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ABSTRACT

The development of realistic comminution models is dependent on the accuracy with
which ore breakage can be predicted. This hinges on our understanding of the basic
concepts of breakage and the different modes in which it manifests in the
comminution environment. Three distinctly different modes of breakage were

identified and investigated as the elementary processes that govern comminution.

Impact breakage was investigated as the first mode of breakage. Drop weight tests
were performed to determine the influence of different energy intensities on the
product particle size distribution. The drop weight tests were carried out on UG2
platinum and Target gold ore. The particles were broken over a range of six size
classes ranging from 13 to 106mm. It was observed that the product size distribution
becomes finer with increasing energies and that the sub 400um fraction may contain

valuable information for some ore types.

The second mode that was investigated was abrasion. Abrasion experiments were
performed in a 1.68x0.597m pilot mill and a 0.57x0.485m torque mill. This was done
in order to see how the breakage changes when the size and aspect ratio of the mill
changes. It was observed that fewer impact breakage events occur in a mill with a
smaller diameter. For angular rocks it was observed that after the initial chipping
phase, abrasion takes over as the primary mode of breakage and the rate of mass lost
out of the mill becomes lower. With angular rocks the rate of discharge of fines
increases rapidly when the test is started. Then it slows down and becomes constant.
The rate of fines production is fast when the corners and edges of the rocks are
chipped off. When the rocks in the mill take on a more rounded shape, the production

of fines slows down and abrasion becomes the primary mode of breakage.

Bed breakage in a laboratory scale High Pressure Grinding Roll (HPGR) was
investigated. UG2 ore was used to conduct a comparative study on the Autogenous
mill and the HPGR. A Mineral Liberation Analyser (MLA) was used to determine
the liberation of the product samples. The AG mill gave better liberation of the sub
38um size class than the HPGR. The MLA results showed that for the sub 38um AG

il



mill sample a bigger volume percent and more particles per hundred were properly
liberated in comparison with the sub 38um HPGR sample. However the deportment
(and recoverability) of the valuable minerals within the sub 38um fractions of both

samples is unknown.

The effects of various operating conditions were investigated on the HPGR with
another platinum ore, a Merensky reef sample. It was found that the energy
consumption of the HPGR increases with specific press force, but the reduction ratio
does not increase beyond a certain specific press force. This threshold was found to
be 4N/mm’ for the Merensky ore. When the specific press force is increased, the
energy consumption increases accordingly. But once a certain threshold is reached,
the reduction ratio no longer increases with increasing specific press force. Therefore

optimum operating conditions must be found in order to avoid energy inefficiencies.

The liberation of an HPGR sample broken under High Pressure and Low Pressure was
also determined by MLA. It was observed from the MLA data that the HPGR
operated at a higher pressure gave better liberation in the sub 38um size class than
that operated at a lower pressure. The deportment (and recoverability) of the valuable
minerals in the sub 38um fractions of both samples is unknown. However the HPGR
operated at a lower pressure gave better liberation in the -75+38um size class
compared to that operated at a higher pressure. The lower pressure gave better
liberation in the -75+38um fraction and therefore operating at the lowest pressure that

will still produce the required grind is beneficial.

The different modes of breakage were compared and it was found that with bed
breakage from the HPGR there will not be a build up of a critical size that is difficult
to break. Critical size build up is commonly associated with run of mine mills
(AG/SAG) and negatively impacts throughput. The product particle size distributions
of UG2 ore and Target Gold ore were compared for the various modes of breakage. It
was found that UG2 ore is much more fragile and that it produces a distinct bimodal
product size distribution, whereas Target Gold ore produces a normal Rosin-Rammler

distribution.
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1. INTRODUCTION

The complexity of the comminution process has been fascinating and frustrating
modellers of AG/SAG mills and other comminution equipment for several decades.
Much progress has been made and better equipment and models are constantly being
developed. The high incentive that is placed on energy efficiency encourages this.
However, the comminution process is still governed by a large number of factors that
influence the liberation of the valuable components in the ore. A better understanding
of these basic factors will provide more certainty about the design of equipment in

order to achieve the best liberation and energy efficiency.

Much of the modelling and simulation of comminution processes is largely dependant
on the researcher’s understanding of ore breakage. Information about ore breakage
properties obtained from well structured experiments performed using sound

experimental techniques is therefore essential.

1.1 THE FRACTURE THEORY

The breakage of ore, like that of any other material, depends on how it responds to the
applied load. When the applied load is lower than the yield stress of the rock, it
undergoes elastic deformation proportional to the load. In this region, no permanent
deformation will take place. This means that repeated impacts at that load will have

no effect on the particle.

If the applied load to the particle is increased further it enters the ductile zone. The
particle would still posses the ability to resist the load, but micro fractures like crack
initiation and propagation will take place. Therefore cumulative damage results, but
the effect of repeated impacts would not be seen until the threshold is reached, where
it will take just one last impact to cause fracture (Tavares and King, 1998). When
more strain energy is applied, the brittle zone is reached and sudden failure of the
material is encountered. This is when the available energy is sufficient to cause

unstable crack propagation and only one impact is required to fracture the rock. The



energy intensity (or strain rate) at which a particle will be broken must be carefully
selected because it has an influence on the progeny particle size distribution (Tavares

and King, 1998).

The strength of a particle also depends on its orientation and it may take several
impacts before a favourable orientation (comparative to pre-existing flaws or
weaknesses) is found (Tavares and King, 2002). Tavares and King also observed that
the other factors that influence a particle’s response to repeated impacting are the
strength of the particles, the intensity of the impacts and the amenability of the

particle’s microstructure to withstand the applied stresses.

All naturally occurring rocks contain zones of weakness like cracks and flaws. In
these zones, the inter-atomic distances are greater and irregular and therefore make it
weaker than a perfect lattice structure. These cracks and flaws may have been caused
by explosives, shear and fault zones, bedding planes, grain and crystal boundaries and
atomic lattice discontinuities. When these are concentrated at any particular size

range it is called a natural grain size (Bond, 1962).

The distribution of cracks varies from particle to particle and this makes it difficult to
determine the energy needed to break a rock sample. The geometry of the particle
also has an influence on the probability of breakage. Rounded particles have a greater
probability of fracture because they tend to absorb more of the impact energy in
comparison to angular specimens. A similar observation was made from cumulative
impact tests performed by Bbosa et al. (2006) using the Split Hopkinson Pressure Bar
(SHPB). A detailed discussion of micro-fracture mechanisms (crack initiation and
propagation) and macro measures of response (ultimate strength and the means to
describe its response to loading) is presented by Napier-Munn et al, (1999). A
discussion of the basics of the fracture theory and a procedure of determining the

fracture probability was described by Bwalya ef al., (2001).

In 1980, Kiss and Schonert made their own two phase composite material from quartz
particles and cement. After allowing this material to undergo single particle
compression and impact crushing, they found that the method of breakage had no

effect on the liberation at all (Kiss and Schonert, 1980). Only the degree of breakage



was found to influence the degree of liberation. This may not be true for a real ore as
it is in contradiction with some recent statements in literature about the significant
advantages that packed bed breakage has on liberation (Knecht and Patzelt, 2004).
Packed bed breakage may also offer improved energy efficiency in downstream
process units (Tavares, 2005). These are key issues that will be investigated in this

study.

1.2 RESEARCH FOCUS AND OBJECTIVES

1.2.1 RESEARCH FOCUS

The focus of this project is on two traditionally separate fields: Comminution and
Process Mineralogy. The primary focus will be on comminution, but liberation

studies will be performed on some of the samples from the comminution test work.

Comminution: In section 2.1 the main methods of breakage are highlighted and the
industrial applications of these methods are also discussed. The three distinctly
different basic modes of breakage that are identified are impact, abrasion, and bed
breakage. Some of the valuable contributions to the knowledge in this field are

discussed.

Liberation studies: The various techniques with which the liberation of a valuable
component can be determined are given in section 2.2 and the developments in this

field are discussed.

In the literature it is sometimes seen that the comminution-liberation relationship is
not yet fully understood due to difficulties such as the estimation of the liberation
distribution of ore textures. This has been studied by numerous researchers reviewed
by Gay, (1999). All the studies performed to relate liberation to comminution appear
to be equipment specific, and not derived from breakage tests (King and Schneider,
1998, Hsih ef al, 1995, Gay, 2004). Most of the research done to date seems to be

focussed on either of the two fields. The aim of this project is to develop a



methodology that would link these two fields and make an attempt to incorporate

liberation into particle breakage testing.

The aim is therefore to improve our understanding of the influence that breakage and

the intensity of breakage has on the particle size distribution and the liberation of the

valuable minerals.

1.2.2 HYPOTHYSES

1.

There is a relationship between the energy intensity of the breakage event

and the size distribution of the product.

Breaking rocks at different energy intensities results in different progeny particles
and these differences can be quantified. Increasing the energy intensity at which
the breakage event takes place may produce a finer product. However this trend

may stop once it reaches a certain threshold.

There is a relationship between the mode of breakage and the size

distribution of the product.

The method that was used to break the ore may determine the particle size
distribution of the final product. lmpact, Abrasion and Bed breakage are three
distinctly different modes of breakage that my produce different products. A
suitable mode of breakage may therefore be selected in order to achieve certain

product size distributions.

In the operation of the HPGR there is an optimum specific press force where

there will be no advantage in operating at higher specific press forces.

When the HPGR is operated over a wide range of specific press forces the
reduction ratios will indicate conditions that consume the least energy but still
provide the required grind. Comparable product size distributions may be

obtained at different operating conditions. Therefore, the operating conditions



that consume the least energy can be determined and used in order to save energy

without compromising significantly on the grind.

The state of liberation for the samples broken by different modes of breakage

and intensities of breakage is different.

Certain rock breakage devices may promote breakage around grain boundaries of
base metal sulphides and therefore increase the amount of liberated particles.
Numerous rock breakage techniques are available today and the influence that the

mode or manner of breakage has on liberation has not been fully quantified.

1.2.3 OBJECTIVES

The following objectives form the work plan to test the hypotheses formulated for this

thesis:

e To investigate the relationship between the amounts of energy applied per
mass of ore and the size distribution of the product. This will be done by the
application of different energies to similar rock samples and the investigation
of the product size distributions.

e To investigate the relationship between the modes of breakage that are used in
the breakage events and the size distribution of the products. This will be
done by applying different modes of breakage to similar rock samples.
Impact, abrasion and bed breakage will be investigated. The impact breakage
tests will be conducted with a drop weight tester, the abrasion experiments
will be conducted in mills and the bed breakage tests will be done with a
HPGR.

e The HPGR will be operated with various operating conditions and the energy
consumptions will be recorded and evaluated together with the reduction ratios
of the products to determine an optimum specific press force. When the
HPGR is operated over a wide range of specific press forces, the reduction
ratios may indicate conditions that consume the least energy but still provide

the required grind.



e Analyse samples from specific size fractions using a Mineral Liberation
Analyser (a process mineralogy tool) in order to determine whether the
liberation status of the products from the various modes or intensities of

breakage differs.



2. LITERATURE SURVEY

In this chapter the most popular ore breakage methods and the progress made by
researchers over the years are discussed. The techniques available for mineralogical
analysis as well as the development of research in quantifying liberation in minerals

processing are discussed.

2.1. COMMINUTION

Comminution is the essential step in minerals processing where the run of mine ore is
broken in order to expose the valuable particles for recovering using different down
stream processes. In this section ore breakage characterisation and the most widely

used comminution machines will be discussed.

There are three distinctly different modes of breakage that are described in this
section. With each of these modes, some of the equipment that is most commonly
used in industry to achieve that mode of breakage is described. But before attention
can be given to various modes of breakage or equipment, the basics of a breakage

event are discussed.

In 1962, Bond identified three principles of energy required for comminution:

e The specific energy input equals the energy index of the product minus the
energy index of the feed.

e The energy input is directly proportional to the new crack length produced and
is therefore inversely proportional to the square root of the product size minus
the square root of the feed size. The work index is the proportionality
constant.

e The work input, exposure of fines and variations of the work index at different

product sizes are governed by the flaw structures of the material.

The Bond Work Index is calculated from the formula:
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Where p, = the opening of the classifying screen
Gy = net grams of undersize produced per mill revolution
XQ = 80% passing size of the product (pm)
XG = 80% passing size of the feed (um)

His tests showed that the specific grinding energy E in kWh/t was empirically related

to the make-up feed and circuit product sizes by
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He also developed equations in order to scale these results up to other mill

dimensions:
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Where D = the diameter of the mill

In 1963 he presented equations for calculating product sizes from surface area
approximations as well as equations for calculating the power requirements and the
capacity of grinding equipment (Bond, 1963). These equations are useful, but limited
in terms of SAG mill operations. The Bond Crushability test is still being used, but it
1s not particularly accurate for predicting crushability in intermediate crushers and
fine crushers. It also shows large variation in individual rock breakage and does not
provide any estimation of crusher product size. It also requires the operator to make

subjective judgments about the breakage of rocks (Mular and Jergensen, 1982).



