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Abstract 

The complexity degree of a mining plant’s comminution circuit is critical for allowing the 

processing of low-grade iron ore deposits. Considering that the comminution stage is responsible for 

most of the energy consumption in a mineral processing plant, the pursuit of energy-efficient 

technologies is a major challenge of the mining industry. The High Pressure Grinding Rolls (HPGR) 

have been applied for over 20 years and is widely recognized in terms of energy savings. However, the 

limited access to industry and academic studies about the HPGR performance and the lack of a widely 

industry accepted bench-scale laboratory test for sizing and modelling HPGRs are major hindrances 

that must be addressed in order to promote the machine acceptance and implementation. 

The research's main objectives were to evaluate the HPGR amenability to comminute iron ore 

in a two-stage HPGR circuit and extend the applicability of Davaanyam’s (2015) Direct Calibration 

and Database-Calibrated methodologies for predicting the energy consumption and size reduction of 

HPGRs through laboratory-scale piston-press tests. The HPGR performance and modelling evaluation 

for quaternary and quinary applications were supported by a combination of laboratory-scale testing, 

pilot-scale testing and modelling work. 

Results obtained from the research showed that the HPGR is suitable for comminuting iron ore 

in open circuit quaternary and closed circuit quinary applications. The performance evaluation revealed 

a strong linear relationship between the machine’s specific pressing force and net specific energy 

consumption. The size reduction also increased linearly with the increase of the pressing force. The 

ore moisture content revealed to be detrimental to the HPGR’s throughput at high concentrations but 

did not impact the performance in terms of size reduction. The Direct Calibration methodology was 

successfully applied to iron ore for quaternary applications, but the current Database-Calibrated 

regression models resulted in poor energy-size reduction predictions. because the variable levels for 

the quaternary application extended beyond the ones used for developing the current regression 
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models. The results indicate that the database needs to be extended to finer sizes, higher moisture 

levels and possibly ore types. 
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Lay Summary 

 The High Pressure Grinding Rolls (HPGR) have been applied for over 20 years in the mining 

industry and is widely recognized in terms of energy savings. However, the limited access to industry 

and academic studies about the HPGR performance and the lack of a widely industry accepted bench-

scale laboratory test for sizing and modelling HPGRs are major hindrances that must be addressed in 

order to promote the machine acceptance and implementation. Considering this, the purpose of this 

research was to evaluate the HPGR amenability to comminute iron ore in a two-stage HPGR circuit, 

and to extend the applicability of Davaanyam’s (2015) Direct Calibration and Database-Calibrated 

methodologies for predicting the energy consumption and size reduction of HPGRs through laboratory-

scale piston-press tests. 
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Chapter 1  

1 INTRODUCTION 

1.1 Background 

Iron ore is vital for the global economy since it is the primary raw material from which 

metallic iron is extracted to manufacture steel. Between 2000 to 2015, the world's crude steel 

production almost doubled. For example, China showed an increase of 540% in its crude steel 

production over the last decade. However, it has also been observed that the high-grade iron ores, 

also categorized as direct shipping ore (DSO), are facing depletion on their reserves, and as an 

expected side effect, low-grade hematite and magnetite deposits are now under increasing 

development (Jankovic, 2015). All these factors combined have been increasing the need for iron 

ore processing and the comminution complexity with regards to achieving particle size reduction 

requirements. 

This scenario calls attention to a well-known public issue regarding the comminution stage, 

which is its massive energy consumption. According to Wang (2013), about 50 to 80% of the total 

energy consumption in a mineral processing plant is addressed to the comminution stage. 

Nowadays, concerning the processing of hard-rock, low-grade deposits, the most common 

comminution circuits make use of some form of tumbling mill such as Ball Mills, Autogenous 

Grinding (AG) Mills or Semi-Autogenous Grinding (SAG) Mills to break the rocks to a targeted 

particle size (Drozdiak, 2011). However, despite the SAG-based comminution circuit's popularity, 

Morley and Staples (2010) highlight their high energy consumption and throughput sensitivity 

when treating hard ores. 
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As stated by the U.S Department of Energy (DOE, 2007), the grinding sector offers many 

opportunities for energy savings, where the largest of them, accounting for 70% of the possible 

savings, depends on implementing more energy-efficient technologies. For iron ore operations, 

especially for magnetite deposits, the challenge has been to minimize the operating costs, which 

by no coincidence, is dominated by the cost of power required to grind the ore to achieve 

acceptable liberation and concentrate iron grades together with low impurity content. The 

implementation of efficient comminution circuits is continually growing in importance since a 

carbon tax is expected to become a significant addition to the operating costs of iron ore deposits 

(Jankovic and Valery, 2010). 

The High Pressure Grinding Rolls (HPGR) is considered as one of the most significant 

recent developments in the comminution area for processing hard rocks. According to Barrios and 

Tavares (2016), the HPGR success is associated with improved energy efficiency, grinding 

capacity, lower sensitivity to grindability variations and higher metal recovery in downstream 

processes compared to conventional crushing and grinding technologies. However, despite being 

recognized as a viable crushing and grinding technology, the HPGR acceptance and 

implementation in the mining industry has been slow, especially for hard-rock applications. 

One of the major drawbacks that remains is the limited access to industry and academic 

studies about the HPGR performance. Currently, most of the studies and publications about the 

HPGR technology focus on circuit trade-offs such as HPGR versus SAG Mill-based circuits, 

where the goal is to discuss subjects of broad interest such as energy savings, or mechanical 

improvements that have been implemented by manufacturers. In contrast, detailed analysis of the 

HPGR performance and operating parameters such as the specific pressing force, net specific 
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throughput and operating gap, which are essential during the machine selection and sizing, are 

scarce or, at times, unavailable for certain ores. 

Another critical hindrance is the uncertainty regarding the reliability of modelling and 

scale-up from laboratory or pilot operations to industrial installations. As stated by McClintock 

(2018), there is currently no industry-accepted bench-scale test for sizing or modelling HPGRs for 

hard-rock applications, and the majority of the methodologies that have been published so far are 

proprietary. With an initiative to solve this limitation, for more than ten years, the University of 

British Columbia (UBC) has been developing a set of HPGR models using data obtained from 

more than 200 pilot-scale HPGR tests and piston-die based laboratory tests (Wang et al., 2019; 

McClintock, 2018; Davaanyam, 2015; Kumar, 2014, Nadolski, 2012). In 2015, Davaanyam 

proposed three bench-scale test methodologies for predicting the specific energy consumption and 

size reduction of HPGRs through piston-press tests: the Direct Calibration; the Database-

Calibrated and the Simulation-Based methodologies. The energy and size reduction predictions 

proved to be reasonably accurate, ranging from ±10% to ±25% depending on the methodology. 

Since their publication, Davaanyam's methodologies have been used in several UBC 

projects, thus accomplishing their primary objective of simplifying pilot HPGR test programs by 

reducing the required number of tests and sample requirements. Pilot-scale HPGR tests are widely 

known to be expensive and to require large quantities of samples. Nevertheless, there is still plenty 

of room for investigations and studies that must done to refine these methodologies. For instance, 

the methodologies have not been validated for iron ore applications and detailed analysis of how 

the feed properties such as moisture content affect the energy and size reduction predictions have 

not yet been researched. 
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1.2 Thesis Objectives 

This thesis focused on the study of fine crushing of iron ores with High Pressure Grinding 

Rolls and the ability to predict the energy and size reduction of HPGRs through piston-press tests. 

The main objectives were to evaluate the HPGR amenability to comminute iron ore in a two-stage 

HPGR circuit, and to extend and validate the applicability of Davaanyam’s Direct Calibration and 

Database-Calibrated methodologies for predicting the energy-size reduction relationship with low 

sample requirements. 

To date, Davaanyam’s Database-Calibrated and Direct Calibration Methodologies both 

proved to be effective solutions for predicting the energy-size reduction of HPGRs with low 

sample requirements. However, the Direct-Calibration methodology has not yet been applied and 

validated to iron ore. In addition, the proposed regression models from the Database-Calibrated 

methodology has not been applied to iron ore. 

A list of primary and secondary objectives is presented below: 

I. Assessment of the HPGR amenability to comminute iron ore when applied in a two-stage 

HPGR circuit. 

• Evaluate the HPGR performance for open circuit quaternary applications, 

• Evaluate the HPGR performance for closed circuit quinary applications, 

• Analyze the effects of the applied specific pressing force and ore moisture content 

in the HPGR performance. 

II. Demonstrate and evaluate modelling methodologies for sizing HPGRs. 

• Create a suitable iron ore database for applying the Direct Calibration and 

Database-Calibrated methodology. 
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• Demonstrate a step-by-step on how to apply both methodologies and validate their 

application for iron ore. 

• Assess how moisture affects the energy and size reduction predictions when 

utilizing the Direct Calibration methodology. 

• Evaluate if the Database-Calibrated models proposed by Davaanyam (2015) 

provides reasonable energy-size predictions for iron ore applications. 

 

The thesis includes the following chapters to address these objectives: 

Chapter 2 provides a literature review on the HPGR technology, focusing on its operating 

parameters, performance assessment and modelling. 

Chapter 3 describes the experimental procedure followed for the pilot HPGR tests and 

laboratory-scale piston-press tests. This chapter also includes descriptions about the iron ore 

samples from Serra Azul case study and the UBC’s pilot HPGR and piston-press machines. 

Chapter 4 presents results and discussions regarding the pilot testing program. This section 

covers the HPGR performance analysis for quaternary open circuit and quinary closed circuit 

applications to iron ore. 

Chapter 5 presents results and discussions of a step-by-step analysis of the Direct-

Calibration methodology applications to iron ore. 

Chapter 6 presents results and discussions regarding the applicability of the Database-

Calibrated methodology to iron ore. 

This thesis is concluded in Chapter 7 with the presentation of the study’s main conclusions 

and recommendations for future work. 
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Chapter 2  

2 LITERATURE REVIEW 

Researches concerning comminution technology are under continuous review, and 

increasing emphasis is being given to the study of the High-Pressure Grinding Rolls (HPGRs), 

which often proves to be one of the most energy-efficient methods of crushing even when applied 

to hard ores (Saramak & Kleiv, 2013). 

2.1 High Pressure Grinding Roll Technology  

 Concept of the HPGR Machine 

The High Pressure Grinding Rolls (HPGR) is currently seen as a relatively new 

comminution technology that relies on compression breakage mechanisms to break particles 

within a particle bed between two counter-rotating rolls. The technology has proven to be more 

energy-efficient than conventional tumbling mills (AG/SAG mills), and its particle breakage 

mechanism, which is preferential along the grain boundaries, is believed to enhance liberation at 

coarser particle sizes, thus leading to benefits in downstream processes such as leaching or 

flotation.  Figure 2-1 illustrates the main components of a typical HPGR unit. 
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Figure 2-1: Schematics of the HPGR  

(Source: Barrios & Tavares, 2016) 

 

In contrast to conventional crushers or tumbling mills where the dominant breakage 

mechanisms are the impact and abrasion, the HPGR comminution principle makes use of the 

compression breakage mechanism. The HPGR also differs from the traditional crushing rolls since 

the particles are broken by compression in a packed particle bed instead of direct nipping of the 

particles between the two rolls. Between the HPGR’s counter-rotating rolls, a particle bed is 

pressed to densities of up to 75 to 85% of the actual material density (Aydoğan et al., 2006; 

Schneider, et al., 2009; Schönert, 1988). According to Fuerstenau, Shukla and Kapur (1991), the 

confined-bed comminution that occurs in the HPGR is more energy-efficient than the standard 

single-particle breakage as the energy is transmitted directly to the material, and also from one 

particle to another, hence leading to the breakage of particles under a very high-stresses. 
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The HPGR working principle is summarized as follow: 

I. The feed chute is used to create a choke feed before the material reaches the rolls. As 

reiterated by Morley (2006), ‘the HPGR must be choke-fed to maintain comminution 

efficiency. 

II. The choke feed reaches two counter-rotating cylindrical rolls, one of which is fixed in the 

main frame (Fixed roll), while the other (Floating roll) is attached to a movable bearing 

system that allows it to move horizontally, expanding and contracting the gap, as the 

comminution takes place. 

III. As the feed material is compressed by the counter-rotating rolls, a back-pressure to push 

the rolls apart is generated. To counterbalance the back-pressure, the floating roll is forced 

against the material by Hydraulic cylinders, which are commonly equipped with Nitrogen 

accumulators that allow control and monitoring over a pre-defined pressure. 

IV. Finally, the product is discharged in the form of a compressed cake or flake that may have 

to be de-agglomerated before being sent to downstream processes. 

Conforming to Bearman (2006), HPGR roll diameters typically range from 0.5m to 2.8m, 

and the roll width can vary from 0.2 m to 1.8 m. Both roll diameters and width configurations, 

including its aspect ratio, differs from one manufacturer to the other. As for the machine 

throughput, from pilot to industrial scale, the rates can vary from 20 to 3,000 tph, and each roll can 

support a motor power up to 3,000 kW. 

2.1.1.1 Pressure distribution within the HPGR rolls 

According to Rashidi et al. (2017), once a material reaches the HPGR counter-rotating 

rolls, three distinct zones can be identified during the operation. The first zone was identified as 

the acceleration zone, followed by the grinding zone and relaxation zone. Figure 2-2 presents a 
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description of each zone. Once the material passes through the HPGR rolls, it is exposed to a 

gradient of pressure intensity along the gap between the rolls, as illustrated by Figure 2-3. 

 

Figure 2-2: HPGR grinding zones 

 

 

Figure 2-3: Grinding zones within the HPGR 

(Source: Rashidi et al., 2017) 
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The pressure profile along the grinding zones shows that maximum pressure values are 

achieved when the material is about to reach the working gap, where the distance between the rolls 

is lowest.  

Depending on the design of the rolls, HPGRs can experience what is called the “edge 

effect”. Similarly to the gradient pressure observed from the critical gap to the working gap, there 

is also a gradient pressure across the width of the rolls. In this case, higher pressures are observed 

at the center of the rolls and decrease towards the edges. Consequently, product from the center of 

the rolls usually present a higher size reduction and superior portion of fines compared to products 

from the edges. Nadolski (2012) was able to model the stress field across the roll width of an 

HPGR for copper ore, as shown in Figure 2-4. 

 
Figure 2-4: Modelled stress field across the HPGR roll  

(Source: Nadolski, 2012) 
 

Recent studies such as the ones of van der Ende (2019) and Knapp (2019) have shown that 

the edge effect can be minimized by adding cheek plates to the HPGR rolls and also by allowing 

the rolls to skew relatively to each other. The cheek plates prevent the material from flowing over 
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the roller edges while the skewing between the rolls allows the machine to compensate for the 

uneven pressure caused by feed segregation. 

2.1.1.2 HPGR Wear Protection Systems 

The wear protection is one of the critical factors that must be considered when it comes to 

determining the operating costs and availability of an HPGR. Since its first appearance in the 

cement industry, different kinds of wear protection systems have been designed to improve 

machine efficiency so that it can meet the cement and mineral applications requirements. It is 

essential to mention that a wear protection system is not only defined by the kind of wear protection 

surface applied, but also the roll design. The following section presents the different types of roll 

surface profiles that have been used by the leading HPGR manufacturers and their characteristics. 

The roll design can be divided into three configurations, as illustrated in Figure 2-5. 

 
(a) Solid Rolls 

 
(b) Rolls with Tyres 

 
(c) Segmented Liners 

Figure 2-5: HPGR roll designs 

 

Klymowsky et al. (2002) reviewed the differences between each of the three roll designs 

(Table 2-1) and also between the wear protection surfaces (Table 2-2). It is important to note that 

different designs can also be combined with various surface protections. 
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Table 2-1: Varieties of HPGRs rolls designs 
 

Roll design Construction Applications Advantages Disadvantages 

Solid Rolls 
Compound 
castings or 

forging 

Cement 
industry 

(grinding of hot 
clinker) 

Low cost and low 
wear rates in 

cement applications 

Not applied in the 
Mining Industry 
due to high wear 

rates  

Rolls with 
Tyres 

Compound, 
Bainite and Ni-
hard castings 

Cement 
Industry and 

Mining Industry 

Low maintenance 
costs, longer life-

times and no 
pressure restriction 

Higher downtimes 
when compared to 

Segments 

Rolls with 
segmented 

liners 

Steel and Ni-
hard castings Mining Industry 

Shorter downtimes 
and excellent 

performance on 
iron and diamond 

applications 

Higher capital cost 
and only applied at 
low pressing forces 

 

According to Nadolski (2012), during the 1990s, experiments showed that rolls with 

segmented liners were not appropriate for hard rock applications. After that, the manufacturers 

focused their lining upgrades on tire-based wear surfaces for this application. 

Table 2-2: HPGR wear protection surfaces 

Köppern developed the Hexadur surface protection, which is composed of hexagonal tiles 

of an abrasion-resistant material set into a softer matrix. The studded rolls are characterized by 

cylinder-shaped metal carbide pieces (studs) inserted into the roll surface. Both options have the 

Base material Surface material Surface type 

Forging Hard facing, hard metal studs 
or hard metal tiles Smooth or welded-on profiles 

Hard or Compound castings 
(Bainite or Ni-hard IV) Not required Smooth, welded-on profiles 

or grooved 
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advantage of promoting the formation of a protective layer of feed material on the surface of the 

rolls. As a result, they are well suited for hard rock applications since lower wear rates of the roll 

surface are achieved (Morley, 2010). Figure 2-6 shows the different types of wear protection 

surfaces, including the Hexadur technology. 

 
(a) Welded-on profile 

 
(b) Studded profile 

 
(c) Hexadur profile 

Figure 2-6: HPGR wear protection surfaces 

 

For iron ore applications, Weir (2018) reported that their HPGRs roll surfaces were 

achieving a minimum lifetime of 14,000 hours and a maximum of 36,000 hours, depending on the 

operating conditions (refer to Table 2-3). 

