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ABSTRACT

A finite element model was generated of a Soderberg electrode in a ferromanganese smelter. In this model,
the casing and fins were modelled explicitly, and temperature-dependent material properties were included.
A two-stage analysis procedure was used, the first part being a coupled thermal-electrical analysis using an
applied DC current. As the casing material was non—magnetic, the DC current was deemed sufficiently
accurate for this initial analysis. The proximity effect was not considered. Thermal boundary conditions
based on assumed temperature distributions in the furnace were applied. Calculated temperatures agreed
well with measured values. The joule heat calculated in this step was applied as a load to a coupled thermal-
stress analysis.

The model was applied to a comparative study of alternative materials for the casing and fins. A number of
different combinations of materials for the casing and fins were evaluated in a comparative study. The
position of the baking zone was used as the criterion for evaluating the potential of each material
combination. Based on this analysis, some material combinations were discarded as being entirely
unsuitable, whilst the two most suitable combinations will be tested experimentally in the furnace. The stress
analysis was performed on the most suitable option.

The practical advantage of this analysis was that a number of what-if scenarios could be evaluated and
discarded prior to embarking on expensive experimental work, thus limiting the amount of experimental
effort required. A mathematical model allows for the comparison of options under controlled conditions,
where parameters of interest can be varied individually, with all other parameters remaining the same, a
condition which is difficult to achieve in an operating furnace.

1. INTRODUCTION

Since the introduction of the Sederberg electrode during the 1920°s, there has been an interest in
understanding how it works. The first mathematical electrode models appeared in the 1970’s. They were
generally axisymmetric 2D models which used a finite difference technique to solve the appropriate thermal
and electromagnetic equations. As computers became more sophisticated, the models became more complex,
both in their geometry and in the physics which could be modelled. Finite element models were introduced
by the mid—1980’s. The electromagnetic descriptions as well as the boundary conditions have become more
sophisticated as the field has advanced.

Much of the research in this field has been done at Elkem A/S in Norway, the company which patented the
Sederberg Electrode. A number of researchers, notably Olsen[1,2,3,4] and Innvaer[1,2,3.4,5,6], have
published extensively on that topic. Over a period of thirty years, a number of electrode models were been
developed, which progressed from an axisymmetric two-dimensional model using DC current, to models
simulating AC current [4], transient conditions [2] and stresses [4], and a model which calculated
temperature and electrical current distributions in a segment of the electrode or in the entire electrode[5].
Jonsson and Ingason [7] describe a fully three-dimensional electrode model based on the earlier ELKEM
models.
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A number of other researchers have published descriptions of models, for example Arai and Ono [8,9].
Bullon, Bermudez et al [10,11,12,13,14] describe modelling work done to characterise the behaviour of
compound graphite/Soderberg electrodes used in the smelting of silicon. Their models include an
axisymmetric model, a transverse slice model and a three-dimensional model of the electrode. They calculate
electromagnetic fields as well as current distributions, Joule heat fluxes, temperatures and stresses.

In a recently completed electrode modelling project, a finite element model of the Sederberg electrode was
developed, which could be used to analyse a variety of scenarios. The available models included an AC
electromagnetic model, a thermal model and a stress model, as well as a coupled thermal-electric model
which simulates the application of a DC current.

In the current work, a finite element model was generated of the electrodes in one of the furnaces at the
Samancor ferromanganese smelter in Meyerton. The purpose of this study was to determine whether the
existing Grade 304 stainless steel casings and/or the fins could be replaced by a cheaper material such as
Chromanite, 3CR12 or mild steel. 3Cr 12 and Chromanite are corrosion-resistant steels, 3Cr12 containing
12% Cr and 3% Ni, whilst Chromanite contains 18% Cr and 1% Ni. Chromanite is approximately 22%
cheaper than, 304, and 3Cr 12 is a further 32% cheaper than Chromanite. A significant cost saving could be
realised per annum by using either of these materials. A comparative study was conducted of a number of
possible combinations of materials for casing and fins, all other parameters remaining equal. The material
combinations under consideration are listed in Table 1. The criterion against which the materials were
judged, was the position of the 450°C isotherm. As a result of the high rate of consumption of the electrode,
it is desirable that this isotherm be as high up in the contact shoe region as possible. The model was
calibrated by comparing the position of the 450°C isotherm with values measured previously at Meyerton for
the existing Grade 304 casings and fins. Stresses were evaluated for the most promising option.

