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High temperature metallurgical reactors plays a critical role in the cleaning of slags. The 
recovery of platinum group metals (PGMs), copper, nickel and chrome from slag through 
a pyrometallurgical process is one of the key processes that increases the yield and 
economy of PGM, Cu and nickel producers This paper will focus on several developments 
made to improve the integrity, operability, and longevity of a slag cleaning furnace (SCF). 
The topics below will be discussed. 
 
• The development of a new binding system inside frames of a rectangular SCF, 

improving vessel integrity.  
• Development and results of a hearth force measurement system. 
• By executing an expanded design of experiments (DOE) study, the sensitivity of furnace 

hearth thermal design to hearth thickness and refractory selection, to name two, is 
investigated, calling into question the opinion that a thinner hearth lining can be utilised 
to extend hearth life by creating a frozen matte layer on the working lining. 

• To improve the process monitoring and control, a level measurement system for the 
SCF will be presented. 

 
Keywords: Slag cleaning furnace, free board combustion, level measurement, binding, 
taphole, copper launder  
 
 

The development of a new binding system inside frames of a rectangular SCF 
Metix and the SMS-group have designed and supplied many rectangular furnaces for the ferro and 
nonferrous alloy industry. These furnaces vary in size from 12 MVA to 135 MVA. Some of these furnaces 
are operated as matte settling or slag cleaning furnaces to recover base metals and precious metals. 
Depending on the size and the type of operation, Metix designs rectangular furnaces with the following 
configurations: 
• Smaller, three in line electrode furnaces with only longitudinal binding 
• Larger, six in line electrode furnaces with longitudinal and transverse binding. 
All the rectangular furnaces designed by Metix have a shell that is housed inside a set of rigid 
rectangular frames (Figure 2). By utilising the rigid frames for supporting the binding of the furnace 
shell, the total vessel integrity is improved and the building construction around the furnace is 
simplified. 
The latest development for larger rectangular furnaces has a combination of the following binding 
mechanisms as shown in Figure 1: 
• Longitudinal binding 
• Primary and secondary transverse binding 
• Vertical binding 
• Corner binding. 
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Figure 1. Large rectangular furnace with multiple binding mechanisms. 
 

Metix large rectangular furnace binding mechanisms 

Longitudinal binding 

The longitudinal binding binds the furnace by applying force to the end frames of the furnace, thus 
transferring it to the refractory lining inside the shell. The longitudinal binding is located on the lower 
part of the end frame (primary binding) and the upper part of the frame at the roof level (secondary 
binding):  

Transverse binding 

The transverse binding binds the furnace by applying force to the sides of the furnace inside the furnace 
frames. This transfers binding forces to the refractory lining inside the shell. The transverse binding is 
located on the lower part of the sidewall frames (primary binding) and the upper part of the sidewall 
frames (secondary binding) - see Figure 2. 

 

Figure 2. Transverse binding. 
 

 

 

Secondary:   7 x Single Cartridges/side               

Primary:   25 x Double Cartridges/side       
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Vertical and roof binding 

The vertical and roof binding binds the furnace refractories by applying force to the upper side of the 
furnace sidewalls and roof inside the furnace frames. This transfers binding forces to the refractory 
sidewall to prevent it from lifting and to prevent gaps from forming between refractory sidewall bricks 
and copper components in the sidewall. It also binds the sidewall to the roof to ensure a tight seal. The 
vertical binding spring cartridges are arranged at an angle to split the forces 15% horizontally and 85% 
vertically. See Figure 3. 

 

 

Figure 3. Vertical binding. 
Corner binding 

The corner binding binds the furnace refractories in the vertical corners of the rectangular furnace by 
applying force to the middle of the side and enwall corners. This is traditionally a weak are for 
rectangular furnaces and the binding ensures that no gaps are formed in the corners during movement 
of refractories. 