Table 2-3: Achieved lifetime of the HPGR roll surfaces 

(Source: Weir, 2018) 

Achieved Lifetime of HPGR Roll Surfaces (Operating Hours) 

Iron ore (pellet feed) 14,000 – 36,000 

Iron ore (coarse) 6,000 – 17,000 

Gold ore (coarse) 6,000 – 10,000 

Kimberlite (coarse) 4,000 – 10,000 

Phosphate ore (coarse) 6,000 – 12,000 
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 HPGR History 

In the late 1970s, the concept behind the HPGR working principle was first introduced by 

Professor Klaus Schönert. Initially, from his studies on single-particle breakage, Schönert (1988) 

concluded that slow compression loading of single particles was the most energy-efficient way of 

causing particle breakage. Next, he continued his research through fundamental studies over the 

interparticle breakage phenomena, where the breakage of beds of particles in a piston-die press 

was analyzed. The results revealed that confined particle-bed breakage was less energy efficient 

than single-particle breakage, but still considerably more efficient than tumbling mill grinding. 

After acquiring his patent in 1977, Schönert started to negotiate its license with two 

German manufacturers, ThyssenKrupp Polysius and Weir, to produce the first HPGR units for 

industrial applications. The HPGR manufacturing process showed to be challenging, and issues 

such as the wear rate on the rolls were of great concern. Following its way to commercialization, 

Köppern, which is also a German manufacturer, further contributed to promoting the HPGR by 

making use of their previous experiences with developing roller presses for the briquetting process. 

The HPGR was initially introduced as a cement industry product in the mid-1980s, where 

the objective was to treat comparatively easily crushed materials (Morley, 2006). The former units 

were applied for pre-grinding in front of Ball Mill circuits.  Initial results not only revealed that 

the HPGRs could handle higher throughputs than the currently applied comminution technologies, 

but also gains of 10 to 30% on energy savings were reported (Gunter et al., 1996; Wüstner, 1986). 

About ten years later, to achieve the standard size requirements of the cement industry, HPGRs 

started to be applied in a closed circuit configuration, followed by Ball Mills (Schönert, 1995). 

Despite its success in the cement industry, the HPGR acceptance in the mineral processing 

field was considerably slow from its first commercial application in 1985 through the 1990s.  The 
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first advance happened in 1987-88 when the diamond company De Beers installed an HPGR unit 

at their Premier diamond mine in South Africa. The results revealed that fine crushing with precise 

micro-cracking of kimberlite minerals in the HPGR liberated diamonds undamaged, while still 

reducing the circuit energy consumption. Next, continuous developments in the HPGR technology 

such as the use of studded rolls and improvements in the wear rates led companies like Argyle 

Diamonds in Australia to install units that were capable of crushing lamproite, which is even harder 

than kimberlite. By 2006, more than 20 HPGRs were already working at diamond operations 

around the world, including De Beers and Debswana mines in Africa and the Diavik and Ekati 

mines in Canada (Casteel, 2006). 

After its recognition in the diamond processing, by the 1990s, the HPGR commenced its 

applications in the iron ore industry, where the technology immediately became a reference for 

pellet feed preparation (Casteel, 2005). In 2000, 450 HPGR units had been installed worldwide. 

As expected, the majority of the installations (400 units) were aimed at the cement and slag 

grinding industries, while the remaining 50 had been implemented in the diamond and iron ore 

industries (Knecht, 2004). 

Despite its acceptance in the cement industry, Lim & Weller (1997) reported that one of 

the main reasons that fewer units had been applied to other segments of the minerals industry were 

the uncertainties and challenges in scaling up from laboratory and pilot-scale tests to full-scale 

comminutions circuits. 

Following the HPGRs adaptation in the mineral processing industry, considerable interest 

in their application to hard rock ore processing such as harder copper and gold ores arose in the 

middle 1990s. According to von Michaelis (2009), the main attractions of the HPGRs to the hard 

rock ore processing are their high throughput rate and their ability to generate a product that 
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reduces energy consumption and increases grinding capacity in downstream processes such as Ball 

Milling.  

In 1995, Cyprus Amax commissioned a full-scale HPGR unit to mill ores at the Sierrita 

copper mine in Arizona, USA. Although the metallurgical results showed to be outstanding, the 

wear costs slowed down further investments in the technology. By taking the wear rate problem 

into account, the HPGR manufacturers focused their work on the machine roll and wear designs. 

After ten years of development for hard rock ore processing, the HPGR finally got its first 

commercial unit at the Cerro Verde mine in 2006. The constant search for an optimal wear design 

led to innovations such as the Hexadur wear protection, developed by Köppern around 1997,  

which allowed the HPGR to achieve up to 95% availability (Casteel, 2006). 

Based on van der Meer and Maphosa (2012) analysis of the uptake of the HPGR technology 

in the mineral industry, by 2012, more than 100 HPGRs were already in operation or being 

installed, as illustrated in Figure 2-7, and new installations for various ore types and different 

applications quickly emerged after its first implementation in the hard rock ore processing, as 

described in Figure 2-8. 
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Figure 2-7: HPGR applications in the mining industry  

(Source: Burchardt et al., 2011) 

 

 
Figure 2-8: List of HPGR in base and precious metal installations  

(Source: Daniel et al., 2019) 
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 HPGR: Pros and Cons 

It has been demonstrated that the HPGR has plenty of advantages to offer when compared 

to conventional comminution machines, but it does have disadvantages and hindrances to be 

considered. The following sections list the main pros and cons that have been identified and proven 

by researchers and manufacturers. 

2.1.3.1 Advantages 

Weir (2018) listed the following benefits of HPGR technology to the minerals industry: 

• Low energy consumption (0.8-3kWh/t), 

• Ability to process moist ores, 

§ Fe, pellet feed (6-12%), 

§ Fe, Cu, Au ores (2-6%), 

§ Diamond Ore (2-8%), 

§ Phosphate Ore (3-8%), 

• Enhanced downstream process recovery and grindability, 

• Improved grade of downstream products, 

• Low maintenance requirements, 

• Low space requirements, 

• Low vibration and noise, 

• High availability (>95%), 

• High wear surface life (4,000-36,000 hrs). 

According to Anguelov et al. (2008), selecting an HPGR circuit instead of conventional 

SAG circuits can result in energy savings of up to 20%, reduced grinding media consumption and 
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overall operating costs. In additional, HPGR circuits also have smaller footprint compared to other 

crushers and ball mills of equivalent capacity. 

Regarding the energy consumption subject, Wang et al. (2013) conducted a comparison 

between a novel HPGR-stirred mill circuit, an HPGR-Ball Mill circuit and the conventional SAG 

mill-based circuits. The HPGR-Ball Mill circuit achieved a 21% reduction in energy consumption 

when compared with a SAG-Ball Mill circuit at a P80 grind size of 160 µm, and the HPGR-stirred 

mill circuit revealed even more positive results, with a 34% reduction in energy consumption over 

the SAG-Ball mill circuit at a P80 grind size of 75 µm. 

Von Michaelis (2009) also reported that energy savings ranging from 10-20% are expected 

when comparing HPGR vs. SAG mill-based circuits. However, the energy savings are ore-specific, 

thus the performance of the machine can be influenced by the ore characteristics. For example, the 

author mentioned a case study at Vista Gold’s Mt. Todd, Western Australia, where an HPGR was 

able to reduce the total energy consumption of a conventional semi-autogenous/Ball Mill/crushing 

circuit (SABC) by almost 35%, while Vanderbeek et al. (2006) compared the specific energy 

consumption of Cerro Verde’s conventional SABC circuit with an HPGR-Ball Mill circuit and 

concluded that total savings of more than 20% could be achieved. 

It is also worth mentioning that HPGR grinding can enhance an overall circuit throughput. 

For example, Dunne et al. (2004) conducted a comparison between the comminution performance 

of the HPGR and conventional cone crushing at the Argyle diamond mine. The results revealed 

that the cone crusher utilized 0.5 kWh/t and produced 8-10% material below 2.3mm, while the 

HPGR operated at energy levels up to three times higher and produced 32-48% material below 

2.3mm. The throughput enhancement is of high importance since it allows a reduction in the 

required number of crushing or grinding units. 
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Considering that currently the majority of the ore bodies contain lower grade ore that is 

harder or require more processing stages than the ones from decades ago, the increase in the 

throughput and lower energy consumption are significant factors to take into consideration for 

high productivity processing plants that need minimization of operating cost in order to reach 

viability (Burchardt and Kessler, 2015). 

A further significant advantage of the HPGR originates from its compression mechanism, 

which is known to cause micro-cracks in the obtained product. The presence of micro-cracks in 

the HPGR product can reduce the product work index and consequently increase the grinding 

capacity of subsequent milling stages. For instance, in cyanide leaching processes for gold ores, 

these micro-cracks have shown to improve the extraction rate by 5-25% (Senchenko et al., 2016). 

Figure 2-9 illustrates a comparison between gold ore particles that were crushed by an HPGR (a) 

and a cone crusher (b). 

 
Figure 2-9: (a) HPGR crushing vs (b) conventional crushing  

(Source: Adams, 2016) 
 

Barani and Balochi (2016) conducted a comparative study on the effect of using 

conventional and HPGR crushing on the Ball Mill grinding kinetics of iron ore and reported that 

the HPGR not only increased the breakage rate of iron ore but also produced a softer feed for the 
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Ball Mill grinding stage. Besides its substantial savings in energy and grinding media when 

compared to tumbling mills, the HPGR may also be regarded as a metallurgical tool since it can 

improve downstream processes performances such as grinding, cyanide leaching and flotation. 

2.1.3.2 Disadvantages 

HPGRs usually have higher capital costs than conventional comminution equipment such 

as SAG mills. The higher capital costs are mainly due to the need for auxiliary equipment like 

screens or crushers, which are often required in multi-stage HPGR crushing circuits. As stated by 

Anguelov (2008), the capital cost needed for installing HPGRs is generally 6% to 10% higher than 

equivalent SAG Mills. As a case in point, Vanderbeek et al. (2006) conducted a capital cost 

comparison at Cerro Verde operation and showed that the HPGR capital cost exceeded the SABC's 

direct costs by approximately 23.5%. 

Morley (2006) reiterated that the main disadvantages to the adoption of HPGRs in hard-

rock processing are: 

I. The generally conservative nature of the mining industry. 

II. Perception of high cost, especially with regards to the replacement of wear parts in abrasive 

applications. 

III. A scarcity of the definition of the requirements for robust flowsheet design of an HPGR-

based comminution circuit. 

IV. Uncertainties regarding the reliability of modelling and scale-up from laboratory or pilot 

operations to industrial installations. 

Another downside of HPGRs is that they are not generally suitable for the treatment of 

highly weathered ores or feeds containing a large proportion of fines/clays. Although this 

disadvantage does not apply for applications where the treated material is already mainly 
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composed by fine particles (e.g. fine grinding of concentrates), Bearman (2006) reported that fine 

and weathered material diminishes the action of the rolls and thereby reduces the efficiency of 

comminution of the larger feed particles. 

HPGRs are also sensitive to feed top size, especially on hard-rock applications. As stated 

by Morley (2003), while the rolls surface wear rate is a function primarily of the abrasion index of 

the ore, stud breakage is mainly a function of top-size. Therefore, it is recommended that the feed 

top size does not exceed the roll operating gap. 

 Lastly, the HPGR performance can be lowered when treating feeds with high moisture 

content. Although the impacts may vary depending on the HPGR application and ore type, it has 

been reported that excessive moisture can cause washout of the autogenous layer on studded rolls 

and increases slippage on smooth rolls, thus affecting the machine performance and increasing the 

wear rate. On the other hand, feeding the machine with dry material may also be problematic since 

it generates a considerable amount of dust. Therefore, dry operations that have limited access to 

water may see this as a critical disadvantage (Anguelov, 2008). 

 HPGRs in the Iron Ore Industry 

The HPGR technology made its first appearance in the iron ore industry in the 1990s and 

was initially used for grinding iron ore concentrates for pelletizing. According to Köppern (2018), 

which is one of the principal HPGR manufacturers, the machine rapidly proved to be of high 

efficiency, increasing the throughput of pellet plants by up to 30%. Whether as an individual 

grinding device or in combination with Ball Mills, the HPGR has been demonstrating to not only 

increase the circuit throughput but also to enhance the pellet quality. 

 Table 2-4 summarizes Casteel's (2006) review about some of the industrial HPGR 

applications in the iron ore industry up to 2004. Although most of the early HPGR applications 
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were aimed for pellet feed preparation, technological innovations have been expanding its 

applicability range. After 2001, with improved wear protection designs, the HPGR quickly gained 

recognition as a feasible option over conventional tertiary and quaternary crushing machines such 

as cone crushers and SAG Mills. Nowadays, as exemplified in this research’s case study, mining 

companies have started to implement the HPGR in fine crushing and grinding applications. 

Recent studies such as the one of van der Meer et al. (2015) have been exploring the HPGR 

applications in dry grinding operations. According to the authors, dry processing of iron ores is 

becoming more popular due to increased operating costs and the scarcity of process water in arid 

regions of the world. 
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Table 2-4: Examples of industrial HPGR applications in the iron ore industry 

Project: Year: Application: Findings: 

LKAB, Malmberget mine, Sweden 1994 
Pellet feed 
preparation 

 

Fine grinding filter cake process 
allowed high throughput at 
reduced energy consumption and 
improved grain characteristics 

LKAB, Kiruna mine, Lapland 1995 

Vale, Tubarão pellet plant, Brazil 1996 

Cleveland Cliffs, Empire mine, USA 1997 Pebble Crushing High throughput was achieved, 
and studded tires reported over 
14,600 operating hours SNIM, Mauritania 1998 Pebble grinding 

Kudremukh Iron Ore Co. India 1998 

Pellet feed 
preparation 

Filter cake grinding applicability 

Vale, Vitória pellet plant, Brazil 2003 The HPGR proved to be a viable 
alternative for replacing Ball Mill 
grinding circuits at pellet plants, 
without the need for thickeners 
and filters 

Samarco, Ponta Ubu processing plant, 
Brazil 2003 

WISCO Minerals, Chengchao operation, 
China 2002 HPGRs were initially applied to 

improve the strength of the pellets 
and increase the porosity of the 
final product. At the Shagang 
plant, the machine was applied to 
comminute filter cake with around 
8% residual moisture 

WISCO Minerals, E-Zhou pelletizing 
plant, China 

2004 
Zhangjiang Hongchang Pellet Co, 

Shagang plant, China 

CMP, Romeral plant, Chile 2004 Tertiary/Quaternary 
crushing 

Achieved high throughputs and 
resulted in 15-25% energy savings 
in the pelletizing plant 

 Pellet Feed Grinding by HPGR 

A standard pellet feed preparation circuit consists of using Ball Mills to re-grind the 

concentrate to a size that is suitable for agglomeration, followed by dewatering processes to adjust 

the moisture content to below 8-9%. This circuit is known to be costly and problematic since the 

dewatering and filtering stages lose efficiency when dealing with very small particle sizes. Since 

its introduction in the iron ore industry, the HPGR became an alternative for the standard Ball Mill 

circuits. As mentioned by Burchardt et al. (2011), the HPGR can replace, entirely or partly, Ball 

Milling stages, and it can also be applied after filtering stages. Abazarpoor et al. (2018) reiterated 
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the importance of the re-grinding stage since flotation, magnetic and gravity separation circuits 

usually reduce the fines fraction of the pellet feed, and hence its specific surface area (SSA). 

When applied ahead or after Ball Milling, the HPGR can provide the following benefits to 

the circuit (Shu and Yongqing, 2008): 

I. Reduces the ore residence time in Ball Mill stages, thus increasing the milling capacity and 

reducing the media consumption. 

II. Reduces the operating cost associated with dewatering and filtering stages. 

III. Reduces overall energy consumption since the energy consumed by the HPGR and filters 

is lower than the Ball Mill. 

 Table 2-5 exemplifies two large-scale operations in Brazil where the HPGR was 

successfully applied in pellet feed preparation. 

Table 2-5: HPGR applications in pellet plants 

(Source: Kessler and Burchardt, 2015) 

Project: Circuit description: 

Vale, Vitória pellet plant, Brazil 

Their circuit had three Ball Mills (Thyssen Krupp, diameter 

5.5 m, length 12 m) with 5.35 MW drives and one HPGR 

(Polycom-20/15). The Ball Mill product has a specific 

surface area of 2000 cm2/g and a single pass HPGR grinding 

yields a pelletizing product with specific a surface area of 

2000 cm2/g at an overall capacity of 1000 t/h. 

Vale, São Luis pellet plant, 
Brazil 

Three HPGRs (Polycom 17/12) were applied to produce a 

grinding product with a specific surface area of 2000 cm2/g 

at a capacity of 650 t/h. The previous Ball Milling stage was 

removed as the HPGR product achieved products with an 

almost double specific surface area. 
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It can be noted that both circuit descriptions presented in Table 2-5 emphasize the effect 

on the specific surface area of the HPGR product. As mentioned by van der Meer (2015), when 

applied in pre-pelletizing stages, HPGR comminution involves a combination of fines generation 

and creation of a product with a high specific surface area. Therefore, the formation of high-quality 

pellets depends on its proportion of fines, which is defined by both size distribution and specific 

surface area. For example, Abazarpoor and Halali (2017) studied the particle size and shape of 

iron ore pellet feed using Ball Mill and HPGR grinding methods and observed that the HPGR 

product generated a higher surface area when compared with the Ball Mill product. For samples 

having the same Blaine specific surface area, the amount of fines particles produced by the HPGR 

was higher than in a Ball Mill. 