Table 1. Material Options Considered in the Analysis.

OFTION | CASING MATERIAL | FIN MATERIAL
1 Iild Steel Iild Steel
2 304 304

3 IIild Steel 304

4 304 3CE12

5 304 Chromanite
i 304 Iild steel
7 3CERI12 304

8 ICRE12 ICE12

g 3CR1Z Chromarnite
10 ICE12 Iild Steel
11 Chromanite 304

12 Chrotnanite 3CE1Z2

13 Chrotnanite Chrotnanite
14 Chromanite Iild Steel

2. ELECTRODE MODEL

The electrode is comprised of a number of components, notably the steel casing with fins and the carbon
paste. Current is fed into the electrode by means of copper contact shoes, clamped to the electrode by means
of a pressure ring. In addition, the electrode is supported by a holding arrangement which allows for
“slipping” of the electrode. The electrode has a diameter of 1.9m. There are 16 fins of two radial lengths, ie
485mm and 325mm. The casing thickness is 4mm, whilst the fins are 3mm thick. The furnace has a 7SMVA
rating and a current of 144kA per phase.

In this study, the casing, fins and paste were modelled in detail. The contact shoes were modelled, but not in
great detail, in order for the current transfer to the casing to be accurately simulated. The other auxiliaries,
such as the holding arrangement, were not included in the model. The lower 6m of the electrode was
modelled. This included the electrode from its lower tip to a position above the contact shoes, and was

576



sufficiently extensive to include the entire region of interest for this study. Due to limitations on the fineness
of the mesh, it was not practicable to include the windows in the fins. The model is shown in Figures 1 and 2.

Figure 2. Single Segment of the Electrode.

The problem to be analysed is a coupled-field problem, which includes coupling of fluid dynamics,
electromagnetics, thermal and structural physics. In the investigation under discussion, the fluid dynamics
part of the problem is largely ignored; boundary conditions imposed on the electrode are based on the best
available estimates.

The ABAQUS [16] finite element software was used to perform the analysis in two stages. A 180° segment
of the electrode was included in this model. The first step was a steady-state coupled thermal-electric
analysis, in which a DC electrical analysis was performed simultaneously with the thermal analysis. The
analysis used 8-noded solid elements with two degrees of freedom, viz. temperature and voltage. The results
obtained from the coupled thermal-electrical analysis included temperatures, electrical current density,
electrical potential, electrical potential gradient, heat fluxes and Joule heat per element. Contact between the
casing, fins and paste was included in this formulation. In ABAQUS contact is modelled by defining contact
surfaces. An electrical conductivity and thermal conductivity across the gap were specified as a function of
the gap size.
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In the second step, the Joule heat obtained from the thermal-electric analysis, as well as radiation and
convection boundary conditions, were used as the loading on the stress analysis. This analysis was performed
as a coupled thermal-stress analysis, to allow for the accurate representation of the temperature-dependent
nature of the materials. Contact between steel and carbon regions was included in this analysis. Eight-noded
solid elements were used in the thermal—stress analysis. These elements had four nodal degrees of freedom,
Viz. Uy, Uy, U, and temperature.

2.1 Material properties

The material properties required for the analysis include electrical conductivity, thermal conductivity,
Young’s modulus, Poisson ratio, yield strength, coefficient of thermal expansion and density for all the
materials used.

Table 2. Material Properties of the Metals and Carbon.

