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Figure 3: Mesh used in 
simulation 

improves the baking of the electrode.  
 
To model this phenomenon contact elements are overlaid on the contact surfaces between the various 
components. These elements allow compressive stress to be transferred, but in tension it will separate. 
Additionally these elements check the contact status and adjust the heat transfer method accordingly.   
 
Figure 2 shows the expected deformed shaped on a cross section just above the lower edge of the contact 
shoe, to indicate the expected deformed shape with separation included. 
  

4. AC VS. DC 
Although the furnace in discussion is an alternating current (AC) furnace, the model is setup to solve using 
direct current (DC). This is to reduce computational effort and allow for more complex modelling of other 
phenomena. The effect of AC vs. DC is discussed in detail in various papers, most notably by Halldr Plsson 
et al. [1] and by H.L Larsen [2] in 3D and 2D respectively. The conclusion drawn by Halldr was that the 
proximity effect results in almost three times higher heat generation at the maximum point than at the 
minimum point of an electrode surface. It must be noted that both these models did not include any 
components other than the electrodes themselves, and thus the simplicity of these models allowed for the 
calculations in discussion. 
 
Three electrodes are arranged in triangular fashion in a circular furnace. 
As discussed by Innvaer et al [3], the tangential heat distribution will not be 
symmetrical throughout the electrode, due to higher temperatures in the 
central delta of the furnace, but due to computational constraints, it is not 
modelled in this model and this phenomenon will be ignored in this paper.  
 

5. BOUNDARY CONDITIONS 
On this model the structural boundary conditions (BC) are as follows:  
 

• A pressure BC is applied to the pressure area on the back of the 
contact shoe.  The applied pressure is calculated so that the initial 
contact pressure exerted by the contact shoe on the casing is 
1.35 bar. 

• The top edge of the casing is constrained in the axial direction of 
the electrode, simulating the effect of the slipping device. 

• The contact shoe is constrained from movement in the axial 
direction of the electrode. 

 
The thermal boundary conditions are: 
 

• Water flow of 2.5 m/s through a Ø30 mm channel in the contact 
shoe is simulated through the use of a convection boundary 
condition of 8300 W/m2K at 35 °C water temperature. These are 
typical design values used in the development of Metix contact 
shoes. 

• Convection of 50 W/m2K at 1300°C is applied to the exposed 
areas of the electrode protruding below the contact shoe. 

• Convection of 100 W/m2K at 35°C is applied to the external faces 
of the casing above the contact shoe, simulating air flow inside the 
mantle. 

• The surface temperature of the burden is considered to be 800°C. Radiative exchange takes place 
between this surface and the exposed areas of the paste below the contact shoe. No radiation takes 
place to the contact shoe’s external faces, as this is covered by the pressure ring (not modelled) in 
the furnace. 

• A convection of 30 W/m2K at 60°C is used to simulate the natural convection of the top surface of 
the paste exposed to atmosphere. 

 
Electrical boundary conditions are: 
 

• A current flow of 108 kA through the electrode. 
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• Voltage supplied at 210 V at the water inflow area of the contact shoe.  
 

6. MESH 
The mesh used in this analysis is depicted in Figure 3.  It consist of 165 000 nodes and 85 000 elements. 
ANSYS [4] coupled field elements are used for all solid bodies, and contact areas are overlaid with Contact 
elements. 
 

7. MATERIAL PROPERTIES 
 

Temperature 
[°C] 

Mild Steel 
(Casing) 

Copper 
(Contact shoe)

Electrode Paste 
(Electrode) 

Electrical Conductivity [Ω-1.m-1] 
20 6.25 x 106 58.8 x 106  
100 4.54 x 106 41.7 x 106 0.1 x 106 
   0.11 x 106 
500 1.639 x 106 32.36 x 106 0.13 x 106 
1000   0.17 x 106 
1400   0.20 x 106 
1800   0.25 x 106 
2200   0.30 x 106 
2600   0.38 x 106 
Thermal Conductivity [Wm-1K-1] 
20 52.0 380  
100 51.0 370  
200   3.2 
500 39.3 300 6.8 
1000   19.2 
1400   30.3 
1800   37.1 
2200   40.2 
2600   38.9 
Young’s Modulus [GPa] 
20 200 130 3.3 
Poisson Ratio 
constant 0.3 0.34 0.15 
Linear Coefficient. Of Thermal Expansion [m.m-1K-1] 
0 - 100 17.0 x 10-6 17.0 x 10-6  
0 - 300 17.3 x 10-6 17.3 x 10-6  
0 - 500 17.3 x 10-6 17.5 x 10-6  
500 - 800   -11.6 x 10-6 
800 - 1000   -2.5 x 10-6 
1000 - 2500   4.3 x 10-6 
Density [kg.m-3] 
 7870 8300 1342 
Yield Strength or 0.2% Proof Stress [MPa] 
20 300 450 17. (compressive) 
Table 1: Material Properties of the Metals and Carbon [5] 

8. RESULTS 
For the boundary condition as described in section 5 above, the results are depicted below. This is referred 
to as the reference model, and will be used for comparisons in the study of the effects of various parameters. 
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The two figures to the left 
depict the temperature 
distribution in the model. 
 