 HPGR Applications in Crushing and Pre-concentration Plants 

In general, current HPGR applications focus around either open circuit tertiary crushing or 

pre-grinding stages, being a viable option over the conventional third and fourth stage crushers 

such as  Rod Mills, Pebble Crushers in (S)AG circuits, or closed circuit operations with 

classification (van der Meer and Gruendken, 2010). Considering the potential flowsheets that have 

been proposed for HPGR applications, those applying the machine as a tertiary crusher in closed 

circuit with fine screens are expected to provide maximum energy efficiency (Rosario et al., 2011). 

As stated by Kessler and Burchardt (2015), when applied as a quaternary crusher to produce finer 

feed for Ball Milling, the HPGR can enhance the productivity of a processing plant by up to 30%. 

According to von Michaelis (2009), the advantage of commissioning a single HPGR unit 

was first seen in the Los Colorados mine. The HPGR replaced multiple third and fourth stage 

crushing units and was installed in closed circuit to produce more than 1,000 tph of -6 mm product 
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from a 65 mm feed material. Several benefits were observed, including high wear protection 

lifetimes (over 8,000 hours) and low power consumption (1.3 kWh/t). 

Figure 2-10 shows a simplified flowsheet of the HPGR-based circuit at the Los Colorados 

mine: 

 
Figure 2-10: Simplified flowsheet of Los Colorados comminution circuit  

(Source: van der Meer and Maphosa, 2012) 

 

HPGR pilot testing conducted at the Los Colorados plant revealed that the machine could 

not only replace the existing tertiary and quaternary crushers but also considerably improve 

downstream processes in the pellet plant. After its implementation in the industrial plant, the pellet 

plant increased the Ball Milling capacity by 30% and reduced the overall energy consumption by 

almost 20%. In addition, the rolls wear life was considerably higher, reaching 12,000 hours, and 

the machine availability was above 97%. 

Jankovic (2015) compared four circuit options for a 10 Mtpa ore processing plant to treat a 

hard, fine-grained silica-rich magnetite ore. The best results were obtained in a circuit where the 
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application of the HPGR and stirred mill technologies reduced the energy consumption by up to 

25% compared to conventional flowsheets with wet tumbling mills. The author also accounted for 

savings with grinding media and observed a significant reduction of up to 26% of the operating 

costs. 

2.2 HPGR Sizing and Operating Parameters 

The HPGR is well known for its particularities when it comes to operating parameters. 

Apart from standard parameters such as roll speed in conventional roll crushers or feed properties, 

the HPGR also has specific parameters that are used to describe its performance and are applied 

to machine sizing and selection stages, as presented below: 

 Specific Throughput Constant 

The HPGR specific throughput, also known as m-dot or ṁ, is expressed as the machine 

throughput [tph], divided by the roll width [m], roll diameter [m] and the peripheral roll speed 

[m/s], as shown in Equation. 2.1. 

 

 
(2.1) 

where: 

 M = throughput rate [tph], 

 D = roll diameter [m], 

 L = roll width [m], 

 v = roll peripheral speed [m/s], 

 m-dot = specific throughput constant [ts/m3h]. 

m− dot = M
D × L× v
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It is important to mention that the m-dot is independent of the machine size and therefore 

allows up- or downscaling for a given feed material and roll surface (Neumann, 2006). This feature 

allows the m-dot parameter to be used to compare HPGR results from different suppliers for scale-

ups. 

Table 2-6 presents the m-dot values reported from 177 pilot-scale HPGR tests that were 

conducted at the University of British Columbia. Studies such as the one of Herman et al. (2015) 

and Banani et al. (2011) have shown that depending on the dimensions of the rolls, industrial-scale 

HPGR units can present up to 30% higher m-dot than determined from pilot-scale testing. 

Table 2-6: m-dot values from UBC pilot-scale HPGR database  

(Source: McClintock & Klein, 2016) 

Ore Type Specific Throughput Constant [ts/m3h] Standard Deviation 

Ag 234 2.8 

Au 226 16.8 

Cu-Au 215 16.5 

Cu-Au-Ag 228 14.2 

Cu-Mo 210 35.2 

Dolomite 261 5.4 

Granodiorite 187 14.9 

Hematite 233 13.9 

Kimberlite 172 37.0 

Limestone 231 28.1 

Ni 207 10.0 

Pd 276 32.5 

Taconite 269 8.6 

Tungsten 242 14.4 
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 Net Specific Energy Consumption 

The specific energy consumption (ESP) of an HPGR refers to its power input [kW] divided 

by the throughput rate [tph]. When it comes to HPGR scale-up and performance evaluations, the 

net specific energy consumption parameter is more appropriate than the total energy consumption 

since it does not account for the idle power draw (Rosario, 2010). The ESP can be expressed as 

follow: 

 
E!" =

(Pt − Pi)

M
 (2.2) 

where: 

 ESP = net specific energy consumption [kWh/t], 

 Pt = total main motor power [kW], 

 Pi = idle power draw [kW], 

 M = throughput rate [tph]. 

According to Bearman (2006), the ESP is usually proportional to the applied specific 

pressing force (FSP) and common operational values for studded rolls vary from 1 to 3.5 kWh/t. In 

addition, the ESP can be affected by the feed size distribution and top size. 

 Operating Gap 

The operating gap of an HPGR indicates the smallest distance between the fixed roll and 

the floating roll while the HPGR is operating. According to Morley (2006), this parameter is not 

adjustable by the operator and is a function primarily of the roll diameter, the ore characteristics 

and the roll surface texture. Knapp et al. (2019) showed through an extensive database that the 

operating gap can be estimated as being equal to approximately 2.5% of the roll diameter. 
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 Specific Pressing Force 

The specific pressing force (FSP) of an HPGR corresponds to the total force applied by its 

hydraulic system to the rotating roll, divided by the rolls projected area (D x L) (Senchenko and 

Kulikov, 2016). The FSP can be expressed as follow: 

 
  

(2.3) 

where: 

 FSP = specific pressing force [N/mm2], 

 Ftotal = total hydraulic pressing force [N], 

 D = roll diameter [mm], 

 L = roll width [mm]. 

As highlighted by Kumar (2014), the FSP is a key parameter since it controls the HPGR’s 

energy consumption, product size distribution and the operating gap. As seen in Eq.  2.3 and like 

the specific throughput constant parameter, the FSP represents a normalized value, which means it 

is also independent of machine size and can be used in machine scale-up processes. For reference, 

standard FSP operating values are in the range of 1 to 4.5 N/mm2 for studded roll surfaces and up 

to 6 N/mm2 for the Hexadur technology (Morley, 2010). 

Figure 2-11 shows the relationship between the HPGR operating parameters that can be 

used in scale-up processes. It should be noted that different terminologies have been used in HPGR 

publications to represent the operating parameters. For example, in this study, the specific grinding 

pressure terminology shown in Figure 2-11  refers to the specific pressing force, and specific power 

consumption refers to net specific energy consumption (ESP). It should be noted that the roll 

dimensions are directly related to the required specific throughput constant (m-dot), while HPGR 

motors are sized based on the required net specific energy consumption. 

FSP =
Ftotal
D × L
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Figure 2-11: Relationship between the HPGR scale-up parameters  

(Source: Rashidi et al., 2017) 
 

Sizing of HPGRs is critical for meeting throughput requirements and achieving the desired 

product fineness. HPGR sizing is predominantly performed by manufacturers. The procedure is 

costly and involves acquiring large amounts of samples of up to 6 tons of material which is then 

used in pilot-scale testing to generate the necessary data for sizing the machine. 

2.3 Assessing HPGR Performance 

The effectiveness of the HPGR performance is determined by its operating factors as well 

as by the specific properties of the feed material (Schönert and Lubjhun, 1990). The particular 

properties of the feed material include factors such as the mineralogical composition, 

mineralogical texture, granulometric composition, top size, moisture content, abrasion index and 

grindability (Daniel et al., 2009).  

A common practice for analyzing the HPGR performance through pilot testing is to acquire 

various data points tests conducted at different pressing forces, roll speed over a range of 

moistures, and then investigate how these variables affect the machine performance in terms of the 

net specific throughput and the net specific energy consumption. The test work performed in this 

study had the specific pressing force and ore moisture as the main variables for analysis. 

Key questions that need to be addressed from a detailed HPGR pilot test work include: 
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i. How does the specific pressing force affect the net specific energy consumption? 

ii. Does the ESP increase linearly with the FSP? If yes, up to which point? 

iii. How is the operating gap affected by changes in the FSP and ore moisture? 

iv. How are the ESP and FSP being affected by changes in the ore moisture level? 

v. How is the m-dot affected by changes in the feed properties such as if the feed is 

coarser, finer or if the size distribution is truncated? 

Considering that this research focused on conducting a detailed analysis of HPGR pilot-

scale testing and also to make use of methodologies that aim to predict the machine energy 

consumption and size reduction, it was essential to review and understand how the HPGR 

operating parameters interact with each other and to confirm if the findings are in line with 

published literature. 

 Specific Pressing Force and Reduction Ratio 

Saramak and Kleiv (2013) reported that the reduction ratio is expected to increase linearly 

with the FSP up to a certain limiting point (refer to Figure 2-12). This limiting point is referred to 

as the energy saturation point, which is a processing condition that defines the optimum conditions 

of the HPGR for a given ore type and application. In case the process operates at energies above 

the energy saturation point, higher energy consumptions are expected, and the linearity between 

the specific pressing force and size reduction tends to decrease. 
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Figure 2-12: Interaction between the specific pressing force and reduction ratio  

 (Source: Saramak and Kleiv, 2013) 

 Specific Pressing Force and Net Specific Energy Consumption 

The relationship is between the net specific energy consumption and the specific pressing 

force is typically linear. As an example, Figure 2-13 shows graphical plots (ESP versus FSP) of 

pilot-scale HPGR test results that were conducted by Wang (2013) for three different samples. 

According to Davaanyam (2015), the linear relationship between FSP and the ESP is typical for 

specific pressing forces values that range from 2 to 5 N/mm2. 

In line with the previous findings, Makni et al. (2019) conducted pilot-scale HPGR tests 

on samples from the Côté Gold Project, and the results also confirmed the linearity between the 

ESP and FSP. Their test work results revealed that lower operating gaps were recorded at higher 

pressing forces, and lower m-dot values were observed at low (2-3 N/mm2) and high (6-7 N/mm2) 

pressing forces, as shown in Figure 2-14. 
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Figure 2-13: Interaction between FSP and net specific energy consumption  

(Source: Wang, 2013) 
 

 
Figure 2-14: Comparison between HPGR operating parameters  

(Source: Makni et al., 2019) 
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 Specific Pressing Force and Operating Gap 

After completing his first grinding survey with the HPGR, Schönert (1988) observed that 

the machine operating gap decreased as the specific pressing force and the feed moisture increased. 

Schönert reported that a finer product (material below 40 µm) and higher specific energy 

consumption was obtained for experiments at higher moisture levels. Concerning the machine 

throughput, Klymowsky (2002) found that for most ore types, the specific pressing force has a low 

impact on the HPGR throughput, and Wang (2013) reinforced this observation by showing, via 

pilot-scale HPGR tests, that a smaller operating gap is expected at higher pressing forces. 

2.4 Effects of Ore Moisture Content on the HPGR Performance 

Although the feed material properties play an important role in the HPGR performance, 

there is still limited literature on the subject, especially concerning the ore moisture content. As 

previously cited in section 2.1, for certain ores and depending on the application, the HPGR can 

process ores with up to 12% moisture by weight, which improved significantly compared to other 

crushing machines. However, the interaction between moisture and HPGR performance is not well 

researched for several ore types and circuit applications. For iron ore applications, which was the 

focus of this research, publications that investigate the effects of moisture on the HPGR’s net 

specific energy consumption and throughput for fine crushing applications could not be found.  

 Saramak (2011) performed a series of pilot-scale HPGR tests on a kimberlite sample to 

investigate the influence of chosen ore properties on the efficiency of HPGR-based grinding 

circuits. The results showed that the feed particle size distribution significantly influenced the 

process throughput and size reduction. For example, screening to remove fines decreased the 

circuit throughput by up to 30% and also resulted in higher energy consumptions. Also, variations 
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in the feed moisture content decreased the m-dot by up the 15% when low specific pressing forces 

were applied, and fewer impacts were observed at higher FSP values. Regarding the process size 

reduction ratio and moisture level, the best-case scenario was found at moistures between 2.5-3%, 

as shown in Figure 2-15. 

 
Figure 2-15: Feed moisture content versus reduction ratio of pilot-scale HPGR tests  

(Source: Saramak, 2011) 

 

According to Fuerstenau and Abouzeid (2007), excessive moisture in the HPGR feed can 

trigger the following impacts on the HPGR performance: 

i. Removal of the material layer from the rolls. 

ii. Increased wear of linings. 

iii. Slippage of the feed material, which in turn decreases the circuit throughput. 

2.5 HPGR Modelling 

In mining applications, modelling and simulation of process equipment are essential tools 

for developing or optimizing circuit flowsheets. Whether implemented in the early stages of a 
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project or during ongoing operations, models of process equipment can be applied for a variety of 

purposes, including equipment sizing and equipment trade-offs. According to Bearman (2006), 

when it comes to HPGR modelling, the critical process variables that need to be estimated or 

predicted during the design phase of a process plant include the following: 

I. Machine specific throughput constant (m-dot), 

II. Achieved size reduction (product and oversize), 

III. Net specific energy consumption (ESP), 

IV. Operating gap and optimum specific pressing force (FSP). 

With these parameters, it is possible to conduct preliminary sizing of HPGRs for a given 

application, which in turn allows for HPGR-based circuit evaluations. 

 Piston-press Testing 

The main ore characterization tests for HPGR modelling are the piston-press and drop-

weight procedures. The drop-weight test was developed at University of Queensland’s Julius 

Kruttschnitt Mineral Research Centre (JKMRC) in 1992.  The test is a single-particle test and, 

therefore, when it comes to HPGR applications, it is mainly applied to analyze areas in the HPGR 

rolls where the breakage is of a single-particle nature. In contrast, the piston-press test is applied 

in the characterization of the packed-bed breakage zone in the HPGR, which represent the most 

significant breakage mechanism that takes place in the HPGR. 

The piston-press test, also referred to as the piston-die test, was first introduced by Schönert 

(1988) during his fundamental studies on interparticle breakage. Since then, researches have 

applied the piston-press test to predict sizing information for HPGRs and also to determine the 

amenability of different ores to HPGR treatment. In addition to having the same breakage 

mechanism as the HPGR machine, the piston-die apparatus also requires far less sample than lab-
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scale HPGRs and allows control over the compression rate. These characteristics are reasons that 

the piston-die testing has become an appropriate tool for measuring the breakage rates and the 

breakage distribution functions for modelling that have been published to date (Rashidi et al., 

2017). 

Table 2-7 summarizes relevant studies performed with the piston-die apparatus that 

contributed to its acceptance as a suitable tool for predicting the HPGR performance. 

According to Davaanyam (2015), the lack of an industry-accepted small-scale test for 

sizing and selection of an HPGR is one of the main reasons for its slow implementation in the 

industry. Davaanyam conducted a detailed analysis of various small-scale procedures for sizing 

HPGRs that were published up to 2015, which were the SPT test and the SAG Mill Comminution 

(SMC) test, and concluded that they had several shortcomings, including the fact that both are 

proprietary. 
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Table 2-7: Researches that utilized the piston-press test for predicting the HPGR performance 

Reference Research Description Main Findings 

Daniel (2003) 

Piston-press tests were conducted to 
correlate its operating parameters such as 
working gap, critical gap and grinding 
force with lab-scale HPGR test results. 
 

 The results revealed that under a 
specific energy input range of 
2.5-3.5 kWh/t, the product size 
distribution of the machines that 
had the same feed size 
distribution was comparable. 

Kalala et al. 
(2006) 

Piston-press tests were performed with 
different piston-die setups to simulate the 
breakage in an HPGR. The effect of 
thickness of the particle bed and pressure 
were also analyzed. 

The author recommended that 
during piston-press tests, the 
ratio of initial bed thickness to 
feed top size should be set at 1.5 
and that it is possible to 
incorporate the edge effect with 
the piston-die setup. 

Hawkins 
(2007) 

Piston-press results were compared to 
lab-scale HPGR results by applying force 
and displacement methods. 

The results showed that the 
piston-press test could be applied 
individually or in combination 
with lab-scale HPGR tests to 
predict the performance of an 
industrial scale HPGR unit. 

Bulled and 
Husain (2008) 

The author developed a piston-press 
procedure called Static Pressure Test 
(SPT) that can determine a work index 
for HPGRs. 

The SPT test was able to identify 
a high-pressure grindability 
index for an HPGR and predict 
its specific energy consumption. 

Davaanyam 
(2015) 

The author proposed three piston-press 
methodologies that calibrate the piston-
press results against results from pilot-
scale HPGR tests to predict the machine 
specific energy consumption and size 
reduction. 

The results reinforced, for many 
ore types, the similarity in piston 
and HPGR product size 
distributions. The energy and 
size reduction predictions were 
reasonably accurate and ranged 
from 10-25% depending on the 
applied methodology. 

 

With the increasing popularity of the HPGR amongst comminution process designers, the 

HPGR manufacturers are developing proprietary lab-scale characterization tests which are based 

on piston-press tests to predict the performance of their machines. For example, Qiu (2019) 
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presented a semi-mechanistic model that makes use of data obtained through piston-press tests to 

estimate the power, throughput and product size distribution for Metso’s HRCTM HPGRs. In this 

case, the proposed model is only applicable to flanged roll HPGRs and impacts of feed 

characteristics such as moisture level were not considered in the investigation. 

For ore reliable characterization tests, it is important to ensure that their output results are 

consistent and that the test is reproducible independently. There have been several studies 

(Nadolski, 2012; Davaanyam, 2015; McClintock, 2018) that showed through extensive test work 

that piston-press tests can be consistently conducted in different compression machines and that 

the test responses in terms of product size distribution and specific energy consumption are 

reliable. 

