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Aims  
 
Global Issue: 
Globally, approximately 5% of all electrical energy is used in the comminution or size 
reduction of ore ahead of the mineral separation process. Grinding is the most 
energy intensive stage in comminution, and is only 1% efficient in terms of creation of 
new surfaces. [2] [3] 
 
Whilst the demand for minerals is increasing, the grade or metal composition of 
available ores is decreasing, as shown in Figures 1 and 2. For example, Rio Tinto 
reported an average copper grade of 0.58% in 2008 [4]. 
 

 
 Figure 1: History of mineral demand  Figure 2: Average copper  
       grade over the years 
 

[Reproduced from 1] 
 
Thermal treatment to improve grinding efficiency: 
Thermal treatment can be used to assist the grinding process. Traditionally, this 
involves bulk heating of ore. This is an ancient technique, and can significantly 
improve grindability. The thermal energy causes stress induced cracks from thermal 
expansion. Mineral liberation enhancements have been observed using this method. 
However, with less than 1% copper typically present in ore material, this method 
involves heating up a large quantity of waste rock. Ultimately, bulk thermal treatment 
may only give limited improvements in energy consumption (not a step change). [5] 
 
Microwave treatment to provide step change in efficiency: 
Microwave energy can be used to selectively heat the minerals of interest, rather 
than heating the bulk rock. Hence the thermal energy will be targeted, causing 
temperature differences between the minerals and the bulk material. The resultant 
stress caused from the differential thermal expansion of the heated and non heated 
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phases induces facture at the mineral grain boundaries, which has been shown to 
dramatically improve mineral liberation during grinding. [7] 
 
Objective: 
 
There is a requirement to generate a multiphysics model capable of assessing the 
microwave power and exposure time necessary to generate sufficient stress at the 
grain boundaries, in order to enhance mineral liberation. The multiphysics analysis 
will facilitate microwave applicator design and process optimisation, through 
sensitivity studies of the modelling parameters.  
 
Major analysis input variables include: 
 

¶ Microwave power input 

¶ Applicator design 

¶ Microwave excitation frequency 

¶ Quantity of ore on conveyer belt 

¶ Exposure time 
 
Outputs: 
 

¶ Microwave volumetric heating distribution 

¶ Microwave reflection coefficient (S Parameter) 

¶ Peak stress in grain boundaries 

¶ Throughput 
 
Future studies can use the microwave energy demand generated by this type of 
multiphysics analysis to assess economic viability of the microwave assisted 
comminution process. 
 

Method 
 
Ore composition for assessment: 
An ore containing mainly calcite and approximately 12% pyrite has been selected for 
initial assessment. Properties for calcite and pyrite are well established, and these 
minerals are suitable for targeted microwave heating. Pyrite (the heated phase) is the 
mineral to be targeted by microwave energy, and the calcite is the bulk material. The 
complex permittivity of pyrite is 13-13j, and calcite is 2.4-0.00024j [6]. The real part is 
the dielectric constant, and the imaginary part is the dielectric loss factor. Therefore, 
virtually all the energy will be dissipated by the pyrite, due to the significant difference 
in loss factor. It should be noted that there are other phases present in the model, 
however these can be idealised as either microwave absorbent (pyrite), or 
microwave transparent (calcite). The thermal conductivity of pyrite is 20.5Wm-1K-1 
and the thermal conductivity of the calcite is 3.01Wm-1K-1. Consequently, energy 
absorbed by the pyrite minerals will be slow to conduct into the calcite, leading to 
large temperature differentials between the pyrite phase and their surroundings. The 
resultant thermal expansion will cause stress at the mineral boundaries.  
 
Analysis overview: 
The multiphysics model of the microwave assisted mineral liberation process 
consists of a system level model with a detailed micro-environment. A layer with 
averaged rock properties is used to produce results on a system level. This provides 
the correct dielectric loading for the microwave applicator. A micro-CT scan of a rock 
sample is used to generate the geometry of the micro-environment. The micro-



environment is located within the layer of averaged rock properties. Grain boundary 
stresses can be assessed inside the micro-environment. The model geometry is 
shown in Figure 3. The applicator design is adapted from the self-compensating 
single horn applicator presented by R. Meredith [9]. 

 
Figure 3: CAD geometry of scanned micro-environment contained within system 
level model 
 
The microwave power does not vary with time. The magnitude of the power delivered 
has a direct impact on the stress experienced in the pyrite grain boundaries, as the 
volumetric heating rate is proportional to the electric field squared. This relationship is 
shown in Equation 1. 
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In practice the ore will be travelling through the microwave applicator on a conveyer 
belt. Consequently, the rock will only be exposed to the peak power for a short time. 
Exposure time is dictated in the thermal analysis via a logic function. This is an 
important parameter as it will ultimately determine conveyer belt speed and 
throughput. The power input and the duration of the microwave exposure are key 
variables that can be iterated to produce desirable stress levels and conveyer belt 
speeds, and therefore throughputs appropriate to those required by the process 
constraints. 
 
The modelling process consists of the following stages: 

 
1. Scan ore sample 
This study used micro-CT scans to generate real ore geometry (see Figure 4). A 
micro-CT scan was carried out on an ore sample using a Skyscan 1172 with 

10MPixel camera with a 100kV source. The resolution of the scan is 8.9mm. The rock 
sample was an 11mm cube (approximately). The greyscale values of the scanned 
images correspond to the density of the materials. The scans were carried out as a 
series of 2D slices. These 2D slices can be used to generate 3D geometry in 
Materialise Mimics through segmentation based on greyscale, and interpolation 
between the 2D slices. 
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Figure 4: 2D slices of ore from micro-CT scan 
  
2. Segmentation of materials and initial surface mesh in Materialise Mimics 
The micro-CT scan data set was imported into Materialise Mimics, where the 
materials were segmented using greyscale values. The segmented materials are 
shown in Figure 5, where the different colours represent the different materials. The 
geometry was cropped to a size that could be accommodated in Comsol 
Multiphysics. 3D geometry of the rock constituents was generated via surface 
meshes as presented in Figure 6. The purple and blue phases are different materials, 
but have been idealised as calcite for the purposes of this study, as the Microwave 
and mechanical properties are similar. 

 

 
Figure 5: Segregation of materials using greyscale values in Materialise Mimics 
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Figure 6: 3D geometry of ore created using Materialise Mimics 
 
3. Re-meshing in Materialise 3-Matic 
The mesh density created in Materialise Mimics was very high, and would produce 
unacceptably long solve times in Comsol Multiphysics. The mesh density was 
reduced in Materialise 3-Matic to an acceptable level. The re-mesh is presented on 
the right hand side in Figure 7. The volume mesh was then generated in 3-Matic (see 
Figure 8). 

 

 
Figure 7: Re-meshing of ore surface mesh in Materialise 3-Matic 

 
Figure 8: Volume mesh of ore generated in Materialise 3-Matic 

Yellow = Pyrite phase 

Blue and purple = Calcite phase 