Breakage is caused when the ore is stressed above the breaking strength limit (Er),
which leads to cracking of the ore particles (Napier-Munn et al., 1999). When ore
particles are crushed by direct hits from a ball or a bigger rock in AG or SAG mills,
impact breakage occurs. Abrasion is caused by the sliding and rolling action between
particles in the moving charge. Abrasion also takes place where individual grains are
removed from the surface of a rock by frictional forces. A low inter-particle pressure
will result in a fine abrasion product and the frictional forces are proportional to the
pressure (Loveday, 2004). According to Digre (1969) abrasion is usually the main

reduction mechanism.

Preferential breakage often occurs when crack branching occurs more frequently in
one mineral than in the others. This causes the preferentially broken mineral to occur
more abundantly in the finer sizes after each fracture event than the other minerals
(King and Schneider, 1998). It is an example of non-random breakage and it often
occurs in the form of breakage around grain boundaries. This results in particles of a
particular size fraction (or more) in a particle size distribution to be more abundant
than would be expected. This may probably result in preferential liberation. One of
the common causes of preferential breakage is confined particle bed breakage (King

and Schneider, 1998).

Another form of non-random breakage is interfacial breakage. If there is a loss of
particle interfacial surface area between feed and product, interfacial breakage or

grain boundary fracture has taken place (Frandrich er al., 1997).

In 1988 Pauw experimented with different energy intensities in the breakage of single
ore particles of different sizes. He showed that the application of excessive amounts
of energy to particles close to the required product size leads to over-breakage. This
1s when particles are broken to a size finer than the required product size. He also
showed that over-breakage is a potential source of over-grinding in tumbling mills.
Another reason for inefficient energy usage is when insufficient energy (lower than
the fracture energy) is applied in an impact event (this is referred to as the elastic
zone). The applied energy is converted to heat or sound energy, but a fracture event
does not occur. The ratio of stress to strain in the elastic zone in its simplest form

gives Young’s modulus (Napier-Munn ez al., 1999). When more stress and strain



energy is applied, the ductile zone is entered. The material will lose the ability to
resist the applied load and will deform. After the ductile zone, the brittle zone is
entered and sudden failure of the material occurs (Napier-Munn et al., 1999). This
sudden failure 1s never exactly simultaneous over the whole new surfaces. It starts at
the weakest place in the strained matrix. This failure concentrates the surrounding
stress and strain at the newly formed crack tip and this is rapidly propagated across
the rock (Bond, 1962). The physical properties of the particle and the grinding media
will affect the value of the optimum input energy. In mills, the density of the slurry as
well as the slurry hold up, mill speed and lifter configuration can determine the extent

to which breakage takes place (Loveday and Naidoo, 1997).

2.1.1. IMPACT

Impact breakage in AG/SAG mills is caused by steel balls or bigger particles that
break smaller particles against the mill liner or charge, or when a dropping particle
breaks itself against the liner or the charge. Often rocks don’t break with a single
impact but repeated softer blows may cause cumulative damage up to a point where
one final hit causes breakage. Multiple hit breakages will result in fewer, larger
fragments of progeny rocks in comparison with the finer particle size distribution
associated with single impact breakage (Digre 1969). Specific breakage energy is
dependant on the size of the rocks, which means that smaller rocks are more likely to
break than the bigger rocks when the same energy is applied to each rock. The
probability that a rock will break from a single impact decreases with increasing rock
size. In AG mills, this can cause a depletion of pebbles in certain size classes and the
critical sized rocks will remain unbroken. Chipping also occurs as a kind of impact
breakage. It can be described as the mass lost from the mother particle when particles

collide with other particles or the mill liner.

Reliable particle breakage data is important in the development of breakage functions
that are needed for a population balance model to reasonably predict the performance
of industrial comminution machines. Single particle impact breakage is one of the

key areas in ore breakage characterisation. There are a large number of different
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impact breakage devices and the most commonly used devices are discussed

hereafter.

2.1.1.1. Twin pendulum

The twin pendulum device employs an input pendulum that is released from a known
height that breaks the rock specimen against a rebound pendulum as demonstrated in

Figure 2.1 (Napier-Munn et al. 1999).

Impact
Rebound
pendttllum / pendulum

‘ Rock ‘

Collection box

Figure 2.1: A schematic of the twin pendulum rock breakage device (Napier-

Munn et al. 1999)

The rebound pendulum swings between a laser source and a detector. The motion of
the rebound pendulum is monitored with a computer which records the time it takes to
pass through the laser beam. The twin pendulum comes in two sizes to break
different particle sizes. The smaller unit is used to relate the energy consumption in
single particle breakage to industrial rod and ball mills and the bigger unit is used to
relate the energy consumption in single particle breakage to industrial crushers and
AG/SAG mills (Napier-Munn ef al. 1999). In spite of this, the Twin pendulum is still
limited in the particle sizes that it can take and the energy inputs that it can achieve
and the operation is time consuming. In addition to this, the energy calculation is not
always accurate and it can be observed from the secondary movement that occurs
when the rebound pendulum follows the collision. This lack of restraint in the motion

of the rebound pendulum after the collision and the high energy inputs that are
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typically used in the pendulum experiments result in the low energy transfer
efficiencies of this device (Tavares, 1999). Therefore, in recent years the JK drop
weight apparatus largely replaced the pendulum at the JKMRC (Briggs and Bearman,
1996).

2.1.1.2. Drop weight tester

In the drop weight test, a particle is placed on a steel anvil and is broken by a steel
drop weight of a specific mass, falling from a specific height. By changing the
release height and the mass of the drop weight, a wide range of input energies can be
achieved (Napier-Munn et al.,, 1999). The weights are mounted on two guide rails
(see Figure 2.2) in an attempt to get a uniform impact across the weight. The device
is built on a strong steel frame and enclosed in Perspex to avoid the loss of product
sample as a result of the impact. It has some advantages such as extended energy
inputs, large particle size ranges, short time span of operations and greater precision
than the twin pendulum. The remaining gap (the space between the anvil and the drop
weight) is used to calculate the amount of energy that was not transferred into the
rock. Still, the greatest limitation of the drop weight test is that it does not allow the
direct measurement of the fraction of the input energy that is used in particle breakage
(Tavares, 1999). It is assumed that all the potential energy that is applied goes into
the rock when some of the energy may still be transferred to the concrete surface, but
not in a way that can be easily observed. The drop weight tester produces quantitative
information about the relationship between input energy and size distributions of the
broken specimens, when screened after the impact (Banini, 2000). The drop weight
tester has been widely used for determining the so called A and B parameters that are

used in the design of industrial AG/SAG mills.
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Figure 2.2: A schematic of the JKMRC drop weight rock breakage device
(Napier-Munn et al. 1999)

The drop weight test is the most commonly used method of investigating breakage
characteristics of materials and also the simplest in design. It is can be operated over

an extended input energy range (Tavares, 1999).

Dukino et al. (1997) investigated the strength of Australian iron ores in different
tumble and drop tests. They found that the tumbling process causes surface breakage
and the drop tower causes volume breakage. The extent of breakage that occurs when
a particle is dropped (in a mill or drop weight tester) depends on the degree of
stabilisation (see Figure 2.3), the drop height and the rock density, volume, elastic

modulus and geometry (Dukino et al., 1997).
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(a)  HighPy (b)  Low Py

Figure 2.3:  Effect of different loading configurations on probability of fracture
Pf (Dukino er al., 1997)

The loading geometry, (the profile of the rock that contacts the plate) affects the
probability of fracture. In Figure 2.3, two different loading configurations can be seen
(a) will have a higher probability of fracture (Pf) than (b). The loading configuration
illustrated in (a) will promote breakage along the natural mineral planes and that in
configuration (b) will tend to cause compression. Higher energy inputs will therefore
be required to break a rock specimen in configuration (b). The problem arising from
this is that the natural mineral planes may not always be visible with the naked eye

and produce inconsistent results.

2.1.1.3. Impact load cell

The impact load cell was invented by Weichert (Bourgeois & Banini, 2002). 1t is, in
principle, just another type of drop-weight testing machine, but also incorporates
principles of the Hopkinson bar (see section 2.1.1.4). Detailed energy aspects of
single-particle breakage can be obtained with impact load cells. These devices can
also be used to measure particle compression, compressive force and energy absorbed
by the particle (Bourgeois & Banini, 2002). The use of impact load cells are limited
to specialised laboratories as a result of their physical dimensions and the sensitivity

of its electronic measuring devices (Bourgeois & Banini, 2002).
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It was also only after the development of the Ultra Fast Load Cell (UFLC) that it
became possible to measure particle fracture energy directly (Tavares & King, 1998).
This apparatus employs a long steel rod equipped with strain gauges. The rock
specimen(s) are placed on this rod and impacted by a falling steel ball. The impact
causes a compressive wave that progresses down the rod and is recorded by the strain
gauges. A digital oscilloscope is used to record the voltage change in a Wheatstone
bridge (bridge circuit) as a function of time, which facilitates the calculation of force-
time data (Tavares & King, 1998). These accurate measurements permit calculation
of other fundamental properties of the specimen including the energy absorbed by the
particle prior to initial fracture and the relationship between this energy and the

breakage function.

The UFLC is an accurate, fast and inexpensive device that can be used to study the
breakage of particles subject to impact fracture (Tavares and King, 1998). However,
the accuracy of these measurements depends on the precision of measurement of the
material properties of the sphere and the rod, because it is calibrated according to
these (King and Bourgeois, 1993). The mass specific fracture energy distributions of
the material tested represents log-normal distributions and consistent variance with
size. A correspondence between the probability of fracture and fracture energy was
observed (King and Bourgeois, 1993). The schematic representation of the UFLC can

be seen in Figure 2.4.
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Figure 2.4: Schematic outline of the ultra-fast load cell (King and Bourgeois,
1993)
The UFLC measures two important parameters: the specific particle fracture energy,
and the particle stiffness. The specific particle fracture energy refers to the minimum
amount of energy that is needed to fracture a particle, while the particle stiffness is the
rate at which strain energy is stored in the specimen before fracture. It can be used to
classify materials on their resistance to comminution (Tavares & King, 1998). From
these experiments it was found that fracture characteristics are independent of the rate

of strain at rates expected to be found in industrial comminution equipment.

2.1.1.4. Split Hopkinson Pressure bar

Breakage of single particles depends on the rate sensitivity of the different materials
(Yang, & Shim, 2005). The Split Hopkinson Pressure Bar (SHPB) is a device that
can be used to accurately determine rate dependent tensile or compressive properties
of different materials. The SHPB has been used extensively to study the dynamic

behaviour of plastics, metals, rubber and concrete (Yang, & Shim, 2005).
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The force and the energy that is required to cause complete fracture of materials can
be measured with this apparatus. It consists of two horizontally suspended steel bars
and the specimen being tested is wedged between the ends of these two bars as seen in

Figure 2.5.

> strain gauges rock strain gauges <

Figure 2.5: Experimental setup of the Split Hopkinson Pressure Bar

A striker bar is fired with a blast of nitrogen gas to hit the incident bar. The input
energy is calculated from the initial velocity of the striker that is determined with an
optical sensor. A rectangular compression wave of well-defined amplitude and length
is generated in the incident bar when the striker bar strikes it. When the wave reaches
the particle, some of it transmits through the particle, some of it reflects back through
the incident bar, and some is absorbed. High stress-strain curves are then obtained
from measurements of strain with the strain gauges on the incident and output bars.
Therefore, lost strain energy can be subtracted from the input energy and the energy
that is actually responsible for breakage can be calculated (Bbosa et al., 2006). The
SHPB allows accurate energy calculation because it only assumes the heat and sound
energy that was generated is negligible. However it can only take particles of up to

40mm and the operation is time consuming.

Briggs and Bearman (1996) examined the effects of different forms of crushing and
the differences in the competencies of the materials as observed through the various
stages of crushing. They made use of a Modified Hopkinson Pressure Bar (MHPB) to
measure the damage present in the rocks. The MHPB is similar to the SHPB but the
impact bar is propelled with a spring. They used the MHPB to enable the resolution
of the force experienced by a rock as it is dynamically loaded in compression. They
found that impact crushers produce material that contains less variation in strength

than the feed because every particle was exposed to the breakage mechanism. It was
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found that cone crushers did not break material as consistently as impact crushers.
They also compared the performance of the MHPB to gyratory crushers and Barmac

Rotopactor, but in this study these will all be grouped together under impact breakage.

2.1.2, ABRASION

Attrition is the term used for the comminution carried out by the action of the
grinding media on the interstitial fine material. This reduction mechanism dominates
in ball mill grinding. Therefore attrition takes place in any tumbling mill where fine
material is present together with grinding media. The size of the grinding media and
the fines, the amount of fines and the consistency of the pulp will have an influence
on this mode of breakage. For successful attrition grinding to take place, the particle
must be caught between adjacent balls or pebbles and the forces must be strong
enough to break the particle. In autogenous grinding, abrasion is usually the

dominant reduction mechanism (Digre, 1969).