 Assessing the Energy Consumption of Piston-Press Tests 

Since there are still no specific machines for conducting piston-press tests in the market, 

test works typically make use of uniaxial compression machines from the cement industry. The 

problem is that conventional compression machines were not designed to measure parameters such 

as the total energy consumption of a given test, which is one of the key output parameters from a 

piston-press test.  Nevertheless, if the device can record the force and displacement throughout the 

test, which can be done by equipping displacement transducers in the compression machine,  the 

total energy consumption can be assessed through numerical integration of the force versus 

displacement curve (Daniel, 2003; Hawkins, 2007; Nadolski, 2012; Davaanyam, 2015). 

According to Davaanyam (2015), during the piston-press test, the loading rate and reading 

frequency can be controlled (e.g. 200 kN/min and one reading/second), the trapezoidal method to 

determining the area can be used to accurately estimate the area under the force versus 

displacement curve, as illustrated by Figure 2-16. 
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Figure 2-16: Calculating the energy consumption through the trapezoid area approach 

(Source: Davaanyam, 2015) 

Each piston-press test generates a force-displacement curve. However, the obtained curve 

also includes the force-displacement of the machine setup due to strain under load of the piston 

and the metal spacers that are inserted underneath the piston-die arrangement as well as the 

removable base plate. The force-displacement curve that corresponds to the machine setup is 

referenced as a strain curve. Therefore, before conducting tests with the samples, an “empty” test 

is performed to obtain the strain curve of the entire piston-die setup. For an accurate measure of 

the total energy input to the sample, the strain curve must be subtracted from the curve obtained 

through the actual test. 

 Self-similar Product Particle Size Distribution 

An important finding for applying methodologies that make use of piston-press tests to 

predict pilot or large-scale HPGR performance is regarding the self-similar grinding particle size 

distributions curves of the HPGR products. Fuerstenau et al. (1991) conducted several pilot-scale 

HPGR tests in which the specific energy consumption was wide-ranging and concluded that the 

HPGR product size distribution could be normalized, thus leading to self-similar grinding particle 

size distributions. The self-similarity was verified and validated regardless of variations in 
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moisture, feed size distribution and rolls speed. Normalization of HPGR product particle size 

distributions can be obtained with the following equation: 

 
F(x) = Z -

x

.#$
/ (2.4) 

where: 

F(x) = Product size distribution function, 

Z = Self-similar distribution function, 

X50 = Product median size. 

Lim et al. (1996) validated the self-similarity concept for various minerals and ores types 

and proposed the following empirical equation (Equation 2.5) to describe the entire product size 

distribution of a given HPGR product: 
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(2.5) 

where: 

 x = Particle size, 

 x / X50 = Normalized size, 

 A, m and n = Fitted parameters. 

During his analysis, Lim et al. (1996) fitted Equation 2.5 using least square regression to 

each set of self-similar curves and noted that the initial feed top size limits the maximum 

normalized product size. 

Davaanyam (2015) verified that the self-similarity concept is also applicable to piston-

press tests. In other words, the product size distribution from piston-press tests can also be 

normalized and, therefore, can be used to predict the actual HPGR product particle size 
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distribution, as exemplified by Figure 2-17. The samples used in the piston-press and pilot-scale 

HPGR tests must be prepared similarly and present a comparable amount of coarse and fine 

particles to ensure a proper fit between the normalized PSD curves. 

 
Figure 2-17: Comparison between the normalized product PSDs of piston and HPGR tests  

(Source: Davaanyam, 2015) 

 Predicting the HPGR Performance with Low Sample Requirements 

Apart from evaluating the HPGR performance for fine crushing applications, this research 

also aimed to support its implementation to hard rock applications by validating and extending 

Davaanyam’s (2015) bench-scale Direct Calibration and Database-Calibrated methodologies for 

predicting HPGRs energy and size reduction through piston-press tests. 

Three methodologies were proposed by Davaanyam (2015), as follow: 

I. Direct Calibration Methodology. 

II. Database-Calibrated Methodology. 

III. Simulation-Based Methodology. 
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The methodologies were validated against an extensive database of pilot-scale HPGR and 

piston-press tests that were conducted on different ore types at the University of British Columbia. 

However, iron ore was not included in the analysis, and as such, its responses to the methodologies 

are still unknown. For reference, UBC’s database consists of more than 200 pilot-scale HPGR tests 

and comprises several ore types from mines around the world. 

Also, although all three methodologies target low sample requirements for predicting the 

HPGR energy consumption and size reduction through piston-press tests, each has a specific 

procedure with a series of steps to be followed, as well as different applicability, accuracy and 

limitations that were described in this section. 

It is important to note that for evaluating the methodology's accuracy, Davaanyam (2015) 

compared the actual net specific energy consumption (ESP) of pilot-scale HPGR tests against the 

predicted ESP of piston-press tests at calibrated piston pressures (Ppiston). The accuracy of the ESP 

predictions was established based on a ±10% envelope of the actual value obtained in the pilot-

scale test. 

 Direct Calibration Methodology 

The Direct Calibration methodology involves conducting a limited number of pilot-scale 

HPGR and piston-press tests on the same composite sample. The results are used to calibrate a 

regression model that allows the prediction of HPGR performance in terms of net specific energy 

consumption and size reduction. Once the calibrated models are acquired, pilot-scale tests are no 

longer necessary since piston-press tests can be conducted over different test conditions such as 

pressing force. In addition, the models can be used to assess HPGR performance for variability 

testing by conducting the tests on other lithologies from the deposit in order to evaluate a range of 

HPGR energy-size reduction responses. 
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2.5.5.1 Application 

The Direct Calibration methodology is the most accurate of all three methodologies and is 

suitable for Preliminary Economic Assessment (PEA), pre-feasibility and feasibility studies, 

including process design, geo-metallurgical programs, and process performance evaluation. The 

net specific energy and size reduction predictions are estimated to be in the range of ±10%. As the 

name suggests, the procedure is an ore-specific methodology, meaning that the resulting regression 

models should not be applied to predict the HPGR performance of different ore-types or ores from 

similar deposits. 

2.5.5.2 Steps for applying the Direct-Calibration Methodology 

The following diagram (Figure 2-18) summarizes the six steps that are required to apply 

the Direct Calibration Methodology proposed by Davaanyam (2015). 
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Figure 2-18: Summary of steps for applying the Direct Calibration methodology 

 

Equations 2.6 to 2.9 presents the formulation used in Step 3 to correlate the piston pressure 

(Ppiston) to the HPGR specific pressing force (FSP). 

 

 :,-(;<ℎ >⁄ ) = @. ∙ 	C-/,012(DCE) + G.	 
 

 (2.6) 
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 (2.7) 

(2.8) 

(2.9) 

 

Concerning the reduction ratio calibration, Fuerstenau et al. (1991) stated that a simple 

linear relationship between the reduction ratio (F50/P50) and specific energy consumption (E) can 

be established, as shown by Equation. 2.10. 

 F#$

P#$
= J(F#$) × E + L (2.10) 

 

Where j(F50) is the slope of the reduction ratio versus specific energy consumption curve, 

and c is the intercept of the line with the F50/P50 axis. Also, in case the reduction ratio (F50/P50) 

versus ESP shows a curvature, a power equation (Equation 2.11) can be used instead of a linear 

equation. 

 F#$

P#$
= ; ∙ :6 + 1 (2.11) 

 

2.5.5.3 Sample Requirements 

 The minimum amount of sample required for applying the Direct Calibration methodology 

depends on the material specific gravity, but approximately one tonne is recommended. Pilot-scale 

HPGRs such as the one located in UBC (refer to Table 3-1), requires around 300 Kg of sample per 

test. A minimum of three pilot-scale tests is necessary for calibrating the results against the piston-
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press test results. Since the piston-press tests must be performed on the same sample batch as the 

HPGR tests and require less than 10 Kg of material, additional samples are not required for 

obtaining the calibrated regression models. It is important to note that the last step of this 

methodology involves performing piston-press tests on composite samples representing ore 

variability; for ore variability testing, 10 kilograms composite samples are needed to assess the 

energy-size reduction predictions across a given ore deposit. 

 Database-Calibrated Methodology 

Davaanyam (2015) made use of over 150 pilot-scale HPGR test results to acquire 

multilinear regression models that rely exclusively on piston-press testing to predict the energy-

size reduction of HPGRs. Unlike the Direct-Calibration methodology, the Database-Calibrated 

does not require pilot-scale HPGR tests in order to be applied and is not ore-specific. These two 

characteristics reflect Davaanyam’s objective with the methodology, which was to be able to 

quickly and easily predict an HPGR response in terms of energy consumption and size reduction, 

regardless of the ore type, with only a few piston-press tests that cost considerably less than 

standard pilot-scale HPGR tests and has low sample requirements. 

2.5.6.1 Application 

The Database-Calibrated methodology has an estimated accuracy of ±25% and is 

considered the least accurate of the three methods developed by Davaanyam. On the other hand, 

it has the lowest cost and is the most accessible.  Its small sample requirements make it suitable 

for early-stage scoping level studies that need simple and affordable options for assessing the 

HPGR performance for a specific application. 
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2.5.6.2 Steps for applying the Database-Calibrated Methodology 

The Database-Calibrated methodology can be applied by following similar steps to the 

Direct Calibration methodology. In this case, since the multi-linear regression models for 

predicting the equivalent piston pressure (Ppiston) and equivalent size reduction were already 

provided by Davaanyam (2015), the procedure for applying the Database-Calibrated methodology 

is reduced to only four steps, as illustrated in Figure 2-19. 

 The proposed multi-linear regression models are presented below: 

I. Empirical model for estimating the required Ppiston for a given FSP: 

 

 M789:;< = 5.53 + 53.3Q=> + 24.3T − 86.2W?@AB + 13.1XCD
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where: 

Ppiston is the estimated piston pressure in MPa to result in equivalent net specific energy 

consumption of a given HPGR specific pressing force, 

• FSP is the given specific pressing force in N/mm2, 

• w is the feed moisture content in %, 

• ρbulk is the feed bulk density from the piston sample in g/cc, 

• F50 is the 50% passing size of the feed sample in mm, 

• P.&&
"NOPQ+ is the percentage passing 1mm in the piston-press feed. 

 

II. Empirical model for estimating the HPGR reduction ratio: 
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Y
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− 1.02T 
(2.13) 
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where: 

• RRHPGR is the estimated reduction ratio in the HPGR, 

• RRpiston is the reduction ratio achieved in the piston-press test, 

• F50 is the passing sizes of feeds in mm, 

• w is the feed moisture content in %. 

 
Figure 2-19: Steps for applying the Database-Calibrated methodology 

 

The effect of removing the need for pilot HPGR testing is that the normalized product PSDs 

from the piston-press and HPGR cannot be compared or validated as it occurs in Step 5 of the 

Direct Calibration methodology. In this case, the normalized product PSDs are assumed to match. 
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Davaanyam (2015) established the following conditions for assuming that the normalized product 

PSDs from the piston-press and HPGR match with each other. 

i. The HPGR and piston-press feed must be a product from a cone crusher. 

ii. The feed used in both tests cannot be manipulated (e.g., scalped or truncated). 

iii. The normalized product PSDs are a result of equivalent net specific energy consumption. 

2.5.6.3 Sample Requirements: 

As previously described, the most important advantage of the Database-Calibrated 

methodology is that it does not require pilot testing. Considering this, the sample requirements 

drop from 5 tons to less than 10 Kg in comparison to the Direct-Calibration approach. For 

reference, each piston-press test requires approximately 500 g, where the material bulk density 

defines the exact amount of sample per test. 

2.5.6.4 Limitations of Database-Calibrated Methodology 

The main objective of the Database-Calibrated Methodology is to create empirical models 

that allows, without the need for pilot HPGR testing, the correlation between the HPGR specific 

pressing force to piston pressure, and the correlation between the reduction ratio achieved in the 

HPGR to the reduction ratio achieved in the piston-press tests. Although removing the need for 

pilot testing is a significant advantage over the Direct-Calibration methodology it also means that 

the calibrated models will result in less accurate predictions, and the application of empirical 

models is constrained to the variable levels such that extrapolation of the model beyond these 

variable levels may not be applicable. 



53 
 

Table 2-8 summarizes the HPGR test variables used in the development of the current 

database-calibrated models. The database included over 150 pilot tests conducted for 15 different 

ore types. 

Table 2-8: Summary table of HPGR test variables used in Davaanyam (2015) empirical models 

Variables: Unit: Mean: Std. Dev. Min:  Max: 

FSP [N/mm2] 3.47 1.02 1.47 5.00 

ESP [kWh/t] 1.82 0.48 0.73 2.61 

Moisture [%] 2.38 0.55 1.48 3.30 

ρbulk [g/cc] 1.84 0.22 1.55 2.20 

F80 [mm] 21.95 2.93 16.68 27.44 

F50 [mm] 13.87 3.81 5.20 20.21 

 

The database used for creating the empirical models covered ranges of pressing forces from 

1.47 N/mm2 to 5 N/mm2, and moisture levels of 1.48% to 3.30 %. For this research, the key 

variables of the HPGR pilot test work were the specific pressing force and moisture content, which 

varied from 2.5 N/mm2 to 4.5 N/mm2 and 3% to 9%, respectively. It can be noted that the database 

used to create the empirical models covers a fairly low range of moisture levels, which can affect 

its applicability if extrapolated to scenarios with high moisture. 

Moreover, most of the data points used for creating the empirical models were based on 

pilot tests conducted for tertiary open circuit applications. As a result, variables related to feed and 

product particle sizes (e.g., F80 and F50) are ideal for predicting the energy-size reduction for similar 

HPGR circuit applications but may not be adequate for quaternary or quinary applications that 

process finer feed sizes and generate finer product sizes. 
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2.6 Summary 

Studies have proven that the HPGR is an excellent energy-efficient comminution 

technology alternative for replacing conventional crushers and grinding tumbling mills. One the 

major drawbacks for the low implementation of the HPGR technology in the mining industry, 

especially for hard-rock applications, is the limited access to industry and academic studies about 

the HPGR performance and the lack of industry-accepted bench-scale tests for sizing and 

modelling HPGRs. 

The key HPGR sizing and operating parameters are the specific throughput constant (m-

dot), the net specific energy consumption (ESP), the operating gap and the specific pressing force 

(FSP). Studies have shown that the specific pressing force normally presents a linear relationship 

with the net specific energy consumption and size reduction. The HPGR operating gap is also 

expected to decrease at higher pressing forces. 

HPGR manufacturers claim that the technology can process ores with up to 12% moisture 

depending on the application, but there is very limited literature regarding the effects of moisture 

on the HPGR performance. Recent studies have shown that moisture can have a negative impact 

on the machine m-dot at high concentrations. Also, excessive moisture in the HPGR feed can 

increase the wear of linings and cause slippage of the feed material. 

The Direct Calibration methodology is suitable for Preliminary Economic Assessment 

(PEA), pre-feasibility and feasibility studies. The ESP and size reduction predictions are estimated 

to be in the range of ±10%. The methodology is ore-specific should not be applied to predict the 

HPGR performance of different ore-types.  The methodology has not been validated for iron ore 

and neither for quaternary applications. 
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The Database-Calibrated methodology is suitable for early-stage scoping level studies and 

has an estimated accuracy of ±25%. This methodology does not require pilot-scale HPGR tests 

and is not ore-specific. However, the application of the proposed empirical models is constrained 

to the variable levels (e.g., FSP, F80, F50 and moisture level) from the existing HPGR pilot testing 

database, thus extrapolating the model beyond these variable levels may result in poor energy and 

size reduction predictions. The database used to develop the current regression models proposed 

by Davaanyam (2015) did not include iron ore, and most of the database consists of pilot testing 

for tertiary crushing applications. 
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Chapter 3  

3 EXPERIMENTAL PROGRAM 

The experimental program was developed by taking into consideration ArcelorMittal’s 

case study, which was used to generate the necessary data for evaluating the HPGR amenability 

to comminute iron ore when implemented in a two-stage HPGR circuit (quaternary crushing and 

grinding stages), as well as for obtaining a database that was suitable for applying Davaanyam’s 

(2015) Direct Calibration and Database-calibrated methodologies. The experimental program was 

divided into two sections, the first section focused on open circuit HPGR applications, while the 

second section involved  closed circuit tests. 

3.1 ArcelorMittal’s Case Study 

At the time of writing, ArcelorMittal was developing a new processing facility for their 

Serra Azul iron ore mine, located in Brazil. Their operation sites are mainly composed of itabirite, 

also known as banded-quartz hematite, or hematite schist. Their current operation consists of 

mining and processing friable itabirites, which are known to be relatively easy to crush and grind. 

Figure 3-1 shows Serra Azul’s current mineral processing plant. 

The friable itabirites resources were expected to be exhausted in the next years, therefore 

there is a need for a new and more complex processing facility to process their so-called 

“Compact” and “Semi-compact” itabirites. The new processing facility will comprise two HPGRs. 

The first unit will operate in open circuit as a quaternary crusher, while the second unit will replace 

conventional Ball Milling circuits and operate in closed circuit configuration, as illustrated in 

Figure 3-2. 
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Figure 3-1: Serra Azul's mineral processing plant 

 

 
Figure 3-2: Two-stage HPGR circuit at Serra Azul iron ore mine 
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ArcelorMittal is currently sizing their HPGRs, and pilot-scale tests are now being 

conducted to assess their performance for crushing/grinding the compact and semi-compact 

itabirites. As shown in Figure 3-2, the two-stage HGPR circuit targets a product size of -1mm and 

includes a wet screening stage for classification. The ore moisture level in the first HPGR (open 

circuit) is expected to vary from 0 to 6%, while the second HPGR (closed circuit) will need to treat 

ores at moistures that can be as high as 9% due to a wet screening stage. 