Spring cartridges 

The furnace binding is done with different arrangements of spring cartridges. Each cartridge has colour 
load bands in yellow, green and red for quick load and status referencing. The spring cartridges are 
designed with cup washers to ensure large operational forces and displacement within a compact size. 
All the different cartridges are designed with common components as far as possible. See Figure 4 for 
examples of the cartridges designed by Metix 

 

5 x Single Cartridges / side vertical binding                                         

   

3 x Single 
Cartridges / 
corner binding                                         
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Figure 4. Metix cartridge examples. 
 

Spring cartridges with active binding measurement 

The cartridges also incorporate active binding measurement to monitor the forces of the furnace from 
the supervisory and control and data acquisition (SCADA) system. See Figure 5.   

 

 
Figure 5. Active binding measurement. 

 

Development and results of active binding measurement 

During heat-up of the furnace, and during normal operation, the refractories comprising the furnace 
hearth are expected to expand and retract with increasing and decreasing operating temperatures. The 
longitudinal binding enables the end wall to move, but keeping the required tension in the refractories. 
As the furnace expands over time, the spring-loaded binding system needs to be adjusted. Up to now, 
the monitoring of the exerted force has been a visual process based purely on displacement, i.e. inferred 
force.   
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Theory 
The aim for Metix was to install in-line load cells that accurately quantify the true load in each of the 
tie-rods that bind the end-walls together, thus allowing the operators to understand the applied force 
directly. The hearth force measurement system (HMS) would be the first intelligent hearth force 
measurement system for rectangular furnaces in operation and has been installed and commissioned 
on an operational matte settling furnace (MSEF) at First Quantum Kansanshi (KCS) in Zambia. 

Methodology 
The pilot project performed on the KCS MSEF utilises four longitudinal tie-rods with spring loaded 
cartridges on either end to provide an active binding force for the furnace end walls. Each of the tie-
rods are tied together with custom adaptors. The HMS integrates load cell technology into load adaptors 
that mimic the geometry of the existing tie-rod adaptors - see Figure 5. 
 
Site data collection 
Following the successful installation of the HMS, the load adaptors went into first use during the heat 
up of the KCS MSEF in July 2021. Data was collected on site over a period of nine days.  

Results 

Metix was able to manually collect data points to enable valuable deductions with respect to the overall 
performance of the HMS system in comparison to the existing manually calculated monitoring system. 

Temperature alignment and disparity in force measurements 
The hearth temperature thermocouples are embedded in the permanent sub-hearth of the lining. 

A correlative trend was noted (increase in hearth temperature vs increase in measured hearth force) up 
to the point where the temperatures reached operational levels, see Figure 7 and Figure 8. This suggests 
that a disconnect exists between the temperature of the working lining (primarily responsible for the 
thermal expansion of the furnace) and the location of the thermocouples in the sub-hearth specifically 
for the purpose of tracking transient temperatures, for example during heat-up or cooldown. The 
thermal inertia of the sub-hearth is a behaviour that explains the disconnect between the wall 
movements and the sub-hearth temperature. The operational benefit is that the load adaptors offer the 
operator real-time insights into the dynamic behaviour of the working lining even before the sub-hearth 
temperature measurements react to the changes in temperature. The average hearth temperature, 
therefore, does not offer an immediate qualitative prediction of the change in hearth binding force. 
 

 
 

Figure 7. Load adaptors vs hearth temperature (during heat-up) 
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Figure 8. Load adaptors vs hearth temperature (at operational temperature) 

Conclusion 

Based on the data collected by Metix and KCS, the operation of the HMS load adaptors were deemed 
successful and to be operating as designed. Furnace operators with HMS installed could consider 
moving away from the current manual measurement process of the colour bands on the spring 
cartridges, and in future primarily base the management of the operational forces on the furnace shell 
on the analogue values provided to the PLC by the load adaptors. These values are shown to be an 
accurate representation of the forces exerted between the furnace shell and the cup spring assemblies.  
 