Abrasion occurs when rocks are rubbed against each other and gradually wear down.
Strictly speaking, pure abrasion is the breakage mechanism that takes place when the
number of rocks in the charge of a batch grinding experiment is exactly the same
before and after, but the total mass is smaller. When angular rocks from a coarse
crushing plant are placed in a mill, the prominent points and edges are rapidly chipped
off. The mass of the charge decreases as a result of the fines that are scraped off the
surface of the rocks and discharges from the mill as slurry (Loveday and Naidoo,
1997). A reliable way to measure abrasion is to continuously remove the pulp that
forms by the injection of water (Loveday, 2004). This approach enables AG/SAG
modellers to estimate the amount of breakage that takes place in the AG/SAG
environment that may be attributed to abrasion. Wear rate for fresh particles decrease
with grinding time and will start showing similar behaviour to rounded particles after
losing about 4% of their mass (Goldman and Barbery, 1988). As this rounding
process proceeds, the size of the chips decreases until only pure abrasion occurs off
the surface of the rounded pebbles. Therefore, the pebbles that arrive from bigger size
classes into a specific size class are very different from fresh feed pebbles in that

particular size class.
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Loveday (2004) found that circuit variations using recycle crushing or changes in feed
sizing will significantly change the average breakage rate parameters. For a perfectly
rounded pebble, the total amount of material removed in the first chipping phase will
be about 10-20% of the original weight of the particle (Digre, 1969). Rounding
abrasion occurs at a slower but steadier rate than the original chipping phase. It
happens when the static and dynamic forces acting on the grains in contact exceed the
strength of the matrix or the bond between grains. Goldman and Barbery (1988)
found that the breakage rate decreases with an increase in the level of fines in the

load, showing a cushioning effect.

The rate of abrasion of rocks is influenced by the mill diameter, charge level, pulp
level and the presence of balls (Loveday and Whiten, 2002). Wear rate is also
influenced by load volume. The wear rate increases with load volume between 11%
and 22%, but 1t was found that further increases in load volume from 33% to 50%

resulted in slower wear rates (Goldman and Barbery, 1988).

As the sizes of rocks in AG/SAG mills decreases, a “critical size” is sometimes
encountered (Napier-Munn, et al., 1999). This is the size of rocks that the mill finds
hard to break. Abrasion is a surface phenomenon and the breakage rate will reduce as
the particle surface area reduces. At this critical size, the specific rate of breakage of
rocks usually decreases to a minimum and this is usually i the 20-25mm size fraction
(Napier-Munn, ef al., 1999). However, a critical size of 20-25 mm is too small for
industrial mills and this size only applies to pilot scale mills. The probability of
smaller particles to be broken or chipped by bigger ones increases. This may cause a
steep increase in the rate up to the maximum (Napier-Munn, et al., 1999). However
the model that Loveday and Whiten (2002) developed indicated that the rocks in the
critical size do not appear to be rate limiting. In fact it was found that these rocks
wear away faster than larger rocks. The accumulation of pebbles in the critical size
range was simply attributed to the number of rocks progressing from the larger size

classes.

It is important to understand the factors that influence abrasion and wear, because it is
a rate determining step (Loveday and Whiten, 2002). It is also the main contributor to

the high power consumption of industrial mills. The specific rate of breakage of an
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ore in mills can be determined by laboratory or pilot scale abrasion mills (Loveday
and Whiten, 2002). Usually a single size fraction of an ore is used in a batch grinding
experiment. The speed should be kept similar to the industrial mill that is being
modelled. The breakage rate and breakage function of the process can then be

determined.

2.1.2.1. Ore characterisation using the abrasion mill

Loveday and Naidoo (1997) conducted several tests in a 600mm diameter autogenous
mill with a length of 500mm. They examined the factors that are most likely to
influence the rate of abrasion such as rock mass, pulp hold-up, size distribution of
rocks, mill speed, and lifter configuration. Experiments were conducted on pebbles
that were already rounded in a mill. The fines were flushed out by a stream of water
injected into the mill to minimise the effect of secondary milling. It was found that
abrasion rate per unit mass increased significantly with rock mass. This is important
to keep in mind while conducting abrasion test work because it must be attempted to
keep the charge of the mill constant. A direct correlation of rock hardness to abrasion
rate was also found (Loveday and Naidoo, 1997). They concluded that the size
distribution of material produced by abrasion of rounded pebbles is independent of
operating conditions. It was also found that the specific rate of abrasion could be

correlated with the power intensity of the mill.

2.1.3. BED BREAKAGE

Devices that are used for bed breakage operate on the principle of generating high
pressures to cause inter-particle breakage in a compressed bed of particles. The
energy distribution in a packed bed is unequal. A coarse particle will be protected if it
is surrounded by finer particles, but a smaller particle will easily be broken between
coarser ones (Liu and Schonert, 1996). High pressure bed breakage may offer energy
savings as well as other advantages for downstream process units, such as better
liberation of the valuable minerals (Hosten and Ozbay, 1998). One of the main

advantages of particle bed comminution is the principle of transferring the energy
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directly to the charge mass (Fuerstenau et al., 1996). Therefore, breakage occurs as a
result of these high stresses that are caused locally between the closely packed
particles. The possibility of losing energy in the transfer process is also limited in this
way. The better energy efficiency may also be attributed to the design where the
particles are forced to pass between the rolls in comparison with SAG mills where
there i1s a high stochastic hit-or-miss probability (Fuerstenau et al., 1990). The
compacting of the particles in the bed depends on factors such as ore hardness, feed
size, wear characteristics of the ore and the moisture content (Tavares, 2005, Knecht

and Patzelt, 2004, Fuerstenau and Abouzeid, 2007).

2.1.3.1. High pressure grinding rolls (HPGR)

This machine operates on the principle of generating high inter-particle stresses when
a bed of solids is compressed as it moves down the gap between two pressurised rolls
(Tavares, 2005). It is mainly used as a pre-grinding strategy to improve reduction
ratios in milling circuits and produces considerably more fines than conventional
crushers (Tavares, 2005). The High Pressure Grinding Rolls (HPGR) therefore
already produces a fraction of the circuit product, but at the same time weakens the
particles that remain unbroken or only partly broken. Particle bed breakage that
occurs in the HPGR has the potential to enhance liberation of minerals because
composite particles tend to break along grain boundaries (Hosten and Ozbay, 1998).
After the material is crushed between the two contra-rotating rolls, it will have been
compressed to a density greater than 70% by volume (Napier-Munn ef al. 1999). The
variation of the size distribution within the discharge cake is insignificant. Therefore
the breakage that takes place between the rolls is independent of lateral position

(Tavares, 2005).

Lower energy consumption is probably the main advantage of HPGR technology.
Van Drunick and Smit (2006) conducted pilot scale HPGR tests on several different
ore types and all of their results confirmed the energy efficiency that was expected.
Potential overall net energy savings of between 18-25% were recorded on a highly
mineralized Gamsberg ore in comparison with a standard ball milling circuit (van

Drunick and Smit, 2006). The best flotation results were obtained in association with
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low grinding pressures for all the ore types that were tested. Bond Work index tests
were also conducted on the HPGR product. These tests showed a decrease of 7% for
hard ores and 3% for softer ores (van Drunick and Smit, 2006). Shi et al., (2006)
obtained similar results on lab scale with ore samples from Anglo Platinum. They
reported energy savings between 8-29%. HPGR application in cement industries
increased the capacity and reduced the energy consumption of five different HPGR
circuits configurations that were mnvestigated by Aydogan et al., 2006. A model for
HPGR was developed at the JKMRC that makes use of the breakage function derived

from impact and compressed bed tests (Benzer ef al., 2001).

The lengths of the rolls differ but longer rolls are often preferred because they limit
the influence of the end effects. The end effects occur at the ends of the grinding rolls
and are the result of lower pressure toward the ends of the rolls. This was also found
by Schonert (1996) when he conducted particle breakage experiments with several
different particle bed configurations (single layer, shallow bed and deep bed). The
pressure near the walls of the pistons was much lower than in the centre, even in a
shallow bed (Schonert, 1996). The end effects can also be eliminated by the correct

recycling structure.

Tavares (2005) conducted ore crushing experiments on an HPGR and found that it
does in fact produce a weakened product when the single-particle breakage
characteristics of those particles were measured. The extent of weakening was found
to be dependent on specific energy input and greater for coarser particles. A 2.5m
diameter industrial scale unit was used to do test work on a copper/molybdenite ore
with granitic host rock. He found that the extent of weakening was dependent on
specific energy input and that it was greater for coarser particles, which subsequently
resulted in decreasing energy savings with finer size reduction of the product. A
comparison was made between the product size distributions from the HPGR,
hammer mill and roll crusher. The HPGR produced a significantly greater proportion
of fines than the other two ore breakage equipment investigated at that time.
However, in that study no comparison was made between the product from an AG

mill and an HPGR.
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Chromite ore samples were ground in a rod mill and piston-die press by Hosten and
Ozbay (1998). The degree of chromite liberation and particle shape were analysed
and the bed breakage sample from the piston-die press was found to be better
liberated. It was also found that the particles from the rod mill had no shape
differences as a function of particle size, but the bed breakage sample had particle
profiles with less circularity at the finer end of the investigated size spectrum. The

piston-die press produced more fines than the rod mill (Hosten and Ozbay 1998).

HPGRs are already in operation in diamond and iron ore applications. Test work on
gold and copper ores showed considerable operational and process benefits (Knecht

and Patzelt, 2004).

Benefits of using HPGR technology that are recorded in literature include reduced
energy consumption, lower wear costs, higher throughput and weakening of unbroken
particles (Tavares, 2005). Test work on gold and copper ores showed an improved
liberation (Knecht and Patzelt, 2004). This may be due to the micro cracks that are
formed and the breakage that occurs around the grain boundaries instead of through

the grain itself.

Some operational advantages of HPGRs are:

e Pressure is the main parameter that is used to control the operation of an
HPGR. Therefore it is easier to find the optimum operating conditions.

o The residence time of the material between the gap is very small. This implies
that after a crash stop the product can be restored to specification much
quicker.

e The amount of off spec material that is produced during start-up and stopping

is much less than other wet grinding plants.

Knecht and Patzelt (2004) undertook a study to investigate the benefits that HPGR
applications may have for the platinum industry. They suspected that the liberation of
the Platinum Group Element (PGE) particles would improve due to the preferred ore
breakage along grain boundaries. They concluded that it would be more economical

for platinum plants to make use of HPGR technology, but the lack of industrial
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applications causes the platinum plants to revert to conventional proven technologies
such as crushers and tumbling mills. However, the results from their test work
indicated that the wear rates of the rolls from platinum samples are among the lowest
of all the rock materials that were tested. Fuerstenau ef al. (1990) made a
comparative study of the energy consumption of single particles in ball mills as well
as a rigidly mounted roll mill. They found that the size distributions of comminuted
single particles from a roll mill tend to be finer than ball mill products on an equal
energy consumption basis. Process efficiency, as measured by the rate of change of
the reduction ratio with energy input, was found to be significantly higher in rigidly

mounted rolls than in ball milling.

Fuerstenau et al. (1996) comminuted different minerals and ores in a piston-die press
under conditions that simulate the environment that would be encountered in a packed
bed. They investigated the influence of bed pressure, material hardness and feed size
on energy absorption, energy utilisation and product size distributions. Investigations
like these have also been carried out by other researchers since Schonert and co-
workers like Hawkins and Manlapig (2006). This may be a valuable approach if a
quick answer is needed when investigating the feasibility of a high pressure grinding
roll plant, especially when only drill core or limited amounts of sample are available

for tests.

2.2. LIBERATION AND MINERALOGY

Most ores that are industrially processed are heterogenous. This means that they are
complex in composition and the valuable components are usually found in association
with particular mineral components inside a matrix of other material that is usually
the gangue. Platinum Group Minerals (PGMs) usually occur in association with base
metal sulphides, often on the boundary between the sulphide and silicate.  This
association explains the high recoveries obtained by base metal sulphide flotation
(Cabri, 1981). The purpose of comminution processes are to break these composite
particles that consist of several mineral species into smaller pieces that are simpler in
composition where individual particles are composites with mineral if interest
predominant. This process, where the variety of minerals present in particles changes

due to comminution, is called ‘liberation’. Liberation also often refers to the degree
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of exposure of a valuable mineral and corresponds to the potential of a particle to
successfully undergo recovery through processes such as hydrometallurgical leaching

and flotation.

The extent of mineral characterisation that can be performed depends on the
availability of time, money, and mineralogical equipment. A brief overview of some

instruments that are frequently used in applied mineralogy follows.

2.2.1. MINERAL CHARACTERISATION DEVICES

2.2.1.1. Optical microscope

Optical microscopes are used to examine slices of ore either as thin sections, polished-
thin sections or ore mounts. This can be done under either transmitted or reflected
light or both. Minerals can be identified, their textures, associations and particle
shapes and sizes can be observed, and mineral proportions can be determined by point

counting.

The optical microscope is most commonly used in the earlier stages of a
mineralogical study in order to identify areas for more detailed study with other

mstruments (Petruk, 2000).

2.2.1.2. X-ray diffractometer

All minerals have unique X-ray diffraction (XRD) patterns. This is the result of their
different crystal structures and the way in which the crystal lattice diffracts in X-rays.
X-ray patterns can be used to identify minerals and, with the aid of Rietveld
refinement, can be used to quantify mineral proportions. The sample is presented to

the diffractometer as a finely ground powder.

25



2.2.1.3. SEM based mineral identification systems: Qemscan and MLA

The scanning electron microscope (SEM) became a useful piece of equipment after
the development of the energy dispersive X-ray analyser (EDX) that measures the
composition of spots. The Qemscan or Mineral Liberation Analyser (MLA) software
then performs a mineral match by comparison to a reference library. The SEM with
the EDX is used to analyse polished thick or polished thin sections or even
unmounted samples. It is used to identify minerals, but also to show the sizes and
relationships of mineral grains. Distributions of elements in minerals can also be

obtained from X-ray images generated by the SEM.