3.2 Sample Description 

The samples used in this research were shipped directly from Serra Azul mine, located in 

Brazil to UBC in Vancouver. A total of six tons of run-of-mine (ROM) material was acquired, half 

of it belonging to the Compact Itabirite lithotype, and the other half to the Semi-compact Itabirite 

lithotype. The received samples were already pre-crushed and had a top size of 19 mm. 

3.3 HPGR Pilot-scale Testing 

A total of 21 pilot-scale HPGR tests were conducted. The pilot-scale HPGR test work 

(number of tests and test conditions) was defined by taking into consideration the amount of 

sample available and the most relevant variables for the study, which were the specific pressing 

force (FSP) and moisture content. Despite the particularities of each test, the standard test procedure 

specified by Köppern was followed throughout the entire test program. 

 HPGR Pilot-scale Unit 

The pilot-scale HPGR test program was carried out using a Köppern pilot-scale HPGR 

unit, as described/shown in Table 3-1 and Figure 3-3, respectively. The machine has 750 mm 

diameter by 220 mm wide rolls with a Hexadur® liner.  The tests with this liner are appropriate for 
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pilot-scale testing since an autogenous layer is not required, and as such, less sample is needed per 

test. The unit was specially designed for pilot-scale testing and is equipped with a data-logging 

system that can measure the testing time, roller gap (left and right), pressing force (left and right), 

and power consumption, which is recorded every 100 ms. 

Table 3-1: Technical specifications of UBC’s pilot-scale HPGR unit 

Description: Unit: Value: 

Roller diameter [mm] 750 

Roller width [mm] 220 

Roller wear surface [-] Hexadur® WTII 

Roller edge design [-] Cheek plate 

Installed power [kW] 200 

Maximum pressing force [kN] 1,600 

Maximum FSP [N/mm2] 8.5 

Variable speed drive [rpm] up to 40 rpm [1.55 m/s] 
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Figure 3-3: Köppern pilot-scale HPGR at UBC  

 

The pilot-scale HPGR is equipped with a product conveyor belt that has a splitter box that 

can divide the product into edge and centre fractions, as shown in Figure 3-4.  For the given unit, 

previous studies (e.g. Nadolski (2012)) have shown that the edge material (left and right combined) 

accounts for about to 30% of the total product. 

 
Figure 3-4: HPGR product conveyor and splitter box 
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 Particularities of the HPGR Pilot-test Procedure 

3.3.2.1 Pre-test Procedure 

Each pilot-scale HPGR test required approximately 250-300 kg of material. The standard 

top size of Köppern’s testing procedure is 32 mm. Since the received samples were pre-crushed to 

19 mm top size, further crushing was not required. Once the test conditions were defined (FSP, roll 

speed and moisture), sampling stages that involved homogenization, blending, splitting and 

moisture adjustment were performed. Figure 3-5 shows an example where the blending stage was 

applied to prepare feed samples with 50% of each lithotype. 

 
Figure 3-5: Sample preparation for pilot-scale HPGR test work 

 

The homogenization and splitting stages were conducted with a rotary sample splitter with 

eight 30 litres capacity bins. Representative sub-samples of approximately 20 kg were split for 

each HPGR feed sample throughout the splitting stage for subsequent feed characterization 

analysis and also for preparing samples for the piston-press test work. The moisture adjustment of 
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each feed sample was performed on the same day as the HPGR test to minimize moisture variations 

from evaporation. Before starting each test, the machine settings were configured to output the 

desired specific pressing force and roll speed. 

For the closed circuit HPGR tests, one stage of wet screening was included after each cycle 

to remove the fines (-1 mm). Each closed circuit test comprised a total of four cycles. The oversize 

material from each screening stage was weighed, recombined and homogenized with the fresh feed 

from the open circuit HPGR product to keep a consistent feed mass before running the next cycle. 

A small sub-sample with approximately 5 Kg from the oversize material from the 4th cycle of each 

test was split to estimate the moisture content and the screening efficiency. The wet screening was 

done with a 36 inch diameter Sweco screen, illustrated in Figure 3-6. 

 
Figure 3-6: Wet-screening stage during HPGR closed circuit test 
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3.3.2.2 Post-test procedure: 

Each pilot test lasted approximately 40-60 seconds, during which product samples were 

collected for between 15 and 30s during stable operation (refer to Figure 3-7). The waste material 

was collected for mass balance purposes. At the end of each test, the edge and centre products 

were weighed separately, and representative sub-samples of each stream were collected using a 

rotary splitter. All edge and centre sub-samples were oven-dried and submitted to a particle size 

distribution analysis using screens. For the closed circuit tests, once sub-samples from the centre 

and edge were collected, the remaining samples were recombined with the waste stream and sent 

to a wet-screening stage. 

 
Figure 3-7: Data recording during pilot-scale HPGR test 

Once a test was completed, the collected data allowed an in-depth analysis of its product 

characteristics, including the particle size distribution and reduction ratio, as well as of the 

operating parameters (FSP, operating gap, m-dot and Esp). Table 3-2 summarizes the main 

outcomes of each pilot HPGR test. 
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Table 3-2: Outcome data from pilot-scale HPGR test 

Parameters Unit 

Specific Pressing force (FSP) [N/mm2] 

Specific Throughput Constant (m-dot) [ts/hm3] 

HPGR Throughput [t/h] 

Main Motor Power [kW] 

Specific Energy Consumption [kWh/t] 

Roll Gap [mm] 

Roll Speed [ms-1] 

 HPGR Test Conditions 

3.3.3.1 Open circuit HPGR tests 

A total of 13 tests were performed in open circuit. Table 3-3 shows the selected test 

conditions for the open circuit HPGR tests. Considering that the compact and semi-compact 

lithologies are the main lithotypes that compose Serra Azul's deposit, the performance tests were 

conducted with blended samples with a 1:1 mass ratio of each to provide sample for testing. 

The following correlations between the test conditions were analyzed to assess the HPGR 

performance: 

i. Assessment of specific pressing force. 

ii. Assessment of moisture content effect. 

iii. Specific energy consumption and product size relationship. 

• Response to specific energy consumption. 

• Response to specific throughput constant (m-dot). 

• Response to product particle size and size reduction. 
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Table 3-3: Open circuit pilot-scale HPGR test conditions 

Sample Description Test Id. 

Top 
Size 

Target 
Moisture 

Specific Pressing 
Force [FSP] Roll Speed 

mm % N/mm2 rpm [m/s] 

50% Compact /  
50% Semi-compact 

Itabirites 

SA001 

19 

3.0 

3.5 14 [0.55] SA002 6.0 

SA003 9.0 

SA004 

19 

3.0 

2.5 14 [0.55] SA005 6.0 

SA006 9.0 

SA007 

19 

3.0 

4.5 14 [0.55] SA008 6.0 

SA009 9.0 

100% Compact 
SA010 

19 3.0 4.0 14 [0.55] 
SA011 

100% Semi-compact 
SA012 

19 3.0 4.0 14 [0.55] 
SA013 

 

3.3.3.2 Closed circuit HPGR tests 

A total of two closed circuit tests were conducted and each consisted of four cycles. The 

test conditions were defined once the results from the open circuit tests were analyzed. Table 3-4 

summarizes the defined test conditions for the closed circuit pilot tests. 
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Table 3-4: Closed circuit pilot-scale HPGR test conditions 

Sample Description Test No. 

Top 
Size 

Target 
Moisture 

Specific Pressing 
Force [FSP] Roll Speed 

mm % N/mm2 rpm [m/s] 

50% Compact /  
50% Semi-compact 

SA014 
Cycle 1 

19 6 4 14 [0.55] 

SA015 
Cycle 2 

SA016 
Cycle 3 

SA017 
Cycle 4 

50% Compact /  
50% Semi-compact 

SA018 
Cycle 1 

19 8 5 14 [0.55] 

SA019 
Cycle 2 

SA020 
Cycle 3 

SA021 
Cycle 4 

 

Ideally, the results from a closed circuit test should be analyzed under steady-state 

conditions. However, in the case of pilot-scale HPGR testing, where a considerable amount of 

sample was required for conducting open circuit tests, the number of cycles required for 

conducting closed circuit was kept to a minimum. In this study, based on the given circuit 

configuration, the available sample allowed tests with a maximum of four cycles each. 

Comparisons between variations in the circulating load, feed and product size properties of each 
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cycle of the closed circuit tests were done to evaluate if four cycles were enough to achieve steady-

state conditions.  

The screening efficiency of each test was calculated based on the amount of fines (-1 mm 

material) present in the screen oversize. Sub-samples from the screen oversize of the last cycle 

(4th) of each test were taken to analyze their particle size distribution and to estimate the screening 

efficiency. 

3.4 Piston-press Testing 

 Piston-die Arrangement 

The piston-press tests were conducted on an instrumented MTS hydraulic press located at 

the University of British Columbia and on a hydraulic compression machine (Automax Multitest) 

manufactured by Controls Group. The MTS and Controls Group compression machines can apply 

pressing forces of up to 1400 kN and 3000 kN, respectively. Both devices were also equipped with 

force-displacement transducers, which is needed for measuring the specific energy consumption 

from the piston-press tests. For compressing the samples, one hardened steel-die with 86 mm 

diameter was used in combination with the hydraulic compression machines. The piston-die 

arrangement and the MTS unit are illustrated in Figure 3-8. The compression machine from 

Controls Group is presented in Figure 3-9. 
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 Figure 3-8: (a) MTS hydraulic press at UBC, (b) Piston-die device, (c) Piston-die sample arrangement prior 

and after tests 

 

The piston-die dimensions were established by Davaanyam (2015). He noted that the 

maximum pressure observed at the roll centre during the pilot-scale HPGR testing ranges from 

200 to 250 MPa. Considering that UBC’s MTS machine has a maximum pressing force of 1400 

kN, for a piston-press test that is able to achieve pressures as high as 250 MPa, required a die with 

a 86 mm diameter.  The feed particle top size for piston ores testing of 12.5 mm was defined based 

on the piston-die specifications to minimize errors due to wall effects. 
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Figure 3-9: Controls Group hydraulic compression machine 

 Piston-press Test Procedure 

The samples which were used to conduct the piston-press tests were collected during the 

pilot scale HPGR test program. Sub-samples of 240 mL were prepared for each test. Davaanyam 

(2015) reported that the variation in sub-sample split after the moisture adjustment was 

considerably lower than dry sub-samples. Considering this, the sub-samples were split after 

adjusting the moisture and the mass was determined based on the material bulk density the die 

volume of 240 mL. For each moisture content, one sub-sample of approximately 1 Kg was split 

for particle size analysis. Figure 3-10 summarizes the steps involved in each piston-press test. 
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Figure 3-10: Standard piston-press testing procedure 

 

3.4.2.1 Force-Displacement Correction and Specific Energy calculation 

After each piston-press test, a corrected force-displacement curve was obtained by 

subtracting the strain curve from the machine setup, as exemplified in Figure 3-11. 
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Figure 3-11: Corrected and uncorrected force-displacement curves 

 

 Through the trapezoid area approach (refer to Figure 2-16), numerical integration of the 

corrected force-displacement curves was applied to calculate the total energy input to the samples. 

The specific energy input of each test was then determined by dividing its total energy input by its 

respective sample mass. 



72 
 

Chapter 4  

4 HPGR Pilot Testing Results and Discussions 

This chapter presents the results of the pilot-scale HPGR tests that were conducted within 

the scope of this research and assess the HPGR amenability to comminute Serra Azul’s iron ore in 

a two-stage HPGR circuit. Table 4-1 summarizes the test results obtained from the open circuit 

and closed circuit pilot tests. Detailed data concerning feed and product particle size distributions 

(PSDs), as well as input and output operating parameters of each test can be found in Appendix A. 



73 
 

Table 4-1: Summary of HPGR test results 
 

Test Id. Moisture 
[%] 

Specific 
Pressing 

Force 

Specific 
Throughput 

Constant 

Net Specific 
Energy 

Consumption 

Experimental 
Product PSD 

(Edge + Centre) 

FSP [N/mm2] m-dot [ts/hm3] ESP [kWh/t] P80 

[mm] 
P50 

[mm] 

O
pe

n 
Ci

rc
ui

t 

SA001 2.70 3.23 345 1.57 4.98 0.66 

SA002 5.50 3.60 347 1.72 4.69 0.60 

SA003 7.40 3.62 301 1.78 4.72 0.70 

SA004 2.60 2.26 352 1.08 5.49 1.01 

SA005 5.60 2.62 361 1.20 5.28 0.89 

SA006 7.50 2.61 365 1.20 5.50 1.04 

SA007 3.40 4.56 337 2.02 4.50 0.48 

SA008 5.90 4.64 344 2.17 4.25 0.42 

SA009 8.90 4.55 288 1.92 4.54 0.53 

SA010 2.90 4.04 336 1.67 4.31 0.49 

SA011 2.83 4.03 332 1.68 3.78 0.45 

SA012 2.91 4.05 344 1.89 4.43 0.46 

SA013 3.01 4.04 347 1.89 5.37 0.64 

Cl
os

ed
 C

irc
ui

t  

SA014-Cycle 1 4.73 3.92 286 1.70 2.35 0.17 

SA015-Cycle 2 5.99 4.07 337 1.72 2.48 0.37 

SA016-Cycle 3 5.01 4.02 342 1.71 2.83 0.57 

SA017-Cycle 4 5.14 4.07 343 1.72 2.60 0.60 

SA018-Cycle 1 6.31 5.03 266 2.56 1.92 0.14 

SA019-Cycle 2 8.10 5.00 248 2.45 2.43 0.39 

SA020-Cycle 3 6.80 5.08 224 2.87 2.41 0.42 

SA021-Cycle 4 6.58 5.00 229 2.60 2.35 0.49 
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4.1 Quaternary HPGR Open Circuit Data Analysis 

 Assessment of Feed Representability 

Feed samples from the open circuit tests were compared in order to evaluate the sampling 

procedure consistency. Table 4-2 summarizes the statistics of all nine data points relating the feed 

F80 and F50 of each test. 

Table 4-2: Feed statistics of the open circuit HPGR pilot tests 

Statistics Linear F80 Linear F50 

Number of Data Points 9 9 

Mean 11.72 4.56 

Standard Deviation 0.33 0.12 

Standard Error 0.11 0.04 

Relative Standard Error 0.9% 0.9% 

Coefficient of Variation 2.8% 2.7% 

95% Confidence interval 0.25 0.09 

 

The sampling procedure proved to be consistent since no major discrepancies were noted 

between the sample’s PSDs. For comparison, Figure 4-1 presents the feed PSDs of one of the 

blended samples (1:1 ratio) that were prepared for the open circuit tests and of two samples of the 

non-blended compact and semi-compact samples that were used in the duplicate tests. 
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Figure 4-1: Feed PSDs comparison between the compact and semi-compact lithotypes 

 

It can be observed that the compact lithotype is coarser than the semi-compact, and as 

expected, the PSD curve of the blended feed sits in between the curves of the isolated lithotypes. 

Comparisons between the linear P80’s and P50’s of each sample can be verified in Table 4-1.  

 Repeatability of the HPGR Pilot-scale Testing 

Duplicate tests were conducted for the compact and semi-compact lithotypes, as shown in 

Figure 4-2. Although the duplicate tests did not provide enough data points for conducting a 

detailed statistical analysis, the results proved to be consistent for all the relevant parameters that 

were used for assessing the HPGR performance. 

The results revealed higher net specific energy consumption when crushing the compact 

material. For reference, operating the HPGR at a pressing force of 4 N/mm2 resulted in average 

ESP’s of 1.67 kWh/t and 1.89 kWh/t for crushing the semi-compact and compact lithotypes, 

respectively, which represents an increase of 13.2% in the machine’s energy consumption. 
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Figure 4-2: Comparison of duplicate pilot-scale HPGR tests 

 Assessment of Specific Pressing Force 

To evaluate how the specific pressing force affected the HPGR performance, a sensitivity 

analysis was conducted based on the following output parameters from the open circuit pilot test 

work: 

i. Net Specific Energy Consumption (ESP) 

ii. Specific Throughput Constant (m-dot) 

iii. Operating Gap 

iv. Product Particle Size and Reduction Ratio 

4.1.3.1 Relationship with the Net Specific Energy Consumption 

The net specific energy consumption (ESP) of each test was calculated from the recorded 

process data using Equation 2.2 and represents the actual energy input during stable operation. 
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Figure 4-3 shows the correlation between the ESP and the applied FSP of the open circuit tests. The 

ESP showed to increase linearly with the increase of FSP over the range of pressing forces tested, 

and an exceptionally good data fitting was obtained with a R2 of 0.96. The linear relationship 

between the FSP and ESP is in agreement with the reviewed literature. 

 
Figure 4-3: Relationship between ESP and FSP 

 

4.1.3.2 Relationship with the Specific Throughput Constant 

 Figure 4-4 presents the relationship between the specific throughput constant and the 

applied specific pressing force. The results showed that the FSP negatively affected the m-dot, but 

the correlation was considered weak since the samples also had different moisture contents. The 

highest m-dot values ranged from 350 to 365 ts/hm3 when an FSP of 2.5 N/mm2 was targeted, and 

the lowest value of 288 ts/hm3 corresponded to the highest FSP of 4.5 N/mm2. 
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Figure 4-4: Relationship between m-dot and FSP 

4.1.3.3 Relationship with the Operating Gap 

As illustrated by Figure 4-5, the operating gap decreased as the FSP increased, reaching a 

maximum and minimum value of 24.33 mm and 17.38 mm at the pressing forces of 2.26 N/mm2 

and 4.5 N/mm2 respectively. The average operating gap from all tests was 22.2 mm, which turned 

up to be bigger than the 18.75 mm value predicted by the Knapp et al. (2019) estimation and the 

18.69 mm average operating gap from UBC’s database. 