Temperature | Mild Steel | Grade 304 | 3CR12 Chromanite | Copper Electrode
[°C] Stainless Paste
Steel
Electrical Conductivity [Q'.m™ |
20 6.25x 10° | 1.388x10° | 1.47x10° | 1.336x10° | 58.8 x 10°
100 454 x10° 1.176 x 10° | 41.7x 10° | 0.1x 10°
0.11x 10°
500 1.639x 10° | 0.855x 10° 0.855x 10° | 32.36 x 10° | 0.13 x 10°
1000 0.17x 10°
1400 0.20x 10°
1800 0.25x 10°
2200 0.30x 10°
2600 0.38x 10°
Thermal Conductivity [Wm'K"]
20 52.0 36.9 36.9 380.
100 51.0 16.2 30. 32.2 370
200 3.2
500 39.3 21.5 40. 300 6.8
1000 19.2
1400 30.3
1800 37.1
2200 40.2
2600 38.9
Young’s Modulus [GPa]
20 200 193 200 200 130 3.3
450
Poisson Ratio
constant [ 0.3 [ 0.3 [ 0.3 | 0.3 | 0.34 [ 0.15
Linear Coeff. of Thermal Expansion [m.m'K"']
0-100 17.x 10° 172x10° [ 11.1x10° |[157x10° | 17.x10°
0-300 173x10° [ 17.8x10° |[11.7x10° |[17.3x10° |17.3x10°
0—500 173x10° [ 184x10° |[12.3x10° |[18.7x10° |17.5x10°
500 — 800 -11.6x 10°
800 - 1000 25x10°
1000 — 2500 43x10°
Density [kgm™]
| 7870 | 7900 | 7680 | 7810 | | 1342
Yield Strength or 0.2% Proof Stress [MPa]
Room Temp | 300 205 280 450 450 17.
(compressive)
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The temperature-dependent nature of the material properties is one of the dominant causes of the difficulties
in modelling the electrode. As the current enters the carbon paste at the contact shoe level, the resistive
heating component causes the paste to melt and bake. During baking, the anthracite undergoes partial
graphitization of the carbon accompanied by a loss of volatiles and solidification of the pitch binder. This
results in an increase in both the electrical and thermal conductivities of the material. Baking occurs at a
temperature of approximately 450°C. The shrinkage and subsequent expansion of the carbon during and after
baking has a major effect on the integrity of the electrode. The carbon paste changes from being electrically
and thermally non-conductive in its unbaked state, to being sufficiently conductive, both electrically and
thermally, to perform the required duty as an electrode. Extensive work has been done to determine the
material properties of the carbon. However, the results are considered proprietary. Typical material
properties for the metals and paste obtained from the literature are included in Table 2. Thermal conductivity
and electrical resistivity values for carbon paste were obtained from [11], whilst coefficients of thermal
expansion were quoted in [17] and mechanical properties in [18]

2.2 Thermal-Electric Analysis

Current is applied to the electrode through contact shoes clamped to the electrode to ensure good contact
between the casing and electrode. Although the applied current to the electrode is actually AC, with two
phases applied to each electrode, for this simulation the electrode is supplied with a DC current. Whilst it is
known that the effect of the actual applied alternating current is to cause a concentration of the current near
the surface of the electrode, it is believed that the DC analysis, being considerably simpler to perform, would
be sufficiently accurate for this comparative study. The “skin effect” may safely be neglected in the steel
casing and fins, as the material is thin and currents are high. The effect will be more pronounced in the
carbon, although the relatively low electrical conductivity would lead to a significant “skin” thickness, of the
order of several hundred millimetres.

2.2.1 Loads and Boundary Conditions
Electrical loads and boundary conditions were applied as a short circuit at the tip of the electrode (V=0) and
a current of 144 000 amps on the contact shoes.

The thermal boundary conditions imposed on the model include both radiation and convection conditions on
the portion of the electrode in contact with the furnace charge. The outer surface of the contact shoes, the
casing above the contact shoes and the top surface of the model are kept at a constant temperature of 120°C.
This simulated the water cooling inside the contact shoes as well as the air cooled mantle surrounding the
electrode above the contact shoes. The surface of the electrode below the contact shoes is subject to a
varying temperature distribution. Both convective and radiative heat transfer occur on this surface. Metaxas
[15] suggests that an electric arc such as is found in this system may be simulated by a radiation boundary
condition. Consequently, the lower surface of the electrode is subject to radiation against an ambient
temperature of 2500°C, the assumed arc temperature.