The SEM operates on the principle of producing an electron beam under high
vacuum. The irradiated material in the sample produces backscattered electrons,
secondary electrons, and X-rays. The SEM is equipped with detectors to detect these
signals (Petruk, 2000).

Qemscan technology is based on a SEM with EDX and image analysis facilities and it
gives quantitative information about the particles in the field of view. The particles
are mapped point by point. The Qemscan can work in point, line or area mode. It
records the number and lengths of intercepts of all mineral species, as well as the
number and type of transitions between phases, including background. The data that
is generated can then be used to calculate modal abundances, particle and mineral
surface areas, mineral associations, mineral grain size, particle size and particle

liberation (Sutherland and Gottlieb, 1991).

This instrument also uses backscattered electrons to obtain textural info of ore
particles. Mineral particles are mixed with graphite particles to prevent them from
touching and to ensure a random dispersion. These particles are then hardened,
sectioned and polished to a mirror finish. The slide is examined in a SEM. These
serve as frames for the analysis of individual grains. An electron gun is used to scan
the particles and then obtain X-ray counts. These X-ray counts are compared to the

X-ray counts of a reference mineral file stored on a computer. This technique is
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relatively slow and particles smaller than Sum cannot easily be identified (Petruk,

2000).

The liberation data generated by the Qemscan is generally presented in the
untransformed state. Therefore the results are generally made on area measurements
for minimum bias. Modal, grain size and association data can then be collected from

line scan measurements (Sutherland and Gottlieb, 1991).

The MLA makes use of the most advanced electron microscopes to provide consistent
grey-levels in a back-scattered electron image for the different minerals in a sample
(Naidoo, 2003). The different grey levels that are obtained are a result of the
difference in their average atomic number. Cracks and other surface imperfections
are taken into account and the X-rays generated from the electron beam impact are
used to verify the identity of the minerals. A low noise, high-resolution image is a
requirement for mineral identification and quantification. These high-resolution
images allow the MLA to accurately discriminate the mineral phases within a particle

(Fandrich et al. 2006)

The MLA produces the following results: mineral species present, mineral abundance
in volume and weight percentages, elemental assay, particle or phase size and surface

area, mineral associations, mineral liberation and false-colour images (Naidoo, 2003).

2.2.2, DEVELOPMENT OF LIBERATION RESEARCH

Most ores that contain valuable minerals occur naturally in heterogeneous form. The
valuable mineral grains are encapsulated in the gangue matrix. It is therefore
necessary to liberate and separate these valuable species from the gangue minerals.
This i1s where comminution plays an important role. The degree of size reduction
must be enough to liberate or expose the valuable minerals, but is a trade off with

cost. Liberating gangue may introduce other problems (Meloy and Goth, 1985).

Over-grinding occurs when a particle that is already smaller than the required product

size 1s re-broken (Pauw, O.G. 1988). This causes significant increases in energy
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consumption and also results in excessive fines, which causes problems in
downstream operations like flotation or filtering. A common remedy for this is to
increase the re-circulating load of the milling circuit and the resulting reduction in

residence time reduces the effect.

After the comminution stage, the product undergoes a variety of separation processes
(froth flotation, heavy media separation etc) where the valuable particles are
concentrated. The product particle size distribution as well as the degree of liberation
that 1s achieved influences the efficiencies of the separation processes. It is therefore

important to investigate size reduction while bearing the liberation in mind.

Several attempts have already been made to better understand, describe, or model
liberation by Andrews and Mika (1975), Austin et al., (1993), Hsih ef al., (1995),
Fandrich er al., (1997), Wei and Gay (1999), Gay (2004) and many more. Andrews
and Mika (1975) investigated the quantitative description of liberation in conjunction
with size reduction in a batch mill. The model could be applied to heterogeneous
minerals which contain two mineral constituents. But the models have limited value
because it is too complex and it is seldom that an industrially valuable ore only

contains two different minerals.

Herbst ef al., (1988) developed a kinetic model for liberation by grinding. They
extended population balance size reduction models in order to accommodate two

minerals with any number of encapsulated valuable particles.

Austin et al. (1993) used a pilot scale SAG mill to grind ore and obtained the size
distributions and calculated the apparent specific rates of breakage. They found that
the apparent specific rates could not be used to predict the valuable sulphide
distribution. The QEM-SEM image analysis technique was used and showed a better
liberation as smaller sizes were considered. No consistent variation was found in
liberation between the different operating conditions when similar particle sizes were

compared.

An exposure model for valuable components was developed by Hsih et al., (1995).

They expressed it as a mathematical relationship that takes into account the valuable
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mineral grain size, comminuted particle size and an inter-granular fracturing factor.
However, other factors like hardness, cleavage, boundary phases, texture, and types of
breakage were not incorporated. Fandrich et al, (1997) developed a mineral
liberation model for the particle bed breakage of a binary iron oxide ore. They
conducted confined particle bed breakage tests at various specific energies and
performed liberation measurements by QEM-SEM. Their liberation results and
interfacial area measurements provided evidence of the existence of two forms of
non-random breakage: preferential breakage and interfacial breakage. Their focus
was on the existence of non-random breakage and made no comment on the
conditions of the intensity of the breakage or energy where the best liberation was

achieved.

Wei and Gay (1999) developed a new approach regarding liberation for comminution.
They characterized the liberation distribution (distribution of valuable mineral in
particles that underwent comminution) by a dispersion rate function that is related to
the texture of the ore. This enables the dispersion model to predict the liberation of

the mill product when the operating conditions or feed changes.

In 2004, Gay developed another new approach to model liberation for comminution.
He made use of the probability theory. In this approach it is not necessary to have
much information about the ore because the relationship between the feed and the
product particles 1s estimated with the probability method. The probability in this
instance is defined as the probability that a feed particle of a particular composition
and size will form a particular product particle of a particular size and composition.

This model can be applied to binary particles or even more complex particles.

2.3  EXPERIMENTS AND OBJECTIVES

In order to achieve the objectives mentioned in the introduction, the following

approach is going to be followed:

e Different methods of breakage will be used to determine whether the mode of

breakage has an influence on the condition of the particle after it has been
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broken. The methods that will be used are impact breakage in the drop weight
test, abrasion in a mill and bed breakage in an HPGR.

In all the breakage experiments, different amounts of energy are going to be
applied. This will be achieved by using different mill sizes in the abrasion
experiments, using different drop weight masses and heights in the drop
weight tests and different pressures in the HPGR. This means that a different
energy input will be given per mass of ore for different samples. The size
distributions of these samples will be examined in order to determine the
degree of variance in the size distributions.

Chemical assays and mineralogical analyses will be carried out on these
samples to determine the compositions of the different fractions and
mineralogical liberation of these samples.

This is discussed in detail in Chapter 3, Experimental Procedure.

LITERATURE SURVEY - /n Summary:

Loveday and Naidoo (1996) and Loveday (2005) minimised the effect of
secondary milling in abrasion testing by injecting a stream of water into the
mill to flush out the fines and therefore provides useful size distribution data.
This technique will also be used in this study for the same reason.

Tavares (2005) made a comparative study between an HPGR, a roll crusher
and a hammer mill. It was found that the HPGR produced much more fines
than the roll crusher and the hammer mill. Hosten and Ozbay (1998) found
that the piston-die press produce more fines than a rod mill and that the piston-
die press enhanced the liberation of chromites. However, no comparison
between an HPGR and an AG mill was made. In this study the product from
an AG mill will be compared with the product from an HPGR.

Shonert (1996) found that the pressure near the walls of a piston is much lower
than in the centre. Therefore, in this study only the material coming from the
centre of the rolls will be used for analyses.

Fandrich et al., (1996) found the existence of non-random breakage in their

liberation results and that bed breakage promotes this, but no indication was
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given about the operating conditions that could be used in practice to achieve

this. In this study, this will be investigated.
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3. EXPERIMENTAL PROCEDURE

In this chapter the three different modes of breakage and the equipment that was used
to perform experiments to investigate these modes of breakage are discussed. These
experiments were performed in order to achieve the objectives described in the
previous section. A detailed description of the procedure used in the experimental

work is given.

Two distinctly different ore types were used for the majority of the experiments. The
UG?2 platinum ore from Lonmin and a gold ore from Target Gold mine were used for
the impact and the abrasion test work. These ore types were selected because the
UG2 is fragile and the Target gold ore is more competent. The objective was
therefore to make it easier to notice the different breakage characteristics of the
different ores. A Merensky reef sample was used to investigate the extent to which

the PGMs are liberated under different inter-particle breakage conditions.

3.1. IMPACT

Standard drop weight tests were conducted on UG2 and Target gold ore samples.
Drop weight tests were also performed on a big drop weight tester. The size classes
and specific energy inputs of these tests are given in Table 3.1. These tests were done
in order to determine the influence of various energy intensities on the product

particle size distributions.

Table 3.1: Sizes and Specific Energies of drop weight tests

. Specific Energy (kWh/t)
Size (mm) STD drop weight |Big drop weight
-106+75 0.4, 0.25,0.1
-63+53 0.4, 0.25,0.1 0.4, 0.25,0.1
-45+37.5 1,0.25, 0.1
-31.5+26.5 2.5,1,0.25
-22.4+19 2.5,1,0.25
-16+13.2 2.5,1,0.25
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For the standard drop weight test 80 to 100 kg of representative sample in the size
range —106+13 mm was used. The entire sample was screened on 63mm sieve and
the +63 mm material was crushed by a jaw crusher with a gap of 55 mm so as to
generate additional particles for the tests. The original =63 mm fraction and the
crushed material were subjected to sizing analysis using the screen sizes shown in
Table 3.1. Random selection of the required number of particles for each set was
made. The weight of the sample in each size class that was used for each of the three
energy inputs was then determined and used to calculate the weight combinations, the
drop weight mass and the drop weight height. The drop weight test procedure

described in 3.1.1 was then followed.

For the big drop weight test, representative sample in the size range -106+53 mm was
used. Random selection of the required number of particles for each set was made.
The weight of the sample in each size class that was used for each of the three energy
inputs was then determined and used to calculate the weight combinations and drop

weight height.

3.1.1 DROP WEIGHT TEST PROCEDURE

The position of the height-limiting stop on the device was adjusted so that the drop
weight head will be raised to the required test height. The rock specimen was placed
on the anvil with a pair of tongs. The access door was closed and the drop weight
head was raised up to the stop. The head was released. No head bounce must occur
when the head is released. The remaining gap between the anvil and the face of the
head was measured for the first ten specimens. The crushed particles were removed

with a brush. This was repeated for the whole set.

After the tests the samples were screened, using a root two screen series. The
Standard drop weight test procedure requires the samples to be screened down to
425um. In this study all the samples were screened to 38um instead of only screening
to 425um. This was done because valuable information is contained in the sub
425um fraction and should be quantified. Considering that UG2 ore was one of the

ore types used in this investigation and that the natural grain size of the chromites is
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around 200pum (Chernet and Marmo, 2003), nothing of the phenomenon of breakage
around the natural grain boundaries would have been observed if 425um was the

finest size fraction analysed.

3.2 ABRASION

The abrasion tests were conducted in two mills of different sizes. Different sized
mills were used in order to supply different energy intensities to the rocks in the
abrasion mill. Loveday (2004) used 75mm steel balls to increase the grinding rates.
He used a hard, quartizitic rock. The tests in this study were done autogenously to
promote abrasion and avoid the impact breakage that may be caused by steel balls. In
addition to this, the UG2 ore that was used 1s very soft and the charge of the mill
would decrease drastically if steel balls were added. The abrasion tests on the gold
ore could have been conducted with steel balls, but the aim was to keep the conditions
of the milling environment similar for the two ore types. To compensate for the

hardness of the gold ore, the gold ore tests were done for a longer time.

A high water flow rate was used to flush out the fines to minimise secondary milling.
Injection of water and removal of pulp from a batch grinding test offers a reliable way

to monitor the average rate of abrasion and the discharge of fines (Loveday, 2004).

Two mills were used for the abrasion experiments. The pilot AG mill has a small
aspect ratio but is big in size and the torque mill has a bigger aspect ratio, but is
smaller in size. Pictures of the pilot and the torque mills can be seen in Figure 3.1 and

the design variables of the mills are given in Table 3.2.
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Figure 3.1:  The pilot mill and the torque mill

The procedure that was [ullowed Tor the abrasion west work 5 sutalar W the procedure
followed by Loveday and Naidao {1997) i that nitial rounding runs were conducted
from fresh feed rocks to conditon the rocks for the abrasion tests. These conditoned
rocks were then used 1o measure abrasion.  Aldler the abrasion tost the mull was toppad
np using the conditioned rocks, The sizes of the rocks that were used for this study
differs from what Loveday and Nadoo (1997 used o that some stee classes were el
open so that it would be ¢asicr to sce when a rock moved into a smaller size class duc
to abrasion, They used a 600mim diameter mill and in this study a 600mm torgque null

and a 1.68m pilot mull were used.