Design of experiments to study the sensitivity of furnace hearth thermal design 

The PGM industry is characterised, albeit not exclusively, by rectangular actively-bound furnaces.  The 
current incarnations combine decades of technological and operational evolution, sometimes as the 
consequence of severe failures. One of the more interesting evolutions is the trend towards thinner 
hearths as a way of extending hearth life and minimising infiltration.  It remains to be seen whether this 
trend is firmly cemented in the industry as a whole, but it is not uncommon for clients to specifically 
request a thinner hearth.  In the FeNi industry this concept is accompanied by the theory that it promotes 
the formation and stability of a frozen metal heel.  Even if this was plausible, the FeNi and PGM 
processes are drastically different with the latter operating with a typical matte superheat in the 400 – 
650°C range compared to the 20 – 350°C for FeNi (Nelson & Hundermark, 2014) drastically increasing 
the challenges associated with establishing such a frozen heel. To evaluate the viability of establishing 
such a frozen heel in a PGM furnace through thermal mechanisms only, a DOE analysis was performed.  
The experiments took the form of 2D finite element analyses (FEA) of a typical magnesia-based 
rectangular furnace lining in the Ansys 2021 R2 environment.  To confirm the presence of a frozen heel, 
the liquidus isotherm of ~950°C must sit ‘outside’ of the working lining, i.e. in the matte.  This is a binary 
check which cannot predict the thickness of the frozen heel, but perfectly satisfies the objectives of this 
investigation.  A secondary consideration is whether or not this frozen heel, if possible at all, can be 
achieved while maintaining reasonable vessel bottom plate temperatures of ≤250°C. It is noted that 
PGM pyrometallurgy includes the management of high melting point spinel that, depending on the 
density of the spinel and the stirring in the slag layer, can settle below the matte (Barnes & Newall, 
2006), but as these spinel are already formed, their presence as a layer on the hearth surface is 
independent of working lining temperature and thus also independent of hearth thickness. 

The 2D FEA geometry is shown in Figure 9.  The most common method in reducing the hearth thickness 
is to reduce the number of brick courses in the sub-hearth.  By reducing these courses between 
comparative cases, the hearth is thinned from 1050 mm (thinnest cross-section; furnace centreline) to 
822 mm, ~22% reduction.  These courses are also typically alumina-based bricks which are thermally 
insulating meaning their removal increases hearth thermal conductivity on two fronts. 
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Error! Reference source not found.Figure 9 also introduces the parameterised boundary conditions [P] 
and monitored outputs [M].  It is assumed that the temperature states are process and environment 
driven and remain constant, with the 1300°C matte temperature representing the most forgiving 
scenario for the PGM process (Nelson & Hundermark, 2014).  This leaves the heat transfer coefficients 
for the matte convection and hearth cooling as the variable input parameters.   

 

 
Figure 9. FEA geometry and DOE input and output parameters. 

 

To truly test the sensitivity of thermal system to the variables, the DOE range of the input variables are 
knowingly specified outside realistic operating regimes.  The DOE ranges for the input variables, as 
well as their approximate correlating fluid velocity for the respective fluids, are summarised in Table I.  

For each hearth thickness case, the DOE algorithm was allowed to select 100 samples as a combination 
of the specified input variable ranges in pursuit of an optimal space-filling design type setup.  While a 
simple sensitivity analysis with only the extremes of the range considered would have also served to 
demonstrate the quantum of the sensitivity, the added resolution of the DOE serves to paint a fuller 
picture and identify any non-linear thermal behaviours. 