The convective and radiative boundary conditions along the side of the electrode are based on a stepwise
temperature distribution in the surrounding region, which decreases upwards, from the process temperature
of 1380°C at the base of the electrode to 260°C at the base of the contact shoes. A film coefficient of 10
W/m”K was used. An emissivity of 0.85 was used for the radiation.

The primary outputs of this stage of the analysis are the Joule heat flux calculated per element of the model
and nodal temperatures.

2.3 Stress Analysis

The dominant cause of stress in the electrode is the differential thermal expansion in the casing and carbon.
The ability of the electrode to resist stress is a function of the baking process. The baking of the carbon has a
major effect on both its thermal and electrical conductivity and its coefficient of thermal expansion. As
baking occurs in a relatively uncontrolled environment, it is difficult to predict exact values for the material
properties of the baked material.
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Under furnace conditions, the steel casing burns away above a temperature of about 1000°C. This forces the
current to pass into the carbon. This effect was included in the model by removing casing and fin elements
with temperatures exceeding 1000°C. The fin and casing configuration used for the stress analysis is shown
in Figure 3.

The coupled thermal-stress analysis used 8-node solid elements, which have 4 degrees of freedom per node,
being displacements in the x, y and z directions and temperature. Stresses, stress invariants and strains are
derived from the displacements.

An important factor in the behaviour of the electrode is the state of contact between the casing and the paste.
This has some implications for the conduction of electricity and heat between the two components. Contact
surfaces were included at all the interfaces between the casing, fins and paste. The presence of a pressure
ring which forces the contact shoes against the casing at all times precludes a loss of contact between these
components. For the stress analysis, it was not deemed necessary to include the contact shoes in the model.
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Figure 3. Casing and Fins as Used in Stress Analysis.

2.3.1 Loads and Boundary Conditions

It was necessary to fix the model against global translation and rotation in all three directions.

The full set of loads and boundary conditions are:

e the top of the electrode was restrained against vertical movement.

e two points on the symmetry (X,=0) plane near the edge of the electrode (at the top surface) were
restrained against lateral movement in the 1 direction

e all the points lying on the X,=0 plane, which represented the symmetry plane through which the model
was cut, were restrained against transverse movement in the 2 direction.

e the calculated Joule heating fluxes were imposed on all the elements of the carbon and casing.

e The radiative and convective boundary conditions imposed in the first stage of the analysis were
imposed in this stage as well.

3. RESULTS

3.1 Thermal-Electric Analysis

The temperature field through the centre of the electrode in the X,=0 plane in the contact shoe region for the
existing configuration, namely 304 stainless steel casing and 304 fins, is depicted in Figure 4. As shown in
Figure 1, there is a fin present on the right side of the electrode. Temperature values obtained from routine
measurements on the furnace to monitor the position of the 450°C isotherm are superimposed on this figure.
The correlation between measured and calculated values is fairly good. The electrode model did not account
for the proximity of the other electrodes, which cause an asymmetry in the temperature field.
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Figure 5. 450°C Isotherm for the Different Material Options.

The position of the 450°C isotherm is shown in Figure 5 for all the options. The small discontinuity observed
on the right of the figure is due to the presence of a fin. It is interesting to note that the results tend to occur
in groups. These groupings appear to be related primarily to the casing material, with the fin material having
a secondary effect. It is also of interest to note that the all 304 case forms the upper bound, and therefore
represents the most suitable configuration.

The material combinations may be arranged in order from the higher isotherms to the lower, as in Table 3.
This ranking is based on the position of the isotherm in the carbon region, the isotherm in the fin being a
secondary consideration. The most suitable substitute for the Grade 304 stainless steel casing and fins is the
option which exhibits a 450°C isotherm in a similar position to the existing configuration.

On the basis of these results, it may be suggested that a Chromanite casing with 304 fins or a Chromanite
casing with Chromanite fins will perform as well as the current all-304 option. A 304 casing with mild steel
fins performs almost as well. The use of Chromanite for both casing and fins may prove the most attractive
option. It has the advantage that both casing and fins are manufactured from the same material, reducing
possible difficulties in the welding of the two materials, as well as mismatches between thermal expansion
coefficients.
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Table 3. Ranking of Options according to position of the 450°C isotherm.