Table 3.2:  Daesign variables of the mills

Design variable Pilot mill Torque mill
Dianteter 1.68 m 0,597 m
Length 057 m U485 m
Mo, al lilkers 11 12
Hesight of lifters 45 mm 25 mm
Mo al grates 12 -
Tatal na af hales Egati] 144
Diameter of holes 1% mm 16 nrm
Spead of mill 75 % of critical variable




3.2.1 SEASONING PROCEDURE

A run was done for 11 minutes long and samples were taken every minute. The water
flow rate for the pilot mill was 10//min. The first sample was taken for two minutes
long because it takes a while for the water to make its way through the charge. The
rest of the samples were taken for one minute long. After 11 minutes the mill was
stopped and the content was removed. One of the objectives of the seasoning

procedure was to prepare rounded rocks for the abrasion experiments.

3.2.2 SAMPLE HANDLING PROCEDURE

After the mill stopped, the charge was taken out, the contents was dried and screened
and the different size fractions were weighed. The slurry samples that were taken
were filtered and dried, split, screened and weighed. All the different mass fractions
were recorded in order to obtain the particle size distributions. The number of rocks
in each size class before and after each run was recorded to determine the amount of

breakage that took place.

3.1.3 ABRASION PROCEDURE

The abrasion tests were similar to the seasoning tests, but these runs were only 2
minutes long. Therefore only one sample could be taken. This was done to avoid
significant changes in the percent mill filling during the test. Only rounded rocks
were used in these abrasion tests because excesstve initial chipping would occur with
angular rocks and this had to be avoided to isolate abrasion effects. The water flow
rate for the pilot mill was 10//min. The feed size distributions that were used for the

abrasion test work are shown in Table 3.3.

Three non consecutive discrete size classes as seen in Table 3.3 (Pilot mill UG2) were
selected out of the standard root two series. This was done to avoid confusion in the
accounting process when quantifying abrasion. The three discrete size classes were
placed in the mill in the same mass ratio as the original bulk sample. A load ofrocks

was charged to the mill via the feed trunnion. The mill was filled up to a 30% volume
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filling. The Seasoning (3.2.1) and Sample handling (3.2.2) procedures were followed
and four repeats were performed. The rounded product pebbles from these runs were

used in the Abrasion experiments.

Table 3.3: Feed size distributions

Size class Pilot mill Pilot mill | Torque mill] Torque mill| Torque millf Torque mill} Torque millf Torque mill
uG2 Gold ore UG2 UG2 uG2 Gold ore | Gold ore } Gold ore

-150+106mm| 137 kg 130 kg

-106+75mm 282 kg

-75+50mm 241 kg 129 kg 8 kg

-50+38mm 194 kg 21kg 79 kg 39 kg 37 kg

-38+25mm 358 kg 47 kg 79 kg 21 kg 20 kg 60 kg
-25+18mm 11 kg

Total 736 kg 735 kg 79 kg 79 kg 79 kg 60 kg 60 kg 60 kg

The same feed size distributions were used for the abrasion tests as for the seasoning
tests as shown in Table 3.3 (Pilot mill UG2). The Abrasion procedure (3.2.3) and the
Sample handling procedure (3.2.2) were followed. This experiment was repeated

twice.

Two more abrasion tests were performed with rounded rocks, but with the feed size in
only one size class. The first consisted of only big rocks (-150+75mm) and the
second of only small rocks (-50+25mm). This was done to investigate the effect of
having big rocks in a mill without the protection of smaller rocks and also to
investigate the effect of small rocks when there are no big rocks present to break

them.

The gold ore was already seasoned from previous experiments. The mill was filled up
to a 40% volume filling in the size distribution that is shown in Table 3.3 (Pilot mill
Gold ore). The Abrasion procedure (3.2.3) was followed for these rocks, but because
of its competency it was tumbled for 21 minutes long. Samples were taken every 2
minutes. The first sample was taken for 3 minutes long and after that the samples

were taken for 2 minutes long. This experiment was repeated twice.

The design variables of the Torque mill are given in Table 3.2. The UG2 sample that

was used for the torque mill experiments were already rounded from the pilot mill
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experiments. The Abrasion procedure (3.2.3) was followed but for 20 minutes long.
Samples were taken every two minutes. All the samples could be taken for the same
time (2 minutes) because the water and slurry moves easier through the smaller
charge. The sample handling procedure (3.2.2) was followed. This was done with all
the feed size distributions that are shown in Table 3.3 (Torque mill UG2). The mill

was filled up to 30% of its volume.

The feed size distributions that were used for the Gold ore can be seen in Table 3.3
(Torque mill Gold ore). The Abrasion procedure (3.2.3) was followed but for 50
minutes long. A five minute long sample was taken every five minutes. The sample
handling procedure (3.2.2) was followed. The mill was filled up to 30% of its

volume.

3.2 BED BREAKAGE

The High Pressure Grinding Roll (HPGR) that was used for this study is a Polysius
laboratory scale model. The studded rolls are 100mm wide and the diameter of the
rolls is 250mm. The capacity of this model is 1-4 tons per hour depending on the
operating conditions and ore. The motors of the HPGR are fitted with instrumentation
to record the energy consumed draw in kWh. The product conveyor belt is fitted with
a weightometer for measuring the total mass of the crushed material. The maximum
hydraulic pressure setting that was used was 150 bar and that of Nitrogen pressure
was 120 bar. A picture of the HPGR and one of its studded rolls can be seen in Figure
3.2.
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Figure 3.2:  The lab scule HPGR and i studded roll

The zero gap between the rolls 1s the space between the rolls when theee is no material
hetween Lhe roils, The minimwom zero gap of this umt is Tmm to prevenl the rolls
from damaging cach other and the maximum is 9 mon but 1 15 wsually eperated
between 2-4mm.  ‘Fhe working gap 15 the spacce between the rolls when ore s fed.
The working gap is always bigger than the zero gap because Lhe floating roll moves
away from the fixed roll when 1l 15 operatmgz. The pressuee settings, feed particle size
and ore ype will mfluence the difterence berween the zero gap and the working gap.
The approsumate operating gap can be determined by measuring the thickness of the
product cakes. The maximom feed top szzc that this umt can take 15 20mm bot 12mm

15 prefermed.

A no load run was done belore the experiments so that the no lead power draw of the
HPGR can he subtracted from the actual power draw under load. 'Fhe ore is put mio
the feed hopper at the top of the HPGR wsing the fecd conveyor belt. The speed of
the [ted conveyor belt can be varied. There is a level sensor in the hopper at the top
of the HPGR and the speed of the feed conveyor belt can be adjusted accordingly in
order o keep the level ol ore inthe feed hopper high. Thus ensures that the HPGR s
operaled under choke feed comdiliens. It 1s important to choke feed the HPGR to
achieve high pressure inter-particle breakage. The discharge of the HPGR 1 onfo the
product conveyor bell, which lakes the erushed ore 1o he product happer that emptics
into o bulk storage bag. The discharge of the HPGR 15 usually m the form of cakes or

large flakes because particles are broken under inter-particle pressure in this device.
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However, the formation of flakes depends on the ore type. These flakes can easily be
de-agglomerated given that the ore does not have high clay content. A summary of
the tests performed using the HPGR is given in Table 3.4. These tests were

performed in duplicates.

Table 3.4: Operating conditions of HPGR tests

Pressure (bar) Force Zero Gap
- - 2 Ore type
Nitrogen | Hydraulic | (N/mm?*) (mm)
20 30 1.5 Merensky 2.3
30 48 2.39 Merensky 2.3
40 60 2.99 Merensky 2.3
60 90 4.49 Merensky uG2 2.3
90 120 5.99 Merensky 2.3
120 150 7.48 Merensky 2.3

EXPERIMENTAL PROCEDURE - In summary:

e Drop weight tests were performed to determine the influence of different
energy intensities on the product particle size distribution. The drop weight
tests were carried out on UG2 and Target gold ore.

e Abrasion experiments were performed in a 1.68x0.597m pilot mill and a
0.57x0.485m torque mill. This was done in order to see how the breakage
changes when the size and aspect ratio of the mill changes. Another objective
was to produce samples from the abrasion mode of breakage for further
analyses.

e The effects of various operating conditions were investigated on the HPGR.
This was also done in order to produce samples for further analyses and to

compare bed breakage to the other modes of breakage.
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4.  RESULTS AND DISCUSSION

This chapter contains the resulis obained from the test work conducted on the drop
welght festers, the abrosion siflls and the hich pressure grinding volls. The results of
the Mineralogy that was pevformed on selected samples from these tests ave given and

each section provides the mterpretation and discussion of these vesults,

4.1. IMPACT BREAKAGE

The impact breakage cxperiments were performed as the Stindard JK drop weight rest
(s1z¢ -16-1232mm to -63+53mm} and the Minick Big drop weight test (size -
63+533mm to -150+106mm).  The swees of the different samples and the specific
energies Lhat werc applicd 1o break these samples are grven in Table 3.1, The tests
were performed on UG2 ore and Target gold ore. The product particle size
distributions of the drop weight 1eds perfornmed oo the LHG2 ore are given m Figure
4.1. For the overlapping size the apparatus that was used is mdicated JK for the

standard drop welglt test sand M for the big drop weight test,

100 - - 5
|
[ 16 +13.2mm
|~ 224¢19mm
e A0 || = 31.5+26.5mm
E {| —en A5+37.5mm
E ! - HI+53mm (JK)
i3 1 - : 1' —s— B3+53mm (M}
| e -106+75mm
—s— -1 50+108mMm
0.01 1 1 10 100 1000
Size (mm)

Fieure 4.1:  UG2 Drop weight size distributions (0,25 kKWh!t)
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The size distnbutions shown here are [or the rocks broken at 0.25kWhiton because it
was the anly coerpy input that could be applied to all the sizes, The rest of the size
tistnbution data can be seen m Appendix A, The experimental tig values were
determined, e A und b values were caleulated and the A x b curves can be scen

Figuye 4.2,

120 ;
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-1['”:] . 0 RS e e e N e e T T s -315+26815
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- Mool 2224419
¢ —— Nl -31 5+26.5
— Mool 450375 |
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— Mool Mise H3+53
—  Mooal - 106+75
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Energy (kKVWhit)

Figure 4.2:  Experimental t10 valucs ar various energy inputs for the LG2

Sﬂﬂl_ples

The product particle size disinbutions of the drop weisht tests perlormed on Target
wold ore can be scen in Figure 4.3, The particle size distributions shown here are for
0.25kWhit becanse it was the only energy imtenstty that could be applied 1o all the
rock sizes. The test of the data 1 grven m Appendix A, The experimental t10 values

were determined, the A and b values were calculated and the A x b eurves can be sean

in Figure 4.4,
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Figure 4.3:  Targel Gold dropweight size distributions {1.25 kWh/t)
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In Table 4.1, the calculated A and b valucs for UG2 and Tarpet ore arc piven. The b

value for the LG2 ore 15 penerally higher than for Target ore and mdicates that the

U2 ore is fragile m comparnison (o the Turget ore.,

Table 4.1: Calenlated A and b values for UG2 and Target ore
W32 |15 2 2 men | 22 3+ 19 | 31526 5] 4537 Son |4 -Fafamm] an ST e | - Wi | -150-1060m
A [= e = kel T4 T EEA ] plLAREe] e O] .33
b 2T LR 1.0 LIk2 .16 [BREES 307 120
Axh 14405 moas THER 15 1R J0.BL 153.81 117549
Targed | -15+122mer | =2 A+ 18 | =415, 5] <4557 S | 4 -63£53nwn] n 83 53nn0] 106+ D | -1 D006
A 0 B 7326 A1 Tg AN £ A% A5 dF 14004 B
b DEd 173 [N H 1.4 064 ML 2.3 G.aD
Axly oA E0RG BE 92 B370 i A TH 4088 &1 50
There is a significant difference m the shapes of Figure 4.1 and Figure 4.3, This is

hecause the chromiles present in UG2 ore tend to break around nalural grain
boundarics, which is around 200pm (Chernet and Marmwo, 2003} It causes the
inflection point in the curves of the LG2 size distribution where the Target gold size

distribution 18 smooth, This is better illustrated in Figure 4.5 and Freure 4.6
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Figure 4.5:  The full size distribution for the product ot the -106+75mm Targel

ore Drobkeen wich 0.4, 0,25 and 1.1 KWh't
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Figure 4.6:  The full size distribution for the product of the -106+75mm LG2
are broken with 0.4, .25 and 1.1 K'Wh/t

The green Foe in Figure 4.5 and Figure 4.0 shows where the sizing of the drop weight
product would usually stop around 400pm For the Target ore in Figure 4.5 1L would
not have made a difference, but the sab 400um intormation for the UG2 ore in Figure
4.6 is important becanse the natural prain sizes of the chromites play a role. This s
also Lhe size range that 1 most mportant o tenms of lberation and recovery because
particles bigeer than 400pm can not be recovercd by flotatwon. The same trend was
observed tor all the size classes tested and the size disteibution dala for the olher size

classcs can be seenn Appendis A
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4.2. ABRASION

The experiments conducted in the pilot and torque mills are described in this section.
These tests were primarily performed to investigate abrasion as a mode of breakage

and to determine what influence of different mill diameters has on the breakage.