Table I. DOE parameterised input variables 

Input variable Range ~Correlating Velocity Range 

Matte Convection 100 – 5000 W/m2K 0.0005 – 1.3 m/s 

Hearth Cooling Convection 30 – 1000 W/m2K 12 – 900 m/s 

 

The 3D response curves for the minimum working lining temperature for both hearth thickness cases 
are displayed in Figure 10.  Perhaps the first thing to notice is the non-linear response to a change in the 
matte convection coefficient.  The second thing to notice is that despite the grandiose curve, the 
magnitude of the change is barely 40°C in the thinned hearth thickness case, and perhaps more 
importantly, the difference in the ‘coldest’ temperatures achieved in either cases for the same global 
minimum working lining temperature is ~10°C, or a mere 0.65% on absolute (Kelvin) temperature.  At 
a low temperature of 1260°C for the global coldest between the two cases, the working lining hot face is 
still at least 310°C above the liquidus temperature of the matte and thus not meaningfully closer to any 
solid heel forming.  At a more realistic set of input parameters – matte convection of 1000 W/m2K and 
hearth cooling convection of 40 W/m2K – the difference in working lining temperature between the 
1050 case and 822 case is a mere 0.8°C (1296.5°C vs 1295.7°C). 
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Figure 10. DOE working lining minimum temperature response curves for both 1050 and 822 hearth 

thicknesses. 
 

It is evident that the thermal resistance of a refractory hearth, regardless of the composition, is just too 
great for even intense hearth cooling to form a solidified matte heel. 

What if the hearth is more conductive? 

With that in mind, the hearth materials for the thin hearth case were all changed to a carbon block with 
a thermal conductivity of 17 W/mK – some three times greater than magnesia-based bricks and nearly 
ten times greater than alumina-based bricks.  Even then, at the coldest end of the input variable range 
(hearth convection = 1000 W/m2K and matte convection = 100 W/m2K), the minimum working lining 
temperature is still 156°C too hot to start solidifying the PGM matte at 1106°C, see Figure 11.  A 
meaningful observation is that the matte liquidus isotherm has moved into the top 1/3 of the working 
lining suggesting that while a solid heel via thermal mechanisms is not possible, hearth matte 
infiltration can be reduced by increasing hearth conductivity either by changing the hearth composition 
or removing thermally insulating layers. 

 

 

 
Figure 11. FEA predicted temperature distribution of 822 hearth with all carbon materials. 

 

Applying this lesson to the 1050 thick conventional lining with a more realistic set of boundary 
conditions – a matte convection of 1000 W/m2K and hearth convection of 40 W/m2K - the FEA predicts 
that the matte liquidus isotherm of 950°C is roughly 60% into the working lining as seen on the right in 
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Figure 12.  Comparing this to the same conditions for the 822 thick hearth, the liquidus isotherm is now 
~40 mm shallower around the middle of the working lining brick as seen on the left in Figure 12. 

 

 
Figure 12. Comparison of matte liquidus isotherm position in working lining between 1050 (right) and 822 (left) 

hearth thickness cases. 
 

A few meaningful conclusions can be drawn from this sensitivity analysis.  The first and most important 
conclusion is that hearth cooling with air has no meaningful impact on the hot-face temperature of the 
working lining – it entirely serves to cool the bottom plate of the vessel as relying on natural convection 
in this area will be insufficient (typically 1 – 3 W/m2K for natural convection of the bottom of a 
horizontal plate) to prevent heat saturation in the steel likely resulting in distortion and even failure of 
this bottom plate.  Secondly, even thinning the lining by more than 20% has an infinitesimal effect on 
hearth hot-face temperature, highlighting that the dominant driver of working lining temperature is the 
matte process temperature.  Thirdly, short of converting the PGM furnace hearth to something akin to 
a blast furnace hearth comprising a full graphite lining combined with intense water-cooling, it is simply 
not possible to use thermal mechanisms to even come close to forming a solidified matte heel in the 
furnace to protect the working lining from infiltration and ratcheting.  Lastly, it would be remiss to not 
at least acknowledge the observation that condensing the thermal gradient by thinning the hearth can 
have some beneficial impact on the infiltration depth of the matte into the working lining, although it 
must also be cautioned that this is a pursuit of limited returns as the reduction in infiltration depth is 
marginal and lining installation accuracy and operational practices are shown to have far greater effects 
on hearth life. While a reduction in hearth thickness may have its time and place, it is paramount for 
clients and designers alike to understand the capabilities and limitations of this ‘tool’ in the furnace 
design toolbox as well as clearly appreciate the mechanisms driving the desired design objectives.  
Based on the findings presented, it would be reasonable to conclude that the observations from this 
sensitivity analysis are transferrable to other commodity smelters, like the FeNi process discussed at the 
beginning of this investigation. 