RANKING OPTION Casing Fins
(existing) 2 304 ing

1 11 Chromanite 304

1 13 Chromanite Chromanite
1 i 304 Iild Steel

1 5 304 Chrotnantte
2 14 Chromanite Ilild Steel
2 12 Chromanite 3CRI1Z

2 4 304 ICRIZ

3 3 Wild Steel 304

4 7 3CRI1Z2 304

4 g 3CRI1Z Chrotnanite

4 1 INild Steel Ihild Steel
] 10 ICRE12 IDild Steel
4 3 JCR12 ICRI12

3.2 Thermal-Stress Analysis

The configuration using Chromanite for both casing and fins was used for the thermal-stress analysis, as this
appeared the most promising option. The maximum and minimum principal stresses in the carbon are
depicted in Figures 6 and 7, whilst the equivalent Von Mises stresses in the steel are included as Figure 8.
The asymmetry visible in Figures 6 and 7 is due to the presence of a fin at the right of the electrode, as may
be seen in Figure 1.

The highest stresses in the steel occur at the base of the contact shoes. This is due to the steep thermal
gradients in the steel at this level associated with the electric current, which enters the steel at this point, and
causes resistive heating of the steel. In addition, the contact shoes are maintained at a constant temperature,
which influences the surface temperature of the casing. The maximum values of the Von Mises stresses in
the steel are of the order of 380 - 412MPa. Whilst these values are below the room temperature yield point of
450MPa, they may locally exceed the yield point at the ambient temperature. These maxima occur at the
base of the contact shoes, at which level the electrode paste has baked, and the need for mechanical strength
in the casing is no longer critical. The maximum principal stress in this region is in the order of 470MPa,
with small peaks at the points of connection of the fins to the casing. Whilst these stresses locally exceed the
yield strength of 450 MPa, the peaks are not a cause for concern, as they represent localised yield over a very
small area. Stresses in the fins are largely compressive, reaching values of —372 MPa. There are localised
peaks of up to 522 MPa at the point of attachment of the fins to the casing. These area not a cause for
concern however, due to their localised nature.

The stresses in the carbon exhibit peak values at the interface between the ends of the long fins and the
carbon. This is most likely a result of the way in which contact is modelled between these two surfaces, as
well as the limitations of the material model used for the carbon. If these peaks are disregarded, the
maximum principal stress in the carbon is 57MPa at the surface immediately below the contact shoes. This
relatively high tensile stress is probably due to the steep thermal gradient which exists in the electrode at this
point. These high stresses are largely confined to the surface of the electrode, with stresses in the centre of
the electrode being compressive. Both Figures 6 and 7 show compressive stresses in a significant proportion
of the radius of the baked electrode. This indicates that it is unlikely that cracks caused by these stresses will
propagate through the electrode. The material model used for the carbon could not allow for the flow of
material in the heated green paste. As a result, stresses obtained in practice are likely to be somewhat lower
than those predicted by the model.

In summary, stresses in the region immediately below the contact shoes are significant, both in the steel and
the carbon. These high stresses are attributable to the steep thermal gradients experienced in this region.
However, as the carbon has already baked at this point, local yielding of the steel should not be a cause for
concern. The high tensile stresses on the surface of the carbon attenuate quite rapidly below the contact shoes
and in a radial direction.
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Figure 8. Von Mises Stresses in Steel [Pa.].
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4. CONCLUSION

A finite element model of a Sederberg electrode was applied to an evaluation of proposed new casing and fin
materials. This study demonstrated the feasibility of using a different material for the casings and fins of the
electrodes.

The results of the thermal-stress analysis indicate that the material of construction of both the casing and the
fins play a role in determining the position of the critical 450°C isotherm. The analysis indicates that a
casing made from Chromanite with either Grade 304 or Chromanite fins exhibits very similar behaviour to
the existing Grade 304 casing and fins.
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