4.2.1. PILOT MILL

The pilot mill has a diameter of 1.68m and length of 0.57m. The rest of its design
variables are given in Table 3.2. The masses of the four initial rounding runs that
were done on the UG2 ore can be seen in Table 4.2. The pilot mill was filled with a
batch of 737 kg fresh ore for each batch. The mass of 737 kg, representing 30%
volume filling, was made up of rocks in three discrete size classes as shown in Table
4.2. After 11 minutes the mill filling for batches 1, 2, 3 and 4 dropped from 30% to
17%, 18%, 16% and 19% respectively.

Table 4.2: Initial rounding runs to prepare rocks for abrasion tests

Size (mm) BATCH 1 BATCH 2 BATCH 3 BATCH 4
t=0 t=11min t=0 t=11min t=0 t=11min t=0 t=11min
-150+106 137 69 137 73 137 65 137 70
-106+75 0 29 0 29 0 30 0 28
-75+50 241 58 241 50 241 50 241 52
-50+38 0 53 0 65 0 67 0 59
-38+25 358 81 358 92 358 69 358 137
25+18 0 54 0 56 0 48 0 55
18+12 0 35 0 32 0 28 0 31
12 0 45 0 41 0 36 0 38
Total 737 423 737 441 737 393 737 470
Mill filling | 30% 17% 30% 18% 30% 16% 30% 19%

During these four runs 10 slurry samples were taken. The wet and dry mass data can
be seen in Appendix B. The trend that is expected in this kind of experiment is the
typical quick loss of mass as a result of the initial chipping (Austin ez a/., 1987). Then
the rate of mass loss slows down as abrasion takes over and chipping decreases where
the wear rate is very slow and the mass loss is almost constant. It can be seen in
Figure 4.7 that the mass loss is rapid at first and then it slows down to stabilise

(Loveday, 2004). This run was only 11 minutes long because UG2 ore is fragile and

46



the average specilic rate stabilised quickly, The Mass ftaction remaining m the mill
and average specific discharge rate of solids shown n Figure 4.7 is for batch 4, the

data for the other runs arc sunilar and can be scen in Appendix B
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Figure 4.7: Mass fraction remaining in the Pitot mill and average specific

discharge rate (Batch 4)

Each of the ten slurry samples was sereencd from the top size down to 38um. An
example of the resultant size distribution of all the shory samples of one of these runs
4 given in Figure 4.5, The cumulative size distribution data tor batch 1, 2, 3 and 4
can be seen in Appendix B, lo Figure 4.8, it can be seen that the size distribution of
the [irst shurry samples thal were taken at 2 minutes are the coarsest and the size
distributions then get finer and the 11th minute shorry samples are the finest. The
conditions under which these tests were performed were identical, Repeatable results
could therefore be expected. In all four batches the specific discharge rate peaked at 4
minutes atter staet-up (see Figure 4.8, This means that the fines that were generated
by the inttaal chipping phase were held back by the churge and therefore the discharge

rale peaked only al 5 minutes afler starl up.
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Figure 4.8:  Size distribution for UG2 halceh 4 in the Pilot mill

Figure 4.9 shows the size distribution over the whole size range for the four initial
rounding batches. The masses and sizes of the rocks that were mitially put mio the
mill are also shown. The swps m the size distnbutions that were caused by the

discrete size classes that were put into the mill are smoothed out but still visible.

48




1{’]0 .... e e T .g

|
n : : —+— Feed (%) |
£ i ; —=—Batch1 ||
g 10! ! —a—Batch2 |i
= ; —s—Batch2 |
E ‘ —— Batch4 |

: |

Q .%

9 AT R Sy

1 104 10000 1000000
Size (pm}

Figure 4,9:  Initial rounding size distributinny

Fromm this data three sizes were selecled namely 38pm, 106pm and 1180w to assess
the change n the rate of production of fines with time,  In Figure 4.10 the trend for
the production of fines in the 38um fFaction ol the mill discharge mereases trom the
2™ mimute to the 11" minute. The inereasc in the rate of —38um fines production
from the 2 o the 4% minuie is quick and then becomes more stable after that. The
rate ol fmes production in the 106pm size fraction shows a much more rapid increase
and onby becomes more consistent after the 8" minote. “The rate ol production ol
fines in the 1180um size cass shows only an inerease between the 2™ and the 4

mmule. Afler that the rate of fines production is constant,

Tlos means thal m the [irst ten minutes of a grind out test with angular rocks in a pilot
scale AG mill the rate of discharge of the fimey will mercase rapidly m the Arst two
minules and then become more eonstant. Fizure 4,10 therefore shows thar the rate of
production of the fines m these three srze fractions changes over e, Variations in

the mincraliogical compositions of these fractions may therefore oceur,
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Figure 4.10:  Mass pereent passing 38um, 106pm and 1180pm runs 1-3

Ome of Lhe objectives ol these runs was to prepare the rocks for the abwasion tests,
These rounded L2 rocks were used in an attempt to isolate abrasion. This time the
mumber gnd mass of rocks were recorded in order o determine the amounl ol
hreakage Lhat wok place during (he experiment. The mass and number of the racks
that were put wito the miill as well as the mass and number of the rocks that remained

after the 2 manute Jomg run are given in Table 4.3

The same initial mill filling (3t8%) was used as in the roundimg experuments. The muill
was only run [or 2 mmules m an altempt to keep the contents of the mill constant,
The charge was then removed. screened, weighed and the rocks counted.  The matl
was filled with the remainder of lhe rocks from the 2 minute run that was sull m the

size classes of inferest and topped up with the conditionead racks from the initial four

rutis to mke up & similar charge [or the repeat teat.




Table 4.3: Abrasion test on the pilot mill

BATCH 1 BATCH 2
Time (t) t=0 t=2min t=0 t=2min

Size (mm)] Mass Number | t=2min ] Number Mass Number Mass Number
106 137 33 117 27 137 31 91 19
75 15 6 39 12
50 241 583 198 473 241 581 196 482
38 32 185 29 109
25 358 5231 276 4315 358 4443 281 4522
18 33 1042 38 1165
12 10 976 10 921

Total 736 5847 681 7024 736 5055 684 7230
Mill filling 30% 28% 30% 28%

In Table 4.3 the significant increase in the number of rocks after the run shows that
many rocks were split and broken due to impact breakage. For batch 1 the initial
charge comprised 33 rocks in the —150+106mm size class and after the 2 minute test
27 rocks remained. It was observed that 6 rocks moved down to the —106+75mm size
class as a result of abrasion (the —106+75mm size class had no material in it initially).
Afterwards these rocks were inspected and no chip marks were found, they were only
more rounded. Similarly, from the 583 rocks in the —75+50mm size class 473
remained in this size class while 185 rocks where found in the —50+38mm size class
which was initially empty. The number of rocks that remained in the same size class
and that was found in the size class just below it do not add up to 583. This means
that some rocks broke in such a way that the progeny rocks were still in the same size
class, or a big enough piece of the original particle split off for it to be in the —
50+38mm class. Table 4.3 shows a significant increase in the number of rocks in the
smaller sizes while the numbers of bigger rocks did not change significantly. Similar

results were obtained for batch 2.

A similar abrasion run was conducted with rocks in the two top size classes only, —
150+106 and —106+75. The number and mass of rocks before and after grinding for 2
minutes are given in Table 4.4. It can be seen that numerous rocks were broken into

size classes below 75mm.
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Table 4.4: Big and small rock abrasion tests on the pilot mill

BATCH 3 BATCH 4
Time (t) =0 t=2min =0 t=2min
Size (mm) Mass Number Mass Number Mass Number Mass Number
150 491 77 143 33
106 94 244 94
75 49 81
50 11 152 1667 865
38 11 63 673 6041 034 5348
25 6 238 79 1334
18 6 776 23 4999
Total 491 171 470 1437 673 7708 636 12546
Miil filling 20% 19% 27% 26%

This shows that the smaller rocks in the first two abrasion runs provided a sort of
cushioning effect that protected the big rocks from breaking as the big rocks only
broke the smaller rocks. In the third abrasion test the big rocks broke themselves. For
the fourth batch, only small rocks were put into the mill and the results given in Table
4.4 indicate that breakage events took place and generated rocks in the sub 25mm size
classes. The observations in this series of tests lead to the conclusion that the mode of
breakage that was obtained in the pilot mill was a combination of impact breakage

and abrasion.

A more competent ore, Target Gold ore was then used for further test work. This ore
type was selected because it is much harder than UG2 and therefore more difficult to
break, however it is lighter than the UG2. The Bond Ball Work Index for UG2 is
15.61 kWh/t and 17 kWh/t for Target Gold ore. This was also done in order to
compare the breakage characteristics of a gold ore to the breakage characteristics of a
platinum ore. These rocks were well rounded from previous experiments. The mill
was filled to a slightly higher percent filling. Fewer breakage events took place in

these experiments as shown in Table 4.5.

Table 4.5: Abrasion tests on Target Gold ore

Size Run 1 Run 2
t=0 Number | t=21min § Number =0 Number | t=21min § Number

106 130 39 112 33 112 33 98 29
75 282 223 108 209 108 209 208 163
50 129 328 261 293 261 293 118 278
38 194 1424 134 998 134 998 93 624
25 28 394 23 340
18 3 141 112
12 2 198

Total 735 2014 648 2266 615 1533 540 1546

Mill filling 39% 35% 33% 29%
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Only one batch of rocks of 735kg were availible for these tests. This was the same
mass that was used for the UG2 tests. However, the Target ore has a much lower S.G.
and 1t filled the mill up to 39% as seen in Table 4.5. After screening out the fines of
batch 1 only 615kg was still available in the bigger size classes to do a second run.
These runs were carried out for 21 minutes to make it easier to see the breakage that

took place on this competent ore type.

4.2.2 TORQUE MILL (600mm)

The torque mill has a diameter of 0.597m and length of 0.485m. The other design
variables are given in Table 3.2. In the torque mill, more breakage occurred as a
result of abrasion than impact breakage. This could be observed in the similarity of
the numbers of rocks before and after each test on both ore types. All the rock
samples that were used in the torque mill experiments were rounded from the
experiments described in section 3.1.1. Three size classes were put into the mill. The
speed of this mill was set at 75% of critical. The mass and number of rocks in the

charge were recorded before and after each run as shown in Table 4.6.

Table 4.6: UG2 Abrasion tests on the torque mill

BATCH 1 BATCH 2 BATCH 3
Size class 50+38,-38+25,-25+18 50+38,-38+25,-25+18 -50+38,-38+25,-25+18
Time (1) t=0 =20 t=0 t=20 t=0 =20
Size Mass | Number| Mass |Number| Mass | Number| Mass | Number] Mass | Number] Mass | Number
50 21 95 15 65 21 98 16.1 79 21 102 16 84
38 47 714 37 573 47 728 | 3358 | 571 47 799 39 615
25 11 393 12 406 1 403 | 1370 | 461 11 393 15 498
18 0 0 2 173 0 0 1.96 147 0 0 2 128
12 0 0 0 54 0 0 0.16 47 0 0 0 40
Total 79 1202 | 66.14 | 1271 79 1229 | 65.50 | 1305 79 1294 72 1365
Mill filling| 30% 25% 30% 25% 30% 27%

It can be seen from Table 4.7 that that the number of rocks in the smaller sizes
increased. It can be deduced that using only the small rocks did not reduce the
breakage that took place during a 20 minute long run. The reduction of the mill speed
reduced the breakage slightly as seen in Table 4.7 for batch 9. The slurry size

distribution data for all these tests can be seen in Appendix B.
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Table 4.7:

UG2 Abrasion tests on the torque mill

BATCH 4 BATCH 5 BATCH 9
Size class| -38+25 -38+25 -38+25 70% of critical
Time {t) t=0 t=20 t=0 t=20 t=0 t=20
Size Mass [Number| Mass [Number|] Mass | Number| Mass ] Number] Mass | Number{ Mass | Number
38 79 1301 57 968 79 1335 | 55.415 944 79 1256 58 939
25 11 320 13.89 383 10 261
18 1 67 0.60 53 1 89
12 0 36 0.05 16 0 23
Total 79 1301 69.52 1391 79 1335 69.96 1396 79 1256 69 1312
Mill filling] 30% 26% 30% 27% 30% 26%

A similar set of experiments was done with bigger (-50+38mm) rocks. The results

can be seen in Table 4.8.

It is similar to the results shown in Table 4.7, with the

reduction in mill speed again reducing the breakage. Therefore the lower mill speed

cased slower abrasion rates.

This is in agreement with the literature in that the

specific rate of abrasion can be correlated with the power intensity of the mill

(Loveday and Naidoo, 1997). The number of rocks retained in the top size is higher

for the slower mill speed, but the mass loss is similar.

Table 4.8: UG?2 Abrasion tests on the torque mill
| BATCH 6 BATCH 7 BATCH 8
Size class]| -50+38 -50+38 -50+38 speed 70% of critical
Time (t) t=0 t=35 t=0 t=35 t=0 t=35
Size Mass |[Number| Mass |Number|] Mass | Number| Mass JNumber]| Mass | Number] Mass | Number
50 80 386 47 245 80 402 45.84 245 79 426 51 266
38 16 151 14.83 140 12 124
25 1 23 0.65 16 1 15
18 0 21 0.72 43 1 37
12 0 30 0.1 49 0 16
Total 80 386 63.54 470 80 402 62.14 493 79 426 64 458
Mill filling] 30% 24% 30% 24% 30% 24%

More abrasion tests were then conducted using Target Gold ore.

