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 Abstract  

An increasing number of furnace cooling systems are becoming available commercially, making the 
selection of the best design for a specific application more difficult.  In many cases, there is little to 
distinguish the systems, other than the shape of the copper protrusions.  In contrast to this, the Com-
posite Furnace Module Cooling System is a patented concept that can be tailored to fit a wide range 
of furnace conditions as well as providing specialty shapes for specific furnace locations.  The basis 
for the design is the maintenance of an essentially uniform hot face temperature, to minimize ther-
mal stresses and uneven wear.  The development and design of the modules has been based on ex-
tensive thermal modelling and industrial trials, leading to the successful implementation of the 
technology in a variety of furnaces. 

1 Introduction 

In the early 1990s researchers at The University of Melbourne and staff at the Kalgoorlie Nickel 
Smelter (KNS) recognized that the then existing refractory cooling systems suffered from a variety 
of shortcomings, primary among them being increased wear due to uneven hot face cooling[1].  
Along with this were the serious safety concerns relating to the requirement for cooling water within 
the furnace shell.  Based on these concerns, a collaborative research project was initiated to develop 
a new technology that would overcome these problems.  The project started with a strong theoretical 
basis, involving mathematical modelling and laboratory trials, before plant trials of the new design 
were successfully carried out in the roof of the nickel smelter.  This paper will outline the technol-
ogy and the development path, which has led to its implementation in a variety of locations and 
processes.  It is important to emphasize that much of the success of this development process was 
due to the close interaction and collaboration between the industry and university. 
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2 The Technology 

2.1 Important Concepts 

For the following discussion, there are two important concepts that should be introduced: “equilib-
rium heat flux” and “controlling thermal resistance.”  These concepts are particularly important in 
any consideration of furnace cooling design. 

The heat flux through the furnace wall when in contact with a melt, will be dependent on three fac-
tors, the melt and hot face temperatures and the melt-wall heat transfer coefficient.  Of these, only 
the hot face temperature can be affected by furnace cooling.  However, it is generally assumed that 
the refractory will wear back until the hot face temperature is at the melt solidus, which is then the 
equilibrium wall thickness.  From this, the equilibrium heat flux is then the heat transfer coefficient 
multiplied by the melt superheat.  This implies that the ideal design temperature for the hot face is at 
or slightly below the melt solidus. 

Cooling systems generally have several different components, each with their own thermal proper-
ties.  The configuration of these, including thickness and positioning, will usually lead to one com-
ponent providing the greatest resistance to heat flow out of the furnace.  The component with the 
greatest resistance is said to have the controlling thermal resistance.  This is important to determine, 
as changes to the other components will have a small effect on the overall cooling, compared to a 
change in the controlling component. 

2.2 Background 

An analysis of heat transfer in a furnace system indicates that, in most cases, the refractory layer is 
the controlling thermal resistance[2].  This implies that simply applying cooling to the outer shell of 
the furnace, as in shower cooling, will have only a very limited overall effect.  Also, the addition of 
copper blocks or rings will only provide very localized protection, implying that they will need to be 
close together to be of significant value.  The ideal material for use in furnace walls would appear to 
have a relatively high (and modifiable) thermal conductivity, as well as a good resistance to chemi-
cal attack in a wide variety of conditions.  At present such a material does not exist, so some other 
method of providing those conditions is required. 

2.3 Design Concept 

The design of the technology, now called the Composite Furnace Module Cooling System (CFM) 
appears relatively simple, and, in theory, it is.  The design consists of a backing plate from which a 
number of copper rods extend towards the hot face of the furnace (shown schematically in figure 
1)[3].  The backing plate is water cooled, generally with either cast-in pipes or cooling channels 
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manufactured on the back after casting.  Drill and plug water channels are avoided, as they are a 
common cause of water leakage, and often can not provide sufficient cooling.  The space between 
the rods, and to a fixed distance beyond their tips, is filled with a castable refractory.  The refractory 
provides thermal and chemical protection to the copper, while the copper keeps the hot face at a 
lower temperature and provides structural support for the refractory.  Spreading the copper through-
out the refractory is effective in reducing temperature variations on the hot face, and allows the 
technology to be tailored to the specific application, avoiding both excessive cooling and copper 
use.  In this way the ideal material, mentioned above, can be simulated. 

 

Figure 1: Schematic of the Composite Furnace Module Design (picture courtesy of  RHI Refracto-
ries) 

2.4 Design Process 

The actual design of a module is far more complex than the theory suggests.  There are a number of 
variables that can be adjusted to provide the optimum cooling with the minimum copper use. These 
include the rod length and diameter, the refractory material and the thickness of the refractory cap.  
The design process will also consider the availability of material to form a freeze layer.  This is of 
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primary concern in above bath locations, where a protective layer may not be able to form, however, 
in many cases there is sufficient dust or splash to form such a layer.   