Figure 4 shows the 
temperature on the 
symmetry plane, thus on a 
section through the centre 
of the contact shoe, while 
Figure 5 show the 
isotherms in the electrode 
clearly indicating the effect 
that the steel casing’s 
higher thermal conductivity 
has on thermal flux. This 
can be compared to Figure 
6, which shows a simular 
result to Figure 4, but with 
no separation allowed in 
the model between the 
components of the 
electrode system 
 
In Figure 7 below, an 
expanded view of the 
450°C and 750°C 
isotherms in the electrode 
is shown, the effect of the 
mild steel casing’s higher 
thermal conductivity can 
clearly be seen in this 
figure. 

Figure 4: Temperature on symmetry plane 
 

Figure 5: Isotherms in 
electrode 

 
  

Figure 6: Thermal contours when no 
separation is allowed 

Figure 7: Expanded view of 450°C and 750°C isotherms 
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Figure 8 show the heat flux density in W/m2 in the 
lower half of the model. The heat flux has the 
highest value where the contact shoe is in contact 
with the casing, as this provides the best possible 
heat flow path.  
 
Traditional wisdom dictates that electrical current will 
follow the path of least resistance which, in this 
case, is straight down the contact shoe, due to the 
good conductivity of the copper, entering the 
electrode at the bottom of the contact shoe. Figure 9 
and Figure 10 prove that this is not the case, 
because of the separation of the casing and contact 
shoe, and that the bulk of the current will enter the 
electrode through the casing in the lower two thirds 
of the contact shoe.  
 
Figure 11 shows the status of the contact between 
the contact shoe and the casing, providing an 
indication of the separated areas. Near contact 
indicate that the contact areas that are within the 
pinball region of each other.  In this case the pinball 
region is 10 mm. 

Figure 8: Heat flux density (W/m2) 

 
 

 
 

 
 

Figure 9: Current Density (A/m2) Figure 10: Current 
Density (A/m2) 

Figure 11:  Contact status 
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Figure 12: Radial displacement of casing 

The radial displacement of the casing 
is shown on a temperature plot in 
Figure 12. Temperatures in the casing 
vary from 230°C, where good contact 
and hence good conduction with the 
contact shoe is present, to 780°C 
where there is separation.  
 
The circumferential thermal expansion 
of the casing, combined with the 
anchoring effect of the fins, causes the 
separation between the components, 
and alters heat and current flow paths 
as described. 

 

9. PARAMETER STUDY 
A study of the effect of various parameters in the model is performed and depicted in this section. For each 
parameter change the result is compared with the results obtained in Section 0 above. The parameters that 
were changed are: 
 

• Cooling water inlet temperature from 35°C to 120°C. 
• Mantle air temperature from 35°C to 50°C and in another study to 75°C. 
• Electrical current from 108 kA to 119 kA (10% increase), 54 kA (halved current) and then lastly, the 

current is completely removed.  
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The model to the left represent a change in 
temperature of the cooling water of 85°C. 
The reference model utilized contact shoe 
cooling water with an inlet temperature of 
35°C, while the water in the model to the left 
is 120°C. 
 
The effect is mostly visible in the 
tempertures of the contact shoe itself, while 
the location of the 450°C isotherm is mostly 
unchanged. The arrows indicate where the 
450°C isotherm, the lower limit of paste 
baking, intersect the casing. 

 
 

The mantle heaters increase the 
temperature of the air that is supplied to 
sustain a positive pressure inside the 
mantle. The main purpose of heating this air 
is to assist in softening the paste, and thus 
increasing liquid levels. The two figures to 
the left shows that there are virtually zero 
improvement in the location of the 450°C 
isotherm, as indicated by the arrows on 
each figure, but that the softening of the 
paste does benefit from this. 
 
The first figure represents the model where 
the air temperature was increased from 
35°C to 50°C. In the second model, the air 
temperature is increased to 75°C. 

 
 

   

Mantle Air temperature 
change (50°C) 

Mantle Air temperature 
change (75°C) 

Reference 
model

Reference 
model

35°C 120°C 

50°C 35°C 

75°C 35°C 

Reference 
model

Contact shoe cooling water 
temperature change 
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The figures on this page shows the effect 
that electrical current has on the baking 
zone. It must be considered that current 
value has a quadratic effect on the 
resistive or Joule heating (Q=I2R).  
 
The first figure shows the effect of 
increasing the current from 108 kA to 
119 kA, a 10% increase. This improves 
(moves it higher into the contact shoe) the 
location of the 450°C isotherm. 
 
In the second figure the current is halved – 
from 108 kA to 54 kA.  This has a drastic 
effect on the location of the 450°C 
isotherm, and lowers it by about one third 
the length of the contact shoe. 
 
The last figure depicts the effect if the 
current is completely removed. Although 
this is not a realistic assumption, it is 
shown to indicate the effect that resistive 
heating in the electorode material has on 
the baking of the electrode. This should be 
viewed in conjuction with the other two 
figures on this page. 

 

 

 
Current removed 

Current decreased by 50 % 
 to  54 kA 

Current increased 10 % to 
119 kA 

119 kA 108 kA 

108 kA 54 kA 

108 kA 0 kA 
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