Only abrasion

breakage took place as the number of rocks before and after the tests were exactly the

same. This can be seen in Table 4.9. The size distribution data of the Target Gold ore

runs can be seen in Appendix B.
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Table 4.9: Target Gold Abrasion tests on the torque mill

BATCH 1 BATCH 2
Size class -50+38,-38+25 -75+50,-50+38,-38+25
Time (t) t=0 t=50 t=0 t=50
Size Mass |Number| Mass | Numberf] Mass |[Number|] Mass | Number
75 8.57 15 8.32 15
50 39 258 37.08 255 37.08 253 34.19 239
38 21 245 19.88 248 19.88 248 19.55 258
25 0.1 4
18
12
Total 60 503 57 503 66 516 62 516
Mill filling 30% 28% 33% 31%

4.3. BED BREAKAGE

HPGR test work was performed at 6 different operating pressures. The pressures and
the specific press force (N/mm’) as calculated from these pressures can be seen in
Table 3.4. The tests were conducted on Merensky ore for the full range of operating
pressures and on UG2 ore at one operating pressure. The size distributions, energy
consumed and the throughput of these tests were recorded. The zero gap was not

adjusted between these tests. The top size of both feed ores were <12mm.

The cumulative size distributions of the feed and the product for the UG2 ore can be
seen in Figure 4.11 and for the Merensky ore in Figure 4.12. Tests were conducted at
the operating pressure of 60 bar Nitrogen and 90 bar hydraulic. The specific press
force (F) exerted by the rolls in (N/mm?) and the specific energy (E) in (kWh/t) for
these settings can be seen in the legends of Figure 4.11 and Figure 4.12 and are shown
for the product size distributions. The raw size distribution data is given in Appendix
C. The relationship between pressure and specific press force is also given in
Appendix C and the method that was used to calculate specific press force from

pressure is shown.
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Figurc 4.12: Cumulative size distributions tor Merensky ore

Pictures of the feed and the product from the HPGR can be seen in Figure 4.13 for the

UG2 ore, The flakes that [onin as a resolt of the compression between the rolls can be

seen in Figure 4.13 (b).
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Figure 4.13:  Pictures of the leed (a) and product (b) of the 1IPGR

For the Merensky ore, the specilic cnorgy that was vsed as a function of press force
u . : , - 2

can be seen in Figure 4,14, The specific press force was mereased [rom L3N/mm' 1o

7.5N/mm”. The consumplion of specilic encrgy increases as the specific press force

is inercascd,  Thercfore, the lower the specific press force, the lower the cnergy

consurmplion,
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Figure 4.14:  Specific energy as a function ot specific press foree
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The percent passing 73pme 300pum and 600um for the Merensky ore are shown 1n
Figure 4,15 A sharp increase in the percent passing the given mesh size up to
AN/mm® was observed for all sizes.  When the specific press force is increased
beyond AN/ the erind e longer gets finer bul the enersy consumption still
mereases as seen m Figure 4,04, Therelore there s no benetit in operating heyond
4N/mun for this ore type and operating bavond 4N/mm” will only result in

unneeessary energy losses.

It can he obscrved that the tread lines for all threc curves nerease up to 4 Nimm™ but
o not indrease sigraficant]ly thereafter. It may therefore be concluded thal an inercase
i1 specific press foree provides a finer gnind, but onty up o 4 certain threshotd that

was found te be 4 Nommr® for this ore type.
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Figure 4.15:  Percent passing given size as a function of specific press [orce

In Figure 4.16, the reduction ratio F30/P30 and TRIVPEO s given as a function of
specific press force. & more significant change in reduction ratio is visible for the
FA0/P50 curve than for the FROVPRO curve, However the F30/P30 reduction ratio also
shows that the reduction ratw does not werease beyond AN/mm’. This contirms that

the trend observed for the gnind as a function of press foree was not due 1o changes in
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the feed size disiribution. It can be observed that the FSOPS0 curve is o betler
measure of the reduction ratie than the FROPSD cueve.  Both these trend hines also

show little increase after 4 Nimmr.
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Figure 4.16: Reduction ratio as a function of specific press force

This implies that eperation at very high pressures may result in higher energy
consumption, while the same reduction ratios could be achieved at lower pressures.
This phenomeanon may be the resull of the resistance of the material that becomes
significant when the compression of (the material reaches a centain threshold. 1t also
may be the result of the edge effects that become signilicant at higher pressures when

more material moves oul to the sides ol the rolls when the pressure increascs,




4.4 MINERALOGY

Mineral liberation analyses (MLA) were conducted on certain samples to determine
the liberation of PGM grains in key samples and to compare it with other samples that
were broken under different conditions. Initially the chemical compositions of all the
samples from breakage experiments that were carried out were determined. The
objective of the chemical assays was to obtain useful information about samples that

could be used to narrow down the number of samples for MLA.

For statistical reasons, no impact breakage or abrasion samples were analysed,
because the fraction of fines obtained from these modes of breakage per test was
insufficient for these analyses. A UG2 sample that was broken in the AG mill was
used as a combination of impact and abrasion breakage. This mode of breakage
produces enough sample mass to carry out a statistically significant analysis. A UG2
sample broken in the HPGR was also analysed. This was done in order to make a
comparison between the compositions of the screened products of the two modes of
breakage. Merensky samples that were crushed in a HPGR under various operating

conditions were also analysed. A detailed discussion is given in this section.

The liberation classes of certain samples from the HPGR and the AG mill products
were analysed with a Mineral Liberation Analyser (MLA). The MLA provides useful
information about the number of PGM particles found in each liberation class as well
as an indication of the volume of these particles. There are six liberation classes and a
description of each liberation class is given in Table 4.10. An example of the modes

of occurrence in these six classes is given in Figure 4.17.

Table 4.10:  Description of Liberation classes

L Liberated PGMs
SL PGMs associated with liberated BMS (Base Metal Sulfides)
AG PGMs attached to Silicate or Oxide gangue particles
SAG PGMs associated with BMS attached to Silicate or Oxide gangue particles
SG PGMs associated with BMS locked in Silicate or Oxide gangue particles
G PGMs locked within Silicate or Oxide gangue particles
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Figure 4.17:  Example diagrams of PGM modes of occurrence

The mun minerals present m the LIG2 and Merensky ore that were used for this
project that occur m association with PGMs are given in Table 4,11 and Table 4,12,
The Group classification wdicates the Noatability of the mineral where the sulphides

arc the fastest flomtng and semi-mctals the slowest.

Table $.1k:  Main minerals in UG2 that occur in association with PGMs

Mineral name Formula | % of PGMs Group
Conpenile PiS 34 Sulphides
Tetralerraplatinun PtFe 7.5 B avs

PtPdS 165 Sulphides
PtRhCusS B Sulphides
Polarile PdHg 4.5 Semrmetals
Svyaainisevile PiPb 4.5 Alloys
PiRhAsS 2.5 Sulphices
PdPh 25 Allays
Mizhenerile PdBiTe 1.5 Semi-metals
ther 5

)




Table 4.12: Main minerals in Merensky that occur in association with PGMs

Mineral name Formula [|% of PGMs Group
Tetraferroplatinum PtFe 37.8 Alloys
Cooperite PtS 15.8 Sulphides
Moncheite PtTe 13.8 Semi-metals
Kotulskite PdTe 6.5 Semi-metals
Maslovite PtBiTe 3.8 Semi-metals

PtAs 2.5 Semi-metals
Other 20

4.4.1 COMPARISON OF LIBERATION ACHIEVED ON A UG2 SAMPLE
WITH THE HPGR AND AG MILL

Table 4.13 shows the assays that were performed on the UG2 samples. The rest of the
data that was generated by the ICP1 analysis can be seen in Appendix D and include
the percent Mg, Al, Ca and Fe in these samples.

Table 4.13: UG2 impact & abrasion and bed breakage

Size Bed breakage Impact & Abrasion
Si (%) Cr (%) Si (%) Cr (%)
300 ym 11.80 14.75 9.75 17.00
212 ym 7.20 20.50 6.96 20.40
150 ym 7.52 20.20 7.03 21
106 um 9.30 18.35 9.28 18.5
75 pum 12.00 14.60 10.8 16.3
53 ym 13.20 13.20 12.3 14.5
38 ym 13.20 12.80 12.25 14.35

In Table 4.13 it can be observed that the majority of the chromites are in the -
212+106pm size range. This is because the natural grain size of the chromites is
closest to those two classes. Nevertheless, the —38um fraction was chosen for the
MLA in order to compare the liberation that is achieved with an AG mill to HPGR

because that is the fraction that is already of recoverable size.

The volume % of grains is given in Figure 4.18 to compare the liberation classes of

the HPGR product sample to those of the AG mill product sample.
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Figure 4.18: Volume % of grains for cach lberation size class for the HPGR

amd AG mill samples of UG2 ore (sub 38pm)

From the % volume the HPGR product samples show better lberation of the PGM
than the AG mill product sample in the T class, However the AG mill product had a
higher vohune of hberated particles in the SL class. The presence of nuggets in the
sample may skew the results, 1 s theretore recommended that both the number of
PGM grams observed and the volume % be considered i the analysis for each
liberation class, A comparison of the liberation classes in terms of the cumulative
pumber of POM grains from the HPOR, product sample to that of the AG mill product
sample 15 given m Fieure 419, The liberation classes are presented as a proxy for the
arade and the cumulative number of graims &8s a proxy for recovery 1o got a pseudo

grade recovery curve { Becker ef af., 2007).

It ean be seen thal similar resulls oo what was observed for the volume % were
obtained with the number of grains. From the Mustration in Figure 4,07 1 can be seen
that the PGM grains are cxposed only in the L and SL liberation classes, Therelore il
the number of grams in the Land SL classes in Figure 4.19 is considered, the total for
the HPGR product is 75 grains while that for the AG mill product sample is 85 grains,

It can be concluded that for thes ore the AG mll gave better hberation o the sub
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I8pm size fruction. Howcever, the size distribution of the sub 3¥pm material was
never determined. If an extrapolation i3 made on both the HPGR and the AG mill
size dmisiributions, the sub 38pm AG mill sample s finer than the HPGR sample,
Theretfore it may be the case that the sub 38pm AG mill sample 15 liberated much
betier, hut nol necessarily recoverable as a large fraction of the AG mill sample may

be sub Lpm and difticult to recover via Hotatien,
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Figure 4.19:  Pseutto grade recovery curve for the HPGR and AG mill sample
for L2

The volume % and the number of grams per hundred tound in each Iiberation ¢lass for

Lthe HPGR and AG mill product samiple for UG2 15 given in Appendix E,

44.2 COMPARISON OF THE FFIECT OF OPERATING PRESSURE ON
LIBERATION ACHIEYEDY WITH AN HPGR

Fire assav for POM amalyses were condocted on all the Merensk v reef samples that
were broken in the HIPGR. This was done to determine the etfect of the different

specitic proess lorces thal were apphed on the composition ot the screened product
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samples. Table 4.14 shows the PGM and Au data as cumulative percent of total PGM
and Au for each of these operating pressures and the cumulative size distribution data.

The coefficient of variance between the 48 bar sample and the 150 bar sample 1s also

shown.

Table 4.14: Merensky fire assay for PGM data for 30 to 150 bar

PGM + Au (% of total PGM + Au) 48 and 150
Size (um)] 30 PGM | 48 PGM | 60 PGM |90 PGM {120 PGM |150 PGM | Co of var (%)
10000 100.0 100.0 100.0 100.0 100.0 100.0 0
1000 84.0 90.4 89.2 89.8 74.7 87.8 2.89
425 65.8 78.0 78.0 72.2 64.4 74.2 5.07
212 48.6 64.7 64.8 57.0 54.4 62.2 3.98
150 33.6 47.3 48.7 38.8 40.4 50.5 6.55
75 19.6 35.0 36.3 25.8 20.6 38.3 8.97
38 0.0 20.2 21.2 14.6 10.6 220 8.63
mass (%) 48 and 150
Size (um)| 30 bar 48 bar 60 bar 90 bar | 120 bar | 150 bar | Co of var (%)
10000 100 100 100 100 100 100 0
1000 61.56 69.75 73.66 66.82 71.95 68.52 1.79
425 42.47 48.43 50.52 46.95 49.16 55.35 13.40
212 28.22 31.38 32.22 33.94 32.69 32.10 2.26
150 22.30 24.50 24.67 25.38 24.74 24.53 0.11
75 13.26 14.20 13.14 15.14 14.73 14.19 0.10
38 4.61 3.50 2.69 7.35 7.74 5.73 51.24

In Table 4.14 the coefficient of variance is small except for the smallest mass %
value. However, the g/t PGM values were similar. These runs were repeated and the
product samples were also analysed. The results were similar and therefore
repeatable and can be seen in Appendix E. Three feed samples were taken as belt
cuts. They were also screened and analysed and the data can be seen in Appendix E.

The liberation of four Merensky samples was determined. They were the -38um and
—75+38um fractions crushed at a higher specific press force of 7.5N/mm® (150 bar)

and at a lower specific press force of 2.5 N/mm® (48 bar).