Initial module design is carried out using thermal modelling, with the basic design criteria being that 
the hot face must be kept below a specified temperature and the maximum temperature variation on 
the hot face is kept below a set value.  The maximum hot face temperature is usually designed such 
that a freeze layer will form to provide extra protection for the refractory.  A design model has been 
developed to allow the calculation of the optimum configuration, while keeping the amount of cop-
per to a minimum.  The cooling configuration can also be modified to suit the required heat flux, 
but will generally include at least two separate cooling passages with different feeds, to reduce the 
likelihood of total water loss to the panel. 

The ability of the technology to form a freeze layer in most applications allows a greater degree of 
flexibility in the choice of refractory.  Testing of modules in the shaft of a flash furnace has demon-
strated that, even in conditions where the module is not submerged, a freeze layer can form suffi-
ciently rapidly to provide protection of the refractory from chemical attack.  The importance of this 
is that it makes a greater range of material properties, particularly thermal conductivity, available to 
the designers. 

2.5 Maximum Heat Flux 

The maximum heat flux of a cooling technology is often requested and quoted in any discussion of 
furnace cooling design.  However, in most cases this value is irrelevant, and is not a good measure 
of the appropriateness of any given technology.  The above discussion shows that all that is required 
of a cooling technology is to remove the maximum equilibrium heat flux seen in the system, with a 
usual excess allowance for safety.  An important feature of the CFM technology is that it can be 
tailored not just to suit the specific furnace, but to suit a specific area in the furnace.  It is possible to 
vary the critical design parameters, both within a module and between modules, to provide the op-
timum cooling for any given point within a furnace.  This ensures that furnace integrity can be 
maintained with the minimum amount of cooling. 

3 Technology Development 

3.1 Early Development 

As mentioned above, the initial development of the technology took place in the early 1990s as a 
collaborative project between the University of Melbourne and the Kalgoorlie Nickel Smelter (then 
Western Mining Corporation (WMC), now BHP-Billiton)[1].  Preliminary modelling and laboratory 
tests were carried out.  In the laboratory tests, (figure 2), the face of a module instrumented with an 
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array of thermocouples was inserted into a muffle furnace and the system allowed to come to equi-
librium.  The measured temperatures provided validation for the modelling and indicated that a sim-
ple one-dimensional model was sufficient for initial design work, although a three-dimensional 
model is preferred to ensure that any hot face temperature variations are essentially insignificant. 

Figure 2:  Experimental set up for original Composite Furnace Module cooling system tests. 

Testing of a similar module, also instrumented with thermocouples, in the roof of the KNS flash 
furnace was sufficiently successful to allow further trials of the technology in the flash furnace set-
tler roof, the uptake shaft and the electric furnace appendage roof.  The technology was also pat-
ented at that time, with patent now granted in 12 jurisdictions[4-6].  Further trials were carried out 
in different furnace locations, including as electrode surrounds and in the reaction shaft at Kalgoor-
lie[7], and in the uptake shaft in the Olympic Dam direct-to-blister flash furnace[8].  The uptake 
shaft module lasted the entire furnace campaign, and was still in good condition when the furnace 
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was decommissioned, while the conventionally cooled refractory around it had been significantly 
eroded (figure 3). 

Figure 3:  Flash furnace uptake shaft on decommissioning, showing intact trial CFM and uneven 
wear due to ring coolers. 

3.2   Below Bath Application 

With the continuing success of the modules in above bath locations, it was decided to look at trans-
ferring the technology to submerged applications.  The initial work in this area was carried out as a 
collaborative project between WMC and the University of Melbourne, this time with the assistance 
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of a grant from the Australian Research Council.  Again, a program of experimental and modelling 
work was carried out at the University, this time including stress analysis with the heat transfer. 

The laboratory scale work was carried out in a refractory crucible cast on the top of a small scale 
module.  Slag was melted and kept hot in the crucible using an electric arc while the system equili-
brated.  The crucible section was removed and sectioned for examination with a refractory saw, and 
a new crucible was recast.  This method was not entirely satisfactory, with bonding problems be-
tween the new casting and the module, as well as rapid wear in the uncooled sides of the crucible; 
however it was sufficient to show that the modules could operate satisfactorily in submerged condi-
tions. 