 
Figure 4-5: Operating gap versus FSP 
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4.1.3.4 Relationship with the Product Particle Size and Reduction Ratio 

The effect of the applied FSP on product size and reduction ratio is illustrated in Figure 4-6 

and Figure 4-7. The data analysis accounted for the combined product size distributions of the 

edges and centre streams. Despite the differences in moisture content between the tests, the product 

particle size, as well as the reduction ratio, presented a linear relationship with the specific pressing 

force.  

 
Figure 4-6: Relationship between FSP and product particle size 

 

Given that the target cut size of the two-stage HPGR circuit was 1mm, the effects of the 

pressing force on the generation of fines (material below 1 mm) was verified. Figure 4-8 shows 

that the amount of fines increased linearly with the increase of the applied FSP. For example, the 

tests that were conducted at 4.5 N/mm2 generated up to 10% more fines than the ones conducted 

at 2.5 N/mm2. 
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Figure 4-7: Relationship between FSP and reduction ratio 

 

 
Figure 4-8: % Passing 1 mm of combined product 
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 Assessment of the Ore Moisture Content 

To evaluate how the ore moisture level affected the HPGR performance, a sensitivity 

analysis was conducted based on the following output parameters from the open circuit pilot test 

work: 

i. Net Specific Energy Consumption (ESP) 

ii. Specific Throughput Constant (m-dot) 

iii. Product Particle Size and Reduction Ratio 

4.1.4.1 Relationship with the Net Specific Energy Consumption 

The relationship between the ore moisture content and the net specific energy consumption 

for each test are presented in Figure 4-9. 

It can be observed that at 2.5 N/mm2 and 3.5 N/mm2, marginally higher ESP’s were reported 

by the tests that aimed for 9% moisture when compared to 6% moisture. For this analysis, the data 

points from the tests that targeted 2.5 N/mm2 and 3.5 N/mm2 with 3% moisture (highlighted by the 

circles in Figure 4-9) were disregarded since the target FSP was not achieved and as such, their ESP 

was also lower. Thus, the lower ESP’s from these tests could not be attributed to the ore moisture 

content. 

In contrast, the tests that applied a FSP of 4.5 N/mm2 revealed to be more sensitive to 

variations in the ore moisture content. The results showed higher ESP (2.17 kWh/t) at an 

intermediate moisture level of 6% while the lowest ESP (1.92 kWh/t) was observed at 9% moisture. 
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Figure 4-9: Relationship between ore moisture content and ESP 
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The HPGR tests conducted at 2.5 N/mm2 showed slightly higher m-dot as the moisture 

content increased, with a minimum value of 352 ts/hm³ and a maximum of 365 ts/hm³ at 3% and 

9% moisture level, respectively. In contrast, the tests that aimed for higher pressing forces suffered 

a major impact on their m-dot at 6% and 9% moisture content. In these scenarios, reductions of up 

to 15% were observed in the machine m-dot when increasing the moisture from 3% to 9%. 

0.5

1.0

1.5

2.0

2.5

0.0 2.0 4.0 6.0 8.0 10.0

N
et

 S
pe

ci
fic

 E
ne

rg
y 

Co
ns

um
pt

io
n 

[k
W

h/
t]

Moisture [%]

2.5 N/mm2 3.5 N/mm2 4.5 N/mm2



83 
 

 
Figure 4-10: Relationship between ore moisture and m-dot 
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machine will not be completely choke fed as required, thus leading to performance issues such as 

reduced throughput. 

 
Figure 4-11: Relationship between ore moisture and operating gap 
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Figure 4-12: HPGR product at different moisture content 
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4.1.4.4 Relationship with the Reduction Ratio 

The effect of moisture on the size reduction ratio (F50/P50) is presented in Figure 4-13. 

Regardless of the applied specific pressing force, the results showed that the ore moisture level did 

not significantly impact the reduction ratio, yet a trend was noted. For all nine tests, the RR50 

showed to be optimum at intermediate moisture levels of 6%, reaching 10.65 at 4.5 N/mm2, and 

lower values were reported as the moisture increased to 9% or decreased to 3%. 

 
Figure 4-13: Relationship between the ore moisture and reduction ratio 
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 Relationship between the ESP and Product Particle Size 

The relationship between the net specific energy consumption and product particle size 

from the open circuit tests is presented in Figure 4-14. The data analysis was done for both P80 and 

P50 sizes. In both cases, the PSD curves revealed a strong linear relationship between the ESP and 

product particle size. 

 
Figure 4-14: Relationship between ESP and product particle size 
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Figure 4-15: Effect of FSP in the % passing – 1 mm 
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between the circulating load and m-dot of the closed circuit tests.  For both closed circuit tests, it 

was be observed that the circulating load and the m-dot approached steady-state conditions by the 

4th cycle. 

  

 Figure 4-16: Comparison between the circulating load and m-dot of closed circuit tests 

 

Figure 4-17,  Figure 4-18 and Figure 4-19 present a comparison between the feed and 

product size properties of each cycle. In both tests, the reported P80 was finer in the first cycle and 
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Figure 4-17: Product size properties of closed circuit tests 
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Figure 4-19: Comparison between the feed and product PSDs of each cycle 

 

It was noted that the 4th cycle generated considerably fewer fines than the 1st and 2nd cycles. 

For comparison, at 4 N/mm2, the 1st and 2nd passes showed 68.5 % and 64% of material below 1 

mm respectively, while both the 3rd and 4th cycle generated 59% fines. 

0

10

20

30

40

50

60

70

80

90

100

0.01 0.10 1.00 10.00 100.00

Cu
m

. %
 P

as
sin

g

Particle Size [mm]

Feed (FSP = 4  N/mm 2)

Cycle 1 - Feed Cycle 2 - Feed
Cycle 3 - Feed Cycle 4 - Feed

0

10

20

30

40

50

60

70

80

90

100

0.01 0.10 1.00 10.00 100.00

Cu
m

. %
 P

as
sin

g

Particle Size [mm]

Product (FSP = 4  N/mm 2)

Cycle 1 - Product Cycle 2 - Product
Cycle 3 - Product Cycle 4 - Product

0

10

20

30

40

50

60

70

80

90

100

0.01 0.10 1.00 10.00 100.00

C
um

. %
 P

as
sin

g

Particle Size [mm]

Feed (FSP = 5  N/mm 2)

Cycle 1 - Feed Cycle 2 - Feed
Cycle 3 - Feed Cycle 4 - Feed

0

10

20

30

40

50

60

70

80

90

100

0.01 0.10 1.00 10.00 100.00
Cu

m
. %

 P
as

sin
g

Particle Size [mm]

Product (FSP = 5  N/mm 2)

Cycle 1 - Product Cycle 2 - Product
Cycle 3 - Product Cycle 4 - Product



91 
 

The results from the 1st and 2nd cycles did not accurately represent the product properties 

of the closed circuit HPGR tests. A total of four cycles proved to generate consistent results that 

resemble steady-state conditions. This analysis reiterates the importance of conducting locking 

cycle tests to obtain results for machine sizing and process circuit design. 

 Assessment of Specific Pressing Force and Moisture content 

The analysis of the applied specific pressing forces and moisture levels were based on the 

results from the last cycle (Cycle 4) of each closed circuit test. Considering that the closed circuit 

test work was not able to cover a wide range of ore moisture content and pressing forces, the results 

were compared against the outcomes from the open circuit tests. Figure 4-20 illustrates the 

correlation between the ESP and FSP of both closed circuit tests. The datapoints from the open 

circuit tests were also illustrated to support the observations. Figure 4-21 shows the correlation 

between the ESP and m-dot of both closed circuit tests. 

The results from the closed circuit test followed the linear trends that were observed in the 

open circuit tests. Increasing the FSP from 4.0 N/mm2 to 5.0 N/mm2 resulted in a 51% increase in 

the ESP. For comparison, the open circuit tests showed a difference of only 10-25% in the ESP when 

the FSP was increased from 3.5 N/mm2 to 4.5 N/mm2. 

The sharp increase between the ESP of both closed circuit tests calls attention to the energy 

saturation point mentioned by Saramak and Kleiv (2013). Further test work at higher pressing 

forces would be required to establish the energy saturation point of Serra Azul’s iron ore. 

Nonetheless, the results indicate that running the HPGR at 5 N/mm2 and high moisture levels may 

lead to inefficient performance in terms of energy consumption. 
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Figure 4-20: Closed circuit tests: correlation between ESP and FSP 

 

 
Figure 4-21: Closed circuit tests: correlation between m-dot and FSP 
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The m-dot of the closed circuit test performed at 4.0 N/mm2 was approximately 350 ts/m3h. 

This result was comparable to the throughputs observed in the open circuit tests with ore moisture 

levels of 3% and 6%. In contrast, the closed circuit test conducted at 5.0 N/mm2 resulted in a 

noticeably lower m-dot (229 ts/m3h) and was equivalent to the results from the open circuit tests 

conducted at 9 % moisture.  

The closed circuit test conducted at 5 N/mm2 revealed the lowest m-dot of all HPGR pilot-

scale tests performed in the pilot testing program, and the difference between the m-dot of both 

closed circuit tests was 33%. The justification for such low performance lies in the combination 

of applying high pressing forces at high moisture levels. Combining high pressures with high 

moisture levels proved detrimental to the HPGR performance for both quaternary and quinary 

applications. 

As shown in Figure 4-19, in the 4th cycle, the closed circuit tests that were conducted at 4 

N/mm2 and 5 N/mm2 produced product with P80’s of 5.02 mm and 4.72 mm, respectively. 

Regarding the generation of fines (material below 1 mm), Figure 4-22 shows that both tests 

achieved similar results to the open circuit tests conducted at 4.5 N/mm2. The test conducted at 5.0 

N/mm2 resulted in a product with a slightly higher amount of fines. Applying 4 N/mm2 FSP resulted 

in a product with approximately 59% of its total mass below 1 mm, whereas 61% was achieved at 

5 N/mm2. 
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Figure 4-22: Closed circuit tests: comparison of fines generation (% -1mm) 

 

4.3 Two-stage HPGR Circuit Analysis 

An overall assessment of the results from the open and closed circuit tests was done to 

analyze the overall circuit performance. Table 4-3 summarizes the key input and output parameters 

of the test work. The results from the open circuit test work correspond to the average values 

obtained from the duplicate tests (SA010-SA013), which were the ones selected since their 

blended product was used to conduct the closed circuit tests. For the closed circuit tests, the circuit 

ESP was estimated based on the ESP reported in the last cycle (4th cycle) and the achieved circulating 

load. 

For the closed circuit tests, the circulating load was taken into consideration for calculating 

the circuit ESP. For example, the closed circuit test conducted at 4 N/mm2 resulted in a net specific 

40.0

45.0

50.0

55.0

60.0

65.0

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

%
 P

as
sin

g 
-1

 m
m

Specific Pressing Force [N/mm²]

Open-Circuit (~3% moisture) Open-Circuit (~6% moisture) Open-Circuit (~9% moisture)
Closed-Circuit (~6% moisture) Closed-Circuit (~8% moisture)



95 
 

energy consumption of 1.72 kWh/t, but given that the corresponding circulating load was 78%, 

the circuit ESP was 78% higher than the ESP reported in the test work. 

Table 4-3: Two-stage HPGR circuit analysis 

Operating Parameters Open Circuit Test work 
(Average) 

Closed Circuit Test 
work (4th Cycle) 

FSP [N/mm2] 4.04 4.07 5.00 
Achieved Moisture [%] 2.91 5.14 6.58 

m-dot [ts/hm3] 339.74 343.27 229.37 
Circulating Load [%] - 78.67 76.45 
Circuit ESP [kWh/t] 1.78 3.07 4.59 

Linear Feed F80 [mm] 12.01 5.02 4.72 

Feed % Passing 1mm 32.16 35.96 39.23 

Linear Product P80 [mm] 4.47 2.60 2.35 
Product % Passing 1 mm 56.50 59.04 61.19 

Screen Undersize P80 [mm] - 0.38 0.31 
Screening Efficiency [%] - 94.80 92.62 

 

The analysis revealed that the two-stage HPGR circuit was able to nearly double the 

percentage of material passing 1 mm. As shown in Figure 4-23, the amount of material passing 

1mm increased from 33% to approximately 60% depending on the applied pressing force. Despite 

having a finer feed compared to the open circuit stage, the product from the closed circuit tests 

presented a similar amount of fines, with 59% of material below -1mm and screen undersize P80 

of 380 μm. Although this study did not focus on comparing different circuit options for Serra 

Azul’s processing plant, the two-stage HPGR circuit was able to meet ArcelorMittal’s 
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requirements for the screen undersize product size (P80) and the target percentage of material 

passing 1mm.  

 

Figure 4-23: Two-stage HPGR circuit analysis 
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considering that the expected ore moisture content is lower than 6%, m-dot values ranging 320 

ts/m3h to 345 ts/m3h are expected. In contrast, the results showed that if moisture exceeds 6% in 
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4.4 Summary 

Results obtained from the open circuit pilot test work indicated that the two-stage HPGR 

circuit may perform exceptionally well as a quaternary crusher for Serra Azul’s iron ore. For this 

application, the expected ore moisture content is approximately 3% for most of the year and should 

not exceed 6%. Under these conditions, quaternary HPGR circuit pilot tests achieved an average 

specific throughput constant of 340 ts/m3h. 

The net specific energy consumption increased linearly with increasing specific pressing 

force and ESP’s ranging 1.1 to 2.2 kWh/t were recorded in the pilot test work. Both the specific 

throughput constant and operating gap were negatively affected by the applied specific pressing 

force, and a maximum m-dot of 365 ts/m3h was recorded at a specific pressing force of 2.65 

N/mm2. In addition, the size reduction improved as the specific pressing force increased. An 

increase of 10% in the percentage of material below 1 mm was observed when the applied specific 

pressing force increased from 2.5 N/mm2 to 4.5 N/mm2. 

The effect of moisture on the HPGR performance was also evaluated, and the analysis 

focused on assessing its impacts on the ESP, m-dot, operating gap and reduction ratio. For the 

effects on the ESP, the ore moisture content did not affect the machine performance by a significant 

amount, thus minor deviations were observed across the test work results. The results indicated 

that feeding a material with moisture content of up to 6% resulted in marginally lower ESP’s when 

the HPGR was operated at 2.5 N/mm2 and 3.5 N/mm2. 

The data analysis also indicated that operating the HPGR at high moisture contents can 

lead to significantly lower throughput and smaller operating gap. For example, while crushing 

Serra Azul’s iron ore at 6% moisture and 4.5 N/mm2, the HPGR achieved an m-dot of 344 ts/m3h 

compared to 288 ts/m3h at the same pressing force but at 9% moisture. In addition, it was also 
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noted that the HPGR was able to comminute high moist ores without significant reductions on its 

throughput if operated at low pressing forces. Contrasting the previous example, a pilot test 

conducted at 2.5 N/mm2 and 9% moisture resulted in a m-dot of 337 ts/m3h, which was close to 

352 ts/m3h from another test at same pressing force, but at 3 % moisture. 

A distinct relationship between the product fineness and the feed moisture content was not 

identified. Visual observations of the HPGR discharge showed that the material flow was not 

uniform across the conveyor width for the scenarios that targeted moisture levels higher than 6%. 

For these scenarios, most of the discharged product concentrated at the center of the conveyor, 

which suggests that most of the material breakage occurred at the center of the rolls, where the 

pressure is optimum, and higher size reduction is normally observed. However, the results showed 

that the reduction ratio was in fact, lower than scenarios with equivalent pressing force and lower 

moisture. 

The closed circuit test results followed the linear trends between the specific pressing force 

and net specific energy consumption observed in the open circuit tests. It was found that increasing 

the FSP from 4.0 N/mm2 to 5.0 N/mm2 increased the ESP by 51%, which indicates that running the 

HPGR at 5 N/mm2 and high moisture levels is detrimental to the HPGR performance. The m-dot 

of the closed circuit test performed at 4.0 N/mm2 was approximately 350 ts/m3h, which is 

comparable with the throughputs observed in the open circuit tests with less than 6% moisture. 

The analysis of the two-stage HPGR circuit performance indicated that the HPGR is 

suitable for both the open circuit quaternary and closed circuit quinary applications. At a target 

pressing force of 4 N/mm2 in both stages, the circuit achieved a product P80 of 0.38 mm and nearly 

doubled the amount of material below the target grind size of 1 mm, which increased from 

approximately 30% to 60%. 
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Chapter 5  

5 Direct Calibration Methodology: Applications to 

Iron Ore 

This chapter focused on demonstrating, validating and extending the direct calibration 

methodology to iron ore, with emphasis on quaternary open circuit application.  Combined with 

the database from the piston-press test work, the pilot-scale HPGR database from Serra Azul’s 

tests provided enough data points to apply the methodology and conduct detailed comparisons for 

various settings. 

The following contributions were targeted: 

• Extend and validate the methodology applications to iron ore, with focus on quaternary 

stage open circuit crushing. 

• Provide calibrated regression models for Serra Azul’s iron ore that allows the prediction of 

HPGR performance in terms of energy consumption and size reduction through piston-

press-tests. 

• Evaluate how moisture affects the accuracy of the energy-size reduction predictions. 

