Carbon
(Test) (Reference)

W00 225 250 275 300 325 350 375 400 125 150 175 200 2325 250 275 300 335 350 375 400 425

my my

Figure 9. Distribution of stub to carbon voltage drop.

Based on above data analysis, anode test result shows intensity of voltage in stub to carbon area
is lower than reference. The saving of 17.70 mV (293.2 — 275.5 mV) has been achieved based on
actual measurement result using the anode test design (6 flutes i/o 8 flutes). According to the
preliminary estimates, the target reduction in voltage drop is 22 mV, while the actual result
obtained is 17.70 mV. This indicates a deviation of approximately 20 % from the theoretical
value, which can be attributed to the inherent operational variability. Nonetheless, the achieved
result is still considered highly satisfactory, as it falls within the “excellent” category and
demonstrate 80 % accuracy compared to the theoretical value.
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Stub to Carbon Temperature

Resistance generates heat through a process called Joule heating. According to Ohm’s law, the
heat generated in conductor is proportional to the square of the current flowing through it and the
resistance of the conductor. Therefore, temperature measurements in the stub to carbon area are
conducted to gain a deeper understanding and obtain additional data to support the validity of
voltage drop measurements.

Temperature Temperature
(Test) (Reference)

3353
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Figure 10. Distribution of stub to carbon temperature.

As seen in figure 10, the average temperature in anode test 16.21 °C is smaller than anode
reference temperature. That is comparable to stub to carbon voltage drop whereas anode test
voltage is smaller than anode reference. Looking at both data (voltage drop and temperature), it
could be assumed that data is valid cause showing a positive correlation.

8. Conclusion

Implementation of stub to carbon (STC) design improvement in reduction cell featuring 6 flutes
design, flattened base and modified casting, a significant reduction in voltage drop stub to carbon
area by 17.70 mV is successfully attained. This result aligns with offline electrical resistance
measurement conducted utilizing a micro-ohmmeter, wherein anode test (STC design
improvement) exhibited a notably lower resistance value of 1.382 mQ compared to anode
reference (existing design). In addition to optimization voltage drop in stub to carbon area, this
implementation has proven decrease the consumption of cast iron by 4.5 kg per anode hole
(decrease 33.6 %). This achievement holds substantial financial benefits as it directly impacts the
procurement of cast iron materials, leading to cost saving in production process.

An equally important aspect to consider is the impact of reducing thimble thickness, which leads
to an increase in high carbon voltage and thermal pressure within the reduction pot. Such
conditions pose potential risks to structural integrity and the gripping capability of the anodes.
However, through thorough testing during the cell preheat period, wherein no anode failures were
observed, it can be inferred that the implementation of the STC design improvement successfully
mitigates the risk.
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