Industrial testing was then carried out in the electric slag cleaning furnace at Olympic Dam.  In this 
case, a standard slag tapping block was modified to approximate a standard CFM and was equipped 
with a series of thermocouples to allow the wear to be monitored over the duration of the campaign. 
The modified element was installed in the furnace in April/May 2001[9].  In this design, the module 
was in contact with both copper and slag, giving a test of a range of conditions, including a 
metal/slag interface, which is often a high wear region.  The thermocouples installed in the module 
indicated that a steady state condition had been achieved, and at the end of the furnace campaign, 
the CFM was still in good condition (Figure 4), while the remainder of the furnace had been se-
verely worn. 
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Figure 4: Slag cleaning furnace CFM before removal from furnace at decommissioning, with por-
tion of refractory removed to show remaining thickness (for scale rod diameter = 25mm) 

A further test was carried out in the electric furnace, this time with the module including a slag ta-
phole[10].  This test was also successful, with the module intact, while the surrounding refractory 
had been significantly eroded (Figure 5). 

Figure 5:  Tapping module after furnace cooling at the end of the campaign. 

3.3 Modelling 

Computer modelling has been an integral part of the technology development from the initiation of 
the project, and now provides an important part of the module design process.  The initial work was 
solely thermal modelling, which was linked to the trial process to provide data for model validation.  
The continuing monitoring of installed modules not only allows this validation process to be 
checked for different conditions, but also allows the use of the models to gain further insight into 
the operation of the process.  This is particularly important in below bath conditions, where a criti-
cal parameter, the heat transfer coefficient at the hot face, can generally only be estimated. 
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Several thermal models have been developed of differing complexity, depending on the specific 
application they were to be put to.  A fast, initial design can be obtained with a simple 1-
dimensional model that uses an average thermal conductivity for the composite section of the mod-
ule based on an electrical resistance analogy model.  A 2-dimensional finite difference model was 
developed, assuming radial symmetry around the centre of a copper rod, to determine the maximum 
variation of the hot face temperature.  This model is faster and requires less initial set-up than a full 
3-dimensional model, but still has some limitations, particularly relating to the radial symmetry as-
sumption. 

A 3-dimensional heat transfer model was also written to study the effects of different rod tip pat-
terns on the hot-face temperature variations[11].  Full 3-dimensional models have also been devel-
oped in several different commercial packages.  These have included both steady-state and transient 
conditions, and have been extended to include stress analysis in the modules.  The stress analysis is 
of particular importance when considering the design and positioning of the rods.  In general, there 
is a relatively large thermal gradient over the refractory cap, particularly if there is no freeze layer.  
This can lead to high stress levels at the ends of the rods, where cracking may be initiated, leading 
to the spalling of the refractory cap.  The potential for spalling is increased with reduced rod separa-
tion and flat ends on the rods with sharp corners where cracks may initiate more easily.  This prob-
lem can be easily avoided, however, by rounding the tops of the rods and making them slightly dif-
ferent lengths so that a shear plane is not developed. 

4 Technology Implementation 

The first major commercial installation of the CFM technology was as electrode surrounds in the 
appendage of the flash furnace at the Kalgoorlie Nickel Smelter, in June 1998.  Since then they have 
been applied to a number of different areas in the Kalgoorlie flash furnace[12].  In below bath appli-
cation, in late 2003 the side wall of the electric slag cleaning furnace at Olympic Dam was replaced 
with CFMs (Figure 6).  This furnace has been operating successfully since then, at an annual sav-
ings of approximately A$12,000,000 in relining costs, as well as a reduction in furnace down-
time[13].  More recently, there has been a major installation of the technology in the roof of the 
Olympic Dam flash furnace (Figure 7).   
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Figure 6:  CFM application in electric furnace sidewall. 

As well as the applications in the WMC/BHP-Billiton flash furnaces and slag cleaning furnaces, the 
technology has been applied in a stationary anode furnace, an Isasmelt furnace and a DC Arc fur-
nace for ferroalloys. 

5 Conclusions 

The Composite Furnace Module Cooling System has been developed through a close cooperation 
between a university and industry, resulting in a detailed theoretical basis that was thoroughly tested 
in industrial furnaces.  The technology has been used extensively in BHP-Billiton furnaces in Aus-
tralia, as well as in other furnaces around the world.  It provides a tailorable cooling system that can 
be matched to the furnace conditions and gives an essentially uniform hot face temperature.  The 
application of CFMs has led to an over threefold increase in furnace life in its first full installation 
and the resulting financial benefit from that increase. 
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Figure 7:  CFM assembly for flash furnace roof (picture courtesy of Bateman Engineering NV). 
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