• Evaluate if there are limitations associated with applying the calibrated regression models 

to composite samples for predicting the HPGR’s product size distribution. 
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5.1 Direct Calibration Methodology: A Step-by-Step Analysis 

 HPGR Pilot Testing 

The open circuit experimental program generated a matrix with nine pilot-scale HPGR tests 

that had the FSP and moisture content as the main variables (refer to Table 4-1). This resulted in 

three settings where the Direct Calibration method could be applied and allowed a detailed analysis 

over its applicability to iron ore. Table 5-1 shows how the HPGR experimental program was 

planned in order to apply the methodology in three settings: 

Table 5-1: Settings used to apply the Direct Calibration methodology 

Sample description Setting Test Id. 
Top size 

Moisture  
(target) 

Specific pressing force  
(target) 

mm % N/mm2 

50% Compact / 50% 
Semi-compact 

1 

SA001 

19 3.0 

3.5 

SA004 2.5 

SA007 4.5 

2 

SA002 

19 6.0 

3.5 

SA005 2.5 

SA008 4.5 

3 

SA003 

19 9.0 

3.5 

SA007 2.5 

SA009 4.5 
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 Piston-Press Testing 

Table 5-2 shows how the piston-press experimental program was planned and correlated 

to the HPGR tests. In total, 12 piston-press tests were performed to generate the necessary data for 

applying the Direct Calibration methodology and the Database Calibrated methodology. The test 

results can be found in Appendix B. 

Table 5-2: Piston-press test conditions 

Sample Description Setting Test Id. 
Top Size 

Moisture  
(target) 

Pressing Force 
(target) 

mm % kN 

50% Compact /  
50% Semi-compact  

1 

PP3 -01 

12.5 3 

1399 

PP3-02 1100 

PP3-03 800 

PP3-04 500 

2 

PP6 -01 

12.5 6 

1399 

PP6-02 1100 

PP6-03 800 

PP6-04 500 

3 

PP6 -01 

12.5 9 

1399 

PP6-02 1100 

PP6-03 800 

PP6-04 500 
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 Correlating the Piston-Pressure with the Specific Pressing Force 

For all three settings, the piston-press pressures were calibrated against the specific 

pressing force. Figure 5-1 exemplifies the fitted regression lines for the ESP versus Ppiston and ESP 

versus FSP for Setting 1. 

 
Figure 5-1: Step 3 - Pressure calibration 

 

To obtain the generic formula that provides the equivalent piston pressure for a given FSP, 

Eq. 2.9 was applied. Table 5-3 summarizes the calibration slopes and intercepts of each setting: 
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Table 5-3: Slopes and intercepts for determining equivalent Ppiston for a given FSP 

Setting Slope !!!
!"
" Intercept !"!#""!"

" 

1 72.14 59.61 

2 81.37 18.54 

3 73.31 71.10 

 
The calibrated equation from each set was used to calculate the equivalent piston pressure 

to provide the same ESP as the pilot HPGR tests. Next, the equivalent piston pressures were applied 

in their respective piston-press equations to predict the net specific energy consumption. Figure 

5-2 compares the ESP from the HPGR tests to those predicted from piston-press tests using the 

calibration equations. 

 
Figure 5-2: Comparison of the predicted net specific energy consumption 

 

For all settings, the predicted ESP’s lies within the ±10% envelope, which is the expected 

accuracy of the direct calibration methodology. 

0.50

0.70

0.90

1.10

1.30

1.50

1.70

1.90

2.10

2.30

2.50

0.50 1.00 1.50 2.00 2.50

Es
p 

Pr
ed

ic
tio

n 
[k

W
h/

t]

Pilot-scale HPGR ESP [kWh/t]

Setting 1 (Target moisture of 3%) Setting 2 (Target moisture of 6%) Setting 3 (Target moisture of 9%)

±10% envelope 



104 
 

 Relating HPGR to Piston-press Reduction Ratio 

To obtain the calibrated regression model, it was first necessary to determine the reduction 

ratios from the piston-press tests at the same net specific energy as from the pilot HPGR tests. Eq. 

2.10 was used to model the reduction ratios achieved in the piston-press tests, as exemplified in 

Figure 5-3A. The predicted piston-press RR50’s at the same ESP’s as the HPGR tests were plotted 

against the pilot HPGR RR50’s in order to obtain the reduction ratio calibrated equation (Figure 

5-3B). 

 
Figure 5-3: A) Determining the piston RR50 at same ESP as the HPGR tests; B) Calibrating the predicted piston-

press RR50’s against the pilot HPGR RR50’s 

 

 Table 5-3 summarizes the slopes and intercepts from the reduction ratio calibrated 

equations: 
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Table 5-4: Slopes and intercepts for the reduction ratio calibrated equations  

Setting Slope Intercept R2 

1 2.65 - 4.57 1.00 

2 2.95 - 6.81 0.97 

3 3.70 - 8.93 0.90 
 

The predicted scaled-up reduction ratios of the piston-press tests were compared to the 

reduction ratios achieved in the pilot HPGR tests, as shown by Figure 5-4 below: 

 
Figure 5-4: Comparison of the predicted RR50’s against the pilot HPGR RR50’s 

 

It was found that except for one data point where the target moisture content was high at 

9%, the predicted reduction ratios were within the ±10% envelope. 
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 Assessing the Moisture Effect on the Energy and Size Reduction Predictions 

Table 5-5 and Figure 5-5 compare the relative percentage errors associated with the net 

specific energy consumption and size reduction (RR50) predictions. In both cases, the comparisons 

revealed that applying the direct calibration methodology at high moisture levels can be 

detrimental to the overall accuracy of the predictions. For the ESP prediction, lower moisture levels 

(< 3%) were more consistent and accurate. As for the RR50 predictions, the lowest relative errors 

were noted at Setting 2 (target moisture of 6%). Despite the targeted specific pressing force, the 

least accurate size reduction predictions were observed at Setting 3. 

The pilot test results from the open circuit tests (refer to Section 4.1.4) showed that 

moisture impacted not only the specific throughput constant but also the specific pressing force 

and reduction ratio, especially at levels higher than 6%. Considering that Davaanyam’s 

methodologies assume that the piston-press test results can be calibrated against the pilot test 

results due to its similar breakage behaviour, it is expected that variables such as moisture should 

have the same effect on the operating parameters despite the test conditions. However, as observed 

from the piston-press test results (refer to Appendix B), even at 9%, the moisture content did not 

impact the energy consumption and size reduction as much as it did in the pilot-scale tests. 

Consequently, since the energy and size reduction calibrations between the piston-press and pilot-

scale HPGR results were based on linear relationships, applying the methodology to scenarios with 

high moisture resulted in less accurate predictions. 

It is important to note that the calibrated models are still applicable in scenarios with higher 

moisture content, but as described by Davaanyam (2015), the effects such as higher energy 

consumptions at higher moisture levels must be taken into account during the scale-up process.
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Table 5-5: Comparison of the relative errors associated with the ESP and RR50 predictions 

 

Figure 5-5: A) Comparison of the relative errors associated with the RR50 predictions; B) Comparison of the relative errors associated with the ESP 
predictions
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 Comparing the Normalized Product PSDs 

The assessment of the HPGR performance for the quaternary stage open circuit crushing 

confirmed some of the requirements for applying the direct calibration methodology and database 

calibrated methodology, such as the linear relationship between the specific pressing force (FSP) 

and the net specific energy consumption (ESP). However, another critical requirement is the self-

similar characteristic between the HPGR and piston-press products. To demonstrate this step, 

Setting 1 (target 3% moisture) was selected since it presented the highest accuracy of all three 

settings during the energy and size reduction predictions. 

Figure 5-6 shows the normalized PSDs and fitted curves of products from the pilot-scale 

HPGR and piston-press tests for Setting 1. 

 
Figure 5-6: Analysis of normalized PSDs of products from piston-press and HPGR tests 

 

The normalized PSDs and the fitted curves matched well for size fractions below 1mm, 

whereas discrepancies were observed in the higher percentage passing sizes (coarser particles). 
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As exemplified in Figure 5-7, some of Davaanyam’s analysis also presented discrepancies 

in the coarse and fine passing sizes. He reported that the minor differences in the fines might occur 

since the piston-press product is wet-screened while the HPGR product is dry-screened. 

Concerning the variances in the coarse fractions, his justification was that the HPGR assures that 

particles larger than the operating gap will not report to the product, whereas the same cannot be 

assumed from the piston-press tests. 

 
 Figure 5-7: Comparison of fitted curves of a Cu-Mo ore  

(Source: Davaanyam, 2015) 
 

The discrepancies in the iron ore fitted curves can be related to the following hypothesis: 

i. Specific characteristics of the ore: Some hematites from Brazilian iron ore deposits (e.g., 

Serra Azul) are known to be friable and therefore susceptible to generating high amounts 

of fines during crushing and grinding stages.  The samples used in the piston-press tests 

went through extra stages of crushing and screening in order to achieve the top size 

requirements, which in turn might have increased the proportion of fines in the sample 
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compared to the HPGR’s sample. This hypothesis was verified based on the percentage of 

material below 1mm in the feed samples used in the HPGR and piston-press tests. The feed 

samples used in the HPGR tests had approximately 32 % of material below 1mm compared 

to 35 % in the piston-press tests. 

 

ii. Correlation between the HPGR feed top size and achieved roller gap: The top size of 

an HPGR product is dictated by the actual gap between the rolls during the test, meaning 

that if the actual roller gap is larger than the feed top size, coarse particles as big as the feed 

top size can still be present in the product. The results from the open circuit tests (feed top 

size of -19 mm) show that the actual roller gap during the tests ranged from 24.33 mm to 

19.28 mm. Graphically speaking, this scenario results in a product PSD curve that is less 

steep than a typical product PSD curve of a piston-press test, as exemplified in Figure 5-8. 

 
Figure 5-8: Comparison between HPGR and piston-press product PSDs 

 

Similar size distribution 
in the fines (-1 mm) and 
different distribution in 
the coarser end of the 
PSD’s 
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 Applying the Calibrated Models on Geometallurgical Units 

The last step focused on demonstrating how the direct calibrated regression models 

obtained through steps 3 and 4 can be applied to geometallurgical samples. The first objective was 

to use the calibrated regression models for assessing the HPGR performance varies across the ore 

deposit in terms of energy consumption. The second objective was to investigate if there are 

limitations regarding the application of the calibrated models to composite samples for predicting 

the HPGR’s product size distribution. 

A total of four geometallurgical drill hole core samples from Serra Azul’s deposit were 

available for performing the piston-press tests. Table 5-6 presents the chemical composition of 

each sample in terms of iron (Fe) and silica (SiO2). Figure 5-9 illustrate the feed PSD of each 

sample. Although all of them were classified as compact itabirites, their chemical analysis and 

feed PSD indicated a high degree of variability within the deposit. 

Table 5-6: Geometallurgical units from Serra Azul deposit 

Geo Unit: Geological 
Classification: 

Chemical Analysis: Feed Characteristics: 

Fe [%] SiO2 [%] F50 [mm] % Passing 
1mm 

1 

Compact 
Itabirite 

27.08 60.64 7.41 6.51 

2 32.58 52.49 7.27 8.44 

3 34.21 51.08 5.98 15.81 

4 51.41 25.48 4.63 31.86 
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Figure 5-9: Feed PSD of each geometallurgical unit 

 

Given that all geometallurgical samples were classified as compact itabirites, the best-case 

scenario for conducting the validation analysis was to make use of the results from the open circuit 

HPGR tests (SA012-013) conducted on the compact itabirites. However, the pilot test conducted 

on the compact itabirite had a target pressing force of 4 N/mm2, and to match the FSP from those 

tests, a piston pressure of approximately 2,000 kN was required. As shown in Figure 5-1, at its 

maximum pressing force of 1399 kN, the UBC’s MTS compression machine was only able to 

match the net specific energy of HPGR tests conducted at pressing forces below 3.0 N/mm2. 

Considering this, two approaches were proposed for validating and demonstrating the 

methodology’s applicability: 

I. The first approach selected the calibrated regression models from Setting 1 and made use 

of the MTS machine to conduct a single piston-press test for each of the geometallurgical 

units at the equivalent piston pressure of the open circuit HPGR tests that were performed 

at a pressing force of 2.6 N/mm2. In this case, the results from the piston-press test were 
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validated against the results from the pilot tests conducted on blended samples with a 1:1 

ratio of compact and semi-compact itabirite at target moisture content of 6% and 9%. 

 

II. The second approach involved making use of the calibrated regression models from Setting 

1 (3% moisture) and conducting one piston-press test for each of the geometallurgical units 

at the equivalent piston pressure from the open circuit HPGR tests that were conducted on 

the compact itabirites at 4 N/mm2 and 3% moisture. This approach was also used as an 

opportunity to assess if the piston press tests can be performed by different compression 

machines and at independent laboratories. The tests were conducted on a compression 

machine manufactured by Controls Group. 

The test work conditions of both approaches and the individual test results for the specific 

energy consumption and reduction ratio (RR50) are presented in Table 5-7. Duplicate tests were 

performed at 4 N/mm2 to ensure the results from the Controls Group compression machine were 

reliable. 

As illustrated in Figure 5-10 and Figure 5-11, in most cases the MTS and Controls Group 

compression machines produced similar specific energy consumption and reduction ratios. It is 

important to note that minor deviations between the test results were expected since the errors can 

be explained by variations in sampling and the precision of the machine readings. In addition, even 

at the same test conditions, the particles may break differently from one test to another due to 

different particle arrangement in the piston die. Considering these factors, the compression 

machine from Controls Group generated results that are similar to those obtained from tests with 

the MTS equipment. 
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For the first approach, the test results obtained from the MTS machine showed that the 

specific energy consumption at 2.6 N/mm2 ranged from 1.25 kWh/t (Geo unit 4) to 2.01 kWh/t 

(Geo unit 2), which means the energy consumption can vary by up to 60.8% between 

geometallurgical units. For comparison, at 4 N/mm2, the energy consumption ranged from 2.2 

kWh/t (Geo unit 4) to 3.25 kWh/t (Geo unit 1), which represents a variation of up to 47.7%. 
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Table 5-7: Summary of piston-press tests results on 4 geometallurgical units 

Target FSP Equivalent Ppiston  Compression 
Machine Geo Unit  

Specific 
Energy 

Reduction 
Ratio 

[N/mm2] [MPa] [kN] [kWh/t] F50/P50 

2.6 247.0 1436.0 

MTS 
1 

1.94 3.85 

Controls 
Group 1.85 3.90 

MTS 
2 

2.01 4.53 

Controls 
Group 1.84 4.42 

MTS 
3 

1.65 4.36 

Controls 
Group 1.88 4.03 

MTS 
4 

1.25 3.23 

Controls 
Group 1.14 3.99 

4 348 2022 Controls 
Group 

1 3.25 4.83 

1 Duplicate 3.18 5.00 

2 3.17 4.80 

2 Duplicate 3.18 4.79 

3 2.63 4.58 

3 Duplicate 2.59 5.01 

4 2.20 4.67 

4 Duplicate 2.18 4.52 
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Figure 5-12 and Figure 5-13 present the predicted ESP of the piston-press tests performed 

for each geometallurgical unit and compare the results against the ESP from pilot HPGR tests 

conducted at equivalent pressing forces. In both approaches, geometallurgical units 1, 2 and 3 were 

identified as having high circuit specific energy requirements compared to the results from the 

pilot test. Although Geo unit 4 resulted in similar ESP’s compared to the ESP’s from the pilot tests, 

the values were also slightly higher. It is important to note that since all composite samples were 

classified as compact itabirites, which as discussed in Section 4.1, are generally harder than the 

semi-compact itabirite that composed the feed material of the pilot HPGR tests in a 1:1 ratio, it 

was expected that the piston-press tests on Geo units 1-4 would also result in higher ESP’s.  

 In addition, Figure 5-12 and Figure 5-13 also compares the amount of fines that were 

present in the feed for the pilot tests and for the piston-press tests using the geometallurgical 

samples. The graphics shows that Geo unit 4 has similar amount of material below 1 mm compared 

to both pilot tests conducted on the blended samples and individual samples of compact itabirite. 

This analysis is critical for understanding the reason why the ESP reported from the 

geometallurgical units varied by up to 60.8% if they are all classified as compact itabirite. In sum, 

the PSD analysis revealed that there is a high degree of variability within Serra Azul’s composites, 

which in turn affects the HPGR performance. 

The ability to assess how the specific energy consumption varies across geometallurgical 

units is important to the mine planning as it can significantly impact process operations. This 

exercise supports one of the applicability’s of the Direct Calibration methodology, which based on 

a quick assessment through piston-press tests can provide information on how the energy 

consumption of the HPGR may vary when crushing different composites of a given ore deposit. 



117 
 

 

Figure 5-10: Resulted ESP from the MTS and Controls Group compression machines 

 

 

Figure 5-11: Resulted RR50 from the MTS and Controls Group compression machines 



118 
 

 
Figure 5-12: Prediction of ESP for each geometallurgical unit at 2.6 N/mm

2
 

 

 
Figure 5-13:Prediction of ESP for each geometallurgical unit at 4.0 N/mm

2
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The last objective was to evaluate if there are limitations associated with applying the 

models to composite samples for predicting the HPGR’s product size distribution. The slope and 

intercept of the reduction ratio calibrated equation from Setting 1 (refer to Table 5-4) were used 

for calculating the scaled HPGR reduction ratio (RR50) from the piston-press tests that targeted a 

specific pressing force of 4N/mm2. Table 5-8 summarizes the scaled-up RR50’s from the piston-

press tests. 

Table 5-8: Summary of the scale-up results of the piston-press tests 

Target 
FSP 

Equivalent 
Ppiston  Compression 

Machine 
Geo 
Unit  

Reduction 
Ratio 

Scaled-up 
Reduction Ratio 

[N/mm2] [kN] RR50 RR50 

4 2022 Controls 
Group 

1 3.25 8.23 

2 3.17 8.15 

3 2.63 7.56 

4 2.20 7.80 
 

The scaled-up reduction ratio from all tests were slightly lower than the RR50 of 9.02 

observed in the pilot test that used the compact itabirite sample (SA013). It is important to note 

that even though all composites resulted in similar size reduction, the previous analysis showed 

that they were highly variable in terms of feed characteristics. In addition, the methodology can 

only be applied to predict the product size distribution of HPGRs if the product from the piston-

press test and HPGR are self-similar. Considering this, the reduction ratio could not be used as a 

parameter for assessing the machine performance in terms of product size, but it was useful to 

back-calculate the scaled P50 of the HPGR given that the F80 from the pilot test was known. The 
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piston-press normalized curves combined with the scaled P50 of each composite were used to 

predict the HPGR product PSDs. The predicted PSDs are presented in Figure 5-14. 