Level measurement system for the SCF 
Introduction 
For furnaces that are not fed by choke feeding, the operation relies on the effective charging of raw 
material and gas distribution within the freeboard area of the furnace. Materials are charged into the 
furnace and the level of the material needs to be actively controlled, and it is one of the more important 
control parameters when automatically controlling the feed rate. To be able to measure the feed material 
level while surviving the hostile environment inside a furnace, several options for measuring furnace 
burden have been developed over the years, resulting in exceedingly costly options. Metix has 
evaluated these technologies, and based on the furnace conditions and the known challenges of 
fashioning sustainable and cost-effective instrumentation systems, has opted for a unsophisticated 
solution that is easy to implement and not affected by so many of the external factors in and around an 
operational furnace. Metix believes that the continuous pursuit for furnace operation optimisation, 
exacerbated by the current global economic conditions, necessitates that all metallurgical furnaces be 
equipped with this type of technology to drive down costs by increasing operational efficiency. 
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Measurement  
Furnace conditions 
The indirect measurement nature of the setup allows the measurement to be taken in the widest array 
of furnace operating conditions, where the off-gas conditions may be ranging from a carbon monoxide 
(CO) to a sulphur rich environment, and with temperatures from a few hundred degrees Celsius 
extending to temperatures more than 1300°C, where hot dust and gas is present.  
 
Measurement of feed layer material 
The measurement of the feed material level under typical furnace conditions as depicted above will be 
performed by means of radar measurement instrument projecting an electromagnetic signal (a radar 
signal) toward the upper surface of a variety of layers and collecting the reflection of the same signal. 
The device may be provided by an original equipment manufacturer (OEM) specialising in level 
measurement devices of Metix’s choice. The radar level transmitter device is connected to the furnace 
by means of a suitable process connection and placed away from the furnace by introducing a wave 
guide between the transmitter/receiver and the actual process being measured. This allows for the 
measurement of significantly higher temperatures and for the instrument to be located in a position 
away from the harsh environment above the roof where maintenance is easier.  

Methodology 
Level measurement device layout 
In reference to the diagram depicted in Figure 13, the level measurement assembly consists of a non-
contact sensor comprising a radar level measurement device enclosed in an OEM casing, enclosing at 
least the device’s electronic components comprising a transmitter/receiver. The transmitter/receiver is 
connected to one end of a waveguide of a suitably designed length (to suit the physical furnace layout). 
The transmitter/receiver currently operates at about 78 - 80 GHz. Another end of the waveguide is 
connected to a horn antenna which extends through a roof of the furnace above a feeding point. The 
transmitter/receiver device is laterally spaced a suitably designed distance [d] from the furnace. The 
device is connected to a controller. The assembly is to be used to monitor, amongst others, material level 
in the furnace. 

 

 
Figure 13. Simplified diagram of the Metix method of remote monitoring a layer of feed material in a 

metallurgical furnace. 

Electromagnetic interference  
The determination of the electromagnetic interference (EMI) is present in the furnace above the layer, 
which is mainly caused by the electrodes which are energised at 50 Hz, is attenuated sufficiently by the 
sidewalls and the distance [d] (by virtue of the inverse-square law), to such an extent that an EMI screen 
is not required for the device or any other part of the assembly. 

Protection against process conditions 
The instrument measuring sensor is protected from the excessive high temperatures and hot dust inside 
the furnace by the inclusion of a suitable wave guide. 
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Challenges to implement 
Given the nature of such an installation, it will need some bespoke engineering for each furnace, 
depending on the size of furnace and the feeding arrangements. This installation is equally suitable for 
installation on round and rectangular furnaces.  
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