 
Figure 5-14: Predicted HPGR product PSDs 

 

It was found that the data from Geo units 1-3 did not result in accurate predictions of the 

HPGR product PSD, which means that the normalized product PSDs from the piston-press tests 

did not match the normalized product PSD from the pilot HPGR test. In contrast, the predicted 

product PSD from Geo unit 4 showed reasonable similarities to the HPGR’s product PSD, as 

summarized in Table 5-9. The predicted PSD from Geo Unit 4 matched well for size fractions 

below 1mm, whereas discrepancies were observed in the coarser end of the size distribution. 

The results obtained from this analysis indicate that the Direct Calibration methodology 

may not be suitable for predicting the product PSD of HPGRs through geometallurgical units that 

have feed size characteristics considerably different than the samples used to calibrate the energy 

and size reduction regression models. 
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Table 5-9: Geo Unit 4 predicted product PSD 

Cumulative % Passing 
Predicted PSD  
(Geo Unit 4) 

Pilot HPGR 
Product PSD 

(SA013) 

Size [mm] Size [mm] 

P90 5.56 8.45 

P80 3.96 5.37 

P70 2.68 3.45 

P60 1.57 1.77 

P50 0.70 0.64 

P40 0.23 0.20 

P30 0.05 0.08 

1 mm 53.96 53.71 

 

5.2 Summary 

The Direct Calibration methodology was successfully applied to Serra Azul’s iron ore. The 

methodology was applied for three different settings that had moisture as the main variable. The 

slopes and intercepts for the regression models of each setting were summarized in Table 5-3 and 

Table 5-4. For all scenarios, the predicted net specific energy consumption and size reduction lies 

within a  ±10% envelope, which is the expected accuracy of the methodology. 

The effect of moisture on the accuracy of the energy consumption and size reduction 

predictions was also evaluated. The results showed that applying the direct calibration 

methodology at high moisture levels can be detrimental to the overall accuracy of the predictions. 
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Despite the targeted specific pressing force, the least accurate size reduction predictions were 

observed in scenarios with 9% moisture. 

Regarding the normalization of the piston-press and pilot HPGR product PSDs, it was 

found that the curves did not match well in the coarser end of the size distribution. The accuracy 

of the Direct-Calibration methodology can be greatly impacted by errors associated with sampling 

since the samples used for conducting the piston-press need further crushing and screening to 

reduce the top size to 12.5 mm. For friable ores such as Serra Azul’s iron ore, extra stages of 

crushing will generate high amounts of fines, which can affect the normalized piston-press product 

PSD. 

Results obtained from the regression models’ application on four different 

geometallurgical units from Serra Azul’s deposit showed that the HPGR energy consumption 

varied by up to 60.8% between composites, which indicates a high degree of variability within the 

deposit. It was also found that the Direct Calibration methodology is not adequate for predicting 

the product PSD of HPGRs through geometallurgical samples that have different feed size 

characteristics than the samples used to calibrate the energy and size reduction regression models. 
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Chapter 6  

6 Database-Calibrated Methodology: Applications to 

Iron Ore 

The database calibrated models proposed by Davaanyam (2015) did not include pilot 

HPGR or piston-press test work on iron ore, and at the time of writing, comparisons or validations 

were not yet investigated. This chapter focused on analyzing the applicability of the energy and 

size reduction Database-Calibrated models for iron ore applications through Serra Azul’s case 

study. 

6.1 Preliminary Observations 

As shown in Table 6-1, some of the HPGR test variables used by Davaanyam (2015) in the 

development of the Database-Calibrated models were considerably different from the ones from 

Serra Azul’s open circuit case study (*). Although the pressing force and net specific energy were 

in similar ranges, the feed samples from the Serra Azul database were significantly finer. 

Moreover, Serra Azul’s database covered tests with moisture levels up to 9%, while the maximum 

moisture level in Davaanyam’s database was 3.3%. 

The second observation was regarding the product size distribution from both databases 

and their respective normalized PSD curves. Since the database methodology assumes that the 

normalized product size distribution from the HPGR and piston-press tests match, before making 

use of the size reduction regression model (Equation 2.13), it is critical to make sure the feed 

particle size characteristics from a given ore are similar to the ones used to obtain the regression 
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model. Wang et al. (2019) compared the normalized PSDs of the products from Serra Azul 

database to a master normalized curve which was generated after fitting Lim’s model (Equation 

2.5) to the entire product PSD database from UBC’s tests (Figure 6-1) and noted the evident 

difference between both. The normalized iron ore curve showed a broader size distribution in the 

coarse fraction and higher content of fines in comparison with the entire database, which includes 

the results from more than 200 pilot tests. 

Table 6-1: Summary of HPGR test variables applied in the Database-Calibrated models 

Variables: Unit: Mean: Std. Dev. Min:  Max: 

FSP [N/mm2] 3.47 3.52* 1.02 0.86* 1.47 2.26* 5.00 4.64* 

ESP [kWh/t] 1.82 1.63* 0.48 0.37* 0.73 1.0* 2.61 2.17* 

Moisture [%] 2.38 5.49* 0.55 2.10* 1.48 2.64* 3.30 8.87* 

ρbulk [g/cc] 1.84 2.19* 0.22 0.14* 1.55 2.04* 2.20 2.51* 

F80 [mm] 21.95 11.72* 2.93 0.31* 16.68 11.21* 27.44 12.25* 

F50 [mm] 13.87 4.56* 3.81 0.12* 5.20 4.40* 20.21 4.73* 
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Figure 6-1: Normalized product PSD’s from Serra Azul’s database and UBC ‘s database  

(Source: Wang et al., 2019) 
 

6.2 Multi-linear Regression Models Applicability to Iron Ore 

The analysis was divided into two, the first one concerning the accuracy of the specific 

energy consumption prediction and the second one regarding the size reduction prediction and 

product PSD scale-up. 

 Predicting the Net Specific Energy Consumption 

To evaluate the ESP prediction accuracy, piston-press tests were conducted at the same test 

conditions as the open circuit pilot HPGR tests that targeted 2.5 N/mm2 FSP (refer to tests SA004-

006 in Table 3-3). 

Equation 2.12 was used to calculate the equivalent Ppiston that should result in the same net 

specific energy consumption as the HPGR tests: 
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!!"#$%& = 5.53 + 53.3''( + 24.3* − 86.2.)*+, + 13.10-./012
− 44.4 '-.3(45 '-.("#$%&1 + 2.98!677("#$%& 

(2.12 revisited) 

  

Table 6-2 presents the feed parameters and test results at the calculated Ppiston. 

Table 6-2: Piston-press tests input variables and test results 

FSP Measured 
ESP 

Target 
w 

F50 
HPGR 

F50 
Piston P899:;<=>? Measured 

Ppiston 
Predicted 

ESP Error 

[N/mm2] [kWh/t] [%] [mm] [mm] [%] [MPa] [kWh/t] [%] 

2.26 1.08 3 4.72 2.89 38.38 727 0.57 47.22 

2.6 1.20 6 4.58 2.95 37.80 1197 1.05 12.32 

2.6 1.20 9 4.48 3.32 36.63 1384 1.23 2.45 
 

Despite the previously mentioned particularities in the iron feed characteristics, except for 

the test conducted at 3% moisture, the energy predictions were satisfactory and within the ±25% 

accuracy. At 6% and 9% moisture, the piston-press predicted energies were 12.32% lower and 

2.45% higher than the HPGR test results, respectively. Since moisture content was the main 

difference in all tests, it is evident that its value greatly influenced the calculated Ppiston and, 

consequently, the predicted ESP. 

Davaanyam’s regression model for predicting the equivalent Ppiston and assessing the 

required net specific energy consumption for a given FSP through piston-press tests proved to be 

suitable for Serra Azul’s iron ore when intermediate to high (6-9%) moisture levels were 

considered in the test conditions. 
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 Predicting the Size Reduction and Product PSD 

Equation 2.13 was applied to predict the reduction ratio achieved in the HPGR based on 

the piston-press test results. Next, the normalized product PSD curves from the piston tests were 

used to predict the HPGR product PSD. 

 

 443(45 = 1.86 + 1.4144!"#$%& + 2.31 '-.3(45 '-.("#$%&1
− 0.41'-.3(45 − 1.02* 

(2.13 revisited) 

 

Table 6-3 summarizes the predicted reduction ratio and the measured RR50 from the pilot tests and 

Figure 6-2 compares the predicted and measured HPGR product PSDs of the pilot tests conducted 

at 3% and 6% moisture. 

Table 6-3: Comparison between measured and predicted RRHPGR 

FSP Target 
w 

Measured 
HPGR P50 

Measured 
RR50 

Predicted 
HPGR P50 

Predicted 
Reduction 

Ratio 
Error 

[N/mm2] [%] [mm] [mm] [mm] [mm] [%] 

2.26 3 1.01 4.69 1.07 4.40 6.18 

2.6 6 0.89 5.14 1.98 2.32 54.86 

2.6 9 1.04 4.30 -3.09 -1.45 N/A 
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Figure 6-2: Comparison between the measured and predicted HPGR product PSDs 

 

The only comparison that showed positive results was the one at 3% moisture, where the 

predicted reduction ratio was similar to the one achieved in the pilot test.  

The comparisons against the pilot tests conducted at 6% and 9% moisture were not within 

the ±25% envelope. For these scenarios, it was not possible to predict the HPGR product PSD 

since the empirical model for estimating the HPGR reduction ratio resulted in negative values. 

6.3 Summary 

Comparisons between UBC’s HPGR pilot testing database and Serra Azul’s database 

revealed that although the pressing force and net specific energy were in similar ranges, the feed 

samples from Serra Azul’s database were significantly finer. In addition, Serra Azul’s database 

included tests with moisture levels up to 9%, while the maximum moisture level in Davaanyam’s 

database was 3.3%. 
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Results obtained from the analysis showed that Davaanyam’s regression model for 

predicting the equivalent Ppiston and assessing the required net specific energy consumption for a 

given FSP through piston-press tests proved to be suitable for Serra Azul’s iron ore when 

intermediate to high (6-9%) moisture levels were considered in the test conditions. Except for the 

test conducted at 3% moisture, the ESP predictions were within the proposed ±25% envelope. 

Overall, the analysis showed that the multi-linear regression models proposed by 

Davaanyam (2015) resulted in reasonable predictions regarding the net specific energy and poor 

predictions in terms of the HPGR product PSD. It was also found that the normalized product PSD 

of Serra Azul’s iron ore was considerably different from UBC’s database used for calibrating the 

models. The current database-calibrated regression models were not adequate because the variable 

levels such as high moisture levels and high pressing forces extend beyond the ones used by 

Davaanyam (2015) for developing the current database-calibrated models.  The results indicate 

that the database needs to be extended to cover wider ranges of feed sizes, moisture level and ore 

types. 
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Chapter 7  

7 Conclusions and Recommendations 

7.1 Main Research Findings 

This thesis focused on the study of fine crushing of iron ores with the HPGR and the ability 

to predict its performance in terms of energy consumption and size reduction through piston-press 

tests. The primary objectives were to evaluate the HPGR performance for comminuting iron ore 

in a two-stage HPGR circuit, and to extend and validate the applicability of Davaanyam’s Direct 

Calibration and Database-Calibrated methodologies for predicting the energy consumption and 

size reduction of HPGRs with low sample requirements. To achieve these objectives, literature 

was reviewed to identify the key operating variables of the HPGR and investigate how the specific 

pressing force and moisture affect the machine performance. It was also important to fully 

understand Davaanyam's (2015) methodologies to evaluate its application to iron ore. The 

assessment of the HPGR performance and modelling evaluation for quaternary and quinary 

applications was supported by a combination of laboratory-scale testing, pilot-scale testing and 

modelling work. The conclusions of this research can be summarized as follows: 

• Results obtained from the open circuit pilot test work showed that the HPGR performed 

exceptionally well as a quaternary crusher for Serra Azul’s iron ore case study. For this 

application, the HPGR achieved an average specific throughput constant of 340 ts/hm3. 

• The pilot test work showed that the net specific energy consumption and size reduction 

increased linearly with the specific pressing force. An increase of up to 10% in the amount 
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of particles below the target cut size of 1 mm was observed between the pilot tests that 

targeted FSP’s of 2.5 N/mm2 and 4.5 N/mm2. 

•  The work has also evaluated the effect of moisture on the HPGR performance, and the 

results revealed that it did not significantly impact the HPGR energy consumption. In 

contrast, results indicated that operating the HPGR at high moisture can lead to 

significantly lower throughput and smaller operating gap. For Serra Azul’s case study, at 

6% moisture and 4.5 N/mm2, the HPGR achieved an m-dot of 344 ts/hm3 compared to 288 

ts/hm3 at the same pressing force and 9% moisture. 

• For the quinary closed circuit application, the pilot test results followed the linear 

relationship between the specific pressing force and net specific energy consumption 

observed in the quaternary open circuit tests. It was found that increasing the FSP from 4.0 

N/mm2 to 5.0 N/mm2 increased the ESP by 51%, which indicates that running the HPGR at 

5 N/mm2 and high moisture is detrimental to the HPGR performance. 

• The analysis of the two-stage HPGR circuit performance indicated that the HPGR is 

suitable for both the open circuit quaternary and closed circuit quinary applications. At 

target pressing force of 4 N/mm2 in both stages, the circuit achieved a product P80 of 0.38 

mm and nearly doubled the amount of material below the target grind size of 1 mm, which 

increased from approximately 30% to 60%. 

• The work has proven that the Direct Calibration methodology can be applied to iron ore. 

The methodology was validated for three scenarios through Serra Azul’s case study. For 

all scenarios, the predicted net specific energy consumption and size reduction lies within 

a ±10% envelope, which is the expected accuracy of the methodology. The proposed 
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models can be applied to further evaluate the machine performance at different test 

conditions. 

• The work has demonstrated that the Direct Calibration methodology may not be adequate 

for predicting the product PSD of HPGRs through geometallurgical samples that have 

different feed size characteristics than the samples used to calibrate the energy and size 

reduction regression models. 

• The work has demonstrated that the multi-linear regression models proposed by 

Davaanyam (2015) are not applicable to Serra Azul’s iron ore. Comparisons against the 

UBC’s HPGR pilot testing database revealed that the normalized product PSD from the 

iron ore database is different than other ore types used to develop the Database-Calibrated 

regression models. The results indicate that the database needs to be extended to cover 

wider ranges of feed sizes, moisture level and ore types. 

7.2 Future Research Opportunities 

Some future opportunities are proposed as follows: 

• Comparison between the two-stage HPGR circuit performance against conventional AG-

SAG mill circuits. Although this research showed promising results for Serra Azul’s circuit, 

it would be of great value to conduct trade-offs against other circuit options to compare 

their performance in terms of energy consumption and size reduction. 

• Further pilot testing is recommended to evaluate if truncating the feed to the open circuit 

quaternary stage would benefit the circuit’s energy consumption and size reduction. It was 

noted that the feed to the quaternary stage has nearly 30% of material below the target cut 

size of 1mm. 



133 
 

• Developing ore-specific Database-Calibrated models would result in more accurate energy-

size predictions. The UBC’s HPGR pilot testing database now has more than 220 pilot tests 

conducted over several ore types. The Database-Calibrated models could be constantly 

updated to optimize its models, and ore-specific models could be developed for ores that 

have sufficient data available. 

• Investigating if using a larger diameter for the piston-die apparatus can reduce the errors 

associated with the difference in the normalized product PSD’s of piston and HPGRs. 
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Appendices 

Appendix A: HPGR Test Work Data 
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Table A.7-1: Summary of Open Circuit pilot-scale HPGR tests at different moisture levels 
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Figure A. 7-1: Feed and product PSDs of test No. SA001 
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Figure A. 7-2: Feed and product PSDs of test No. SA002 
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Figure A. 7-3: Feed and product PSDs of test No. SA003 
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Figure A. 7-4: Feed and product PSDs of test No. SA004 
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Figure A. 7-5: Feed and product PSDs of test No. SA005 
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Figure A. 7-6: Feed and product PSDs of test No. SA006 
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Figure A. 7-7: Feed and product PSDs of test No. SA007 
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Figure A. 7-8: Feed and product PSDs of test No. SA008 
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Figure A. 7-9: Feed and product PSDs of test No. SA009



152 
 

Table A. 7-2: Summary of duplicate open circuit pilot-scale HPGR tests 
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Figure A. 7-10: Feed and product PSDs of test No. SA010 
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Figure A. 7-11: Feed and product PSDs of test No. SA011 



 155 

 
 

 
Figure A. 7-12: Feed and product PSDs of test No. SA012 

 



 156 

 
 

 
Figure A. 7-13: Feed and product PSDs of test No. SA013 

 



157 
 

Table A.7-3: Summary of the closed circuit pilot-scale HPGR tests 
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Figure A. 7-14: Feed and product PSDs of test No. SA014 



 159 

 
 

 

Figure A. 7-15: Feed and product PSDs of test No. SA015 
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Figure A. 7-16: Feed and product PSDs of test No. SA016 
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Figure A. 7-17: Feed and product PSDs of test No. SA017 
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Figure A. 7-18: Feed and product PSDs of test No. SA018 
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Figure A. 7-19: Feed and product PSDs of test No. SA019 
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Figure A. 7-20: Feed and product PSDs of test No. SA020 
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Figure A.7-21: Feed and product PSDs of test No. SA021 
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Appendix B: MTS Piston-press Test Work Results
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Table 7-4: Summary of piston-press tests results (1:1 ratio) 

 
Figure 7-22:  Graphical analysis of piston-press tests results (1:1 ratio)  