In Figure 4.20 it is observed that a higher percentage of the volume is liberated in the

sample broken under higher specific press force in the L. and the SL liberation classes.
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Fizure 4.20: Volume % of arains for each liberation class for the HPGR Lower
and lligher Specific Press Forces of Merensky ore in the sub 38um

size class

However the number of grains that occurs mthe lower P sample s hicher than the
nurober o grams in the higher P sarmple of the Loclass. The opposile 8 true for the 5L
class. This can also be observed in Figure 4.21 where the cumulative number of

erains [or cach Lberation class is shown.

Liberation class

{ 50 100

Cumulative number of grains

Figure 4.21: Pseudo grade recovery eurve for the HPGR Lower and Hicher
Specific Press Force samples for Merensky ore in the sub 38um

size class
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The total mumber of PGM grains occurring in both the L and SL classes together 15
cgual It may therefore be concluded that the effcct of operating pressure on the

liberation ol il stze class 15 nel spembe and.

The velume %o and the number of grains per hundred found o each liberation class for
the HPGR product sample tor the sub 33pm size fraction of the Merensky sample 1s
given in Appendix E. Therelere 1f both volume and number of graing are considered,
the higher pressure gave better Jiberation of the sub 38pum [raction. Howewer, the
cxient o which these swmples will ol be recoverable 15 not known and the higher

pressure may produce better liberation but those particles mav hol be recoverable.

For the -75- 38um size class, it was obscrved that the Volume % of the samples
broken at Lower Pressure and Higher 'ressure 15 similar in the L ¢lass but the Lower
Pressure sample’™s Yolume % a2 higher i the 5L class. This can also be seen m

Figure 4,22,
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Figure 4.22; Vaolome % ol grains [or each liberation size class tor the HPGR
Lower and Higher Specific Press Force of Merensky ore in the size

class =751 3pm

In Figure 423 it was ehserved that the sarople broken under higher pressure has a
higher number of particles in the L class than the lower pressure sample, but the

npposile 15 true for the SL class,
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Figure 4.23:  Pseudo grade recovery curve tor the HPGR Lower and Higher
specific Press Force samples Tor Merensky ore in the size class —

75+38m

Figure 4.23 therefore shows that the lower specilic press foree sample 15 belter
liberated as 1l has a ngher cunmglative number of grains in the SL ¢lass, The volime
"s and the number of grains per hundred found m each liberation class for the HPGR
product sample for the -7apn 38um size fraction of the Merensky sample i given n

Appendis E,

Therefore the —38um fraction of the higher specific press [oree sample was better
liberated, and the  75-38pwm [raction ol the lower specilic press foree sample was
belter hiberated. But the unrecoverable fraction of the sub 38pm sample 18 unkoown
for the higher pressure sample.  In addition to this, the energy consumprion of the
HPGRE s significantly lower at a lower specilie press force and it 1y therefore
wdvizable to operate at the lowest possible pressure that will 2ive the requared grind,
This 15 m agreement with the findings of van Drunick and Smit, 2006 thal the best
flotation results were ebtained in association with low grimding pressures for all the

ore lypes that were Lested. The nuneralogy theretore supports their findings,
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4.5 COMPARISON OF SIZE DISTRIBUTIONS FROM
DIFFERENT MODES OF BREAKAGE

4.5.1 UG2ORE

The product particle size distributions of UG2 ore that were produced by various
modes of breakage are given in Figure 4.24. The “Chipping and Abrasion” mode was
achieved by grinding angular rocks (of three discrete sizes between —150 and +38mm
with a size class empty in between) in the pilot mill with a large diameter for 11
minutes. The “Mostly Abrasion” mode was achieved by grinding a similar batch of
rounded rocks in the pilot mill with the large diameter for 2 minutes and the
“Abrasion” mode is from grinding rounded rocks (-50+19mm) in the smaller torque
mill for 20 minutes. The “Impact” mode is from the drop weight tester the product of
the -106+75mm rocks is shown at an input energy of 0.4kWh/t and both “Bed
breakage” modes are from the HPGR, but the “N” is for a normal feed size
distribution of -12mm and the “T” i1s for a truncated feed size distribution of -

12+4mm.

Test work on the various modes were conducted over a range of input energies, so
direct comparison of the amount of breakage is not meaningful. The comparison
conducted here is of the form of the product distribution, into what size range the

product reports for the different types of breakage.

If we consider the “Abrasion” mode, the increase in cumulative mass percent between
0.038 and 0.2 mm can be observed. Between 0.2 mm and 10 mm hardly any increase
in the cumulative mass percent can be observed. After 10 mm, a sharp increase up to
100% of mass at 50 mm can then be seen. This means that the rounded rocks that
were initially placed in the mill did not undergo much impact breakage or chipping.
Only fines abraded off the surface of the rounded pebbles. The “Mostly Abrasion”
curve has a similar shape, but the increase from the fines up to the original particle
sizes 1s not as sharp as the “Abrasion” curve. Therefore chipping took place to some

extent and caused the slight increase in the cumulative mass percent between 9 and 20

69



mm. This can be explained by the large diameter (1.68m) of the pilot mill that was
used for thig test in comparison with the smaller diameter (0.6m) of the torque mill

that was used to achieve the “Abmsion” mode of breakage.
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Figure 4.24: Product Particle size distributions of UG2 ore produced by various

mades of breakage

The ed hne In Figure 4.24 represents the product particle size disinibution of the
product of the drop waight test, I this mode of breakage no propeny particles
remainad in the same size class as the original rock. The increase in cumulative mass
15 more conswsient throughow the swee range. The shape of the “Chipping and
Abrusion” mode looks hke a combmanon of the “Abrasion” and the “Impact”™ modes.
This is because angular rocks were used for this test and extensive chipping and
impact breakages takes place belore abrasion takes over as the primary mode. All of
these Tour curves show the bend around 0.2 mim and that 15 approximately the size of

the natural chromite grain, The two left most curves that can be seen in Figure 4,24
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arc the product size distributions om the HPGR. These cumves show that with bed
breakage there is no formation of a critical size that is difficult to break as in the
abrasion and mmpact modes that are atrtboted o malls. The truncated [eed produced
move tines than the feed with a natural size distribution and consumed about 0.8kWh't

IETe CTICTE Y.

In Figure 4.25 the same product particle siee distributions can be seen but with
normalised stee Tactions. The orznal particle stee 15 1 and the product parucle sizes
are fractions of this top size. The bed breakage of the HPGR produces a far higher

reduction ratio than the other medes ol breakage,
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Figurc 4.25: Product Particle size distributinns of UG2 ore produced by various

modes of breakage (oormabised siecs)




In Figure 426 the mass percent retamed o esch size Gaction can be seen. The
particle sizes are given as a fraction of the top size where the majority of the product
particles from each mode of breakage ¢an be observed. The sharp peaks at the coarse
end are for the abrasion mill with a maxed fecd of three parlicle sizes, so have no
physical significance other that reflecting the ortginal feed size. The majority of the
product particles frotn the “Abrasion™ mede remained very ¢lose to the original size
as the curve peaks around (19 and fines were produced and can be observed around
(LiHR2. The curve of the “Maostly Abrasion” mode shows that the majority of the

towided rocks staved in the three onginal size classes and tines formed around 0001,
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Figure 4.26: Mass percend retained per size

The “Chipping and Abeasion™ mede peak has lost a considerable number of the top-
size tocks, with true product below the peak at G235, There 1 significant material m

the imermediate size range down to abowt 0.025 — representing chipped fragments,
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and then a peak at 0.001 of fines production. Therefore, the angular rocks chipped
significantly and also formed some fines due to abrasion. The “Impact” curve is more
evenly spread and it is noticeable that no mass remained in the original size. This
mode caused the formation of some fines around 0.003. Both “Bed breakage” curves
show that fines were produced extensively and that no mass remained in the original
particle size. As the HPGR feed size was so much finer than the other feed particles
(about one tenth the size), this normalised size reduction can be a bit misleading. In
absolute size, it peaks at the same size range as the fines production from the other

modes of breakage.

4.5.2 TARGET GOLD ORE

The product particle size distributions of Target Gold ore that were produced by
various modes of breakage are given in Figure 4.27. The “Mostly Abrasion” mode
was achieved by grinding rounded rocks (of a normal size distribution between —106
and +38mm) in the pilot mill with a large diameter for 21 minutes. The “Abrasion”
mode was achieved by grinding rounded rocks (-50+19mm) in the smaller torque mill
for 50 minutes. The “Impact” mode is from the drop weight tester. The product size
distribution of the -106+75mm rocks is shown for an input energy of 0.4kWh/t and
the “Bed breakage” mode is from the HPGR, a normal feed size distribution of -

12mm was the feed size.

If we consider the “Abrasion” mode, a very slight increase in cumulative mass percent
between 0.038 and 0.1 mm can be observed. Between 0.1 mm and 25 mm no increase
in the cumulative mass percent can be observed. After 25 mm a sharp increase up to
100% of mass at 50 mm can then be observed. This means that the rounded rocks that
were Initially placed in the mill did not undergo any impact breakage or chipping.
Only fines abraded off the surface of the rounded pebbles, producing about 4% mass
loss. The “Mostly Abrasion” curve has a similar shape, producing about 10% fines.
The increase from the fines up to the original particle sizes is not as sharp as the
“Abrasion” curve therefore chipping did take place to some extent and caused the
slight increase in the cumulative mass percent between 20 and 30 mm. This can be

explained by the larger diameter (1.68m) of the pilot mill that was used for this test in
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comparison with the smaller diametey (0.6m) of the torque mill that was used to

achieve the “Abrasion™ mode of breakage.

The red line in Figure 4.27 represents the product panicle size distribution of the
product of the drep wosht test,  In this mede of brcakage no progeny particles
remained in the same size class as the origmal rock. The nerease m cumulative mass
Is more consistent throughout the size range. The left most curve that can be seen in
Figure 4.27 is the product size distribution from the HIPGR, This curve shows that
wilh bed breakage there 15 apain ne fernmlon of a cotical stec 15 ilficalt to break
as in the milkng modes.  The bed breakage produces a consistent increasc in

cumulative mass pereenl across (e siac rangc,

100 - |
! i ==z i
! o fjostly Abrason
L80 || S
~® o haragion |
80 1| | i
: —— Impart
70
= Bed breskagu N
&0

Y
(i

Cumulative mass (%)
n
[+l |

G
=

2
=

10

0.0 0.1 1 10 100 1000

Size (mm)

Figure 4.27: Product Parlicle size distributions of Targel Gold ore produced hy

viarious modes of hreakage




In Figure 4.2% the same product particle size distributions can be seen but with

normalised size fractions,
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Figure 4.28; Product Particle size distributions ol Target Gold ore produeed by

virious modes of breakage {normalised sizes)

In Figure 4.2% the mass percent retained in each size fraction can be seen. The
particle s1zes ate given as a racton of the top size where the majority ol the product
particles from each moede of breakage can be observed,  All the produet particles from
the “Abrasion” mode remained in the original size as the curve peaks at 1 and the
second highest pomt on the curve is the other size that was origmally placed in the
mill and the sum of these hwo pomts is 3% of the mass. Theeefore very little fines
were produced and they are around the 00001 size.  The curve of the “"Mosthy
Abrasion” made shows that the majority of the rounded rocks remained in the three

arigmal size classcs, about 4% by mass ol chipped fragments in Lhe 0.2 siee class, and
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fines formed around 0.001. The “linpact™ cwrve 18 more cvenly spread, peaking at
around 1/10" of the original size, and it is noticeable that no mass remained in the
onginal size. This mode caused the consistent formation of fines across the size
range.  The “Bed breakase™ curve shows that fines were produced extensively and

that no mass remained m the ongnal paricle size,
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Figure 4.29: Mass percent retained per size

In Figure 4,30 the product particle size distmbutions of UG2 and Target Gold ore 1w
viven for Impact breakage and Bed breakage. Both the “lmpact™ and the “Bed
breakage™ tests for these two ore types had the same initial feed size ay seen n Figure
4,30, The curyes shown in Figure 4,30 are the same ongs that were previously shown
to compare the different modes ol breakage,  This 18 just o compare the resulis
obtaned by the two difterent ere types, The impact tests were at the same energy and

the HPGR test at the same pressures, so the degree of breakage s directly comparable

between the ores for these tesis,
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Figure 4,30:  Prodnct Particle size distributions of UG2 and Target Gold ore for

Impact and Bed breakage

The UG2 15 more lragile than the Target Gold ore and can be seen in hoth the hmpact
and the Bed breakage size distributions.  The Bed breakage produced much more
fines with the G2 are than the Target o, Additionally there 15 a distinet bimodal
distribution m the UG2 which is absemt from the Target ore — reflecting the difference
in the ore structures. The lmpact breakapge produced more small particles m the size

range 002 o 30mmro but almost the same amount of fines,

Figurg 4,31 shows the product particle size distnbutions of UG2 and Targel Gold ore
that wore produced by abrasion in the pilot mall and the torque mills. These curves
are also the same distmbulions that were wsed o compare the differem modes of
breakage that are shown here to cempare the influence of the same mode of breakape

on the dilferent ore 1vpes. The “Abrasion™ curves show again how fragile the UG2
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(dark blug curve) ore s in comparison with the Target Gold (zrecn curve) ore. Very
lintle fnes were prodoced by the Tarcet ore mocompanson with the VG2 ore
especially ifit is considered that the Target ore test was done tor 30 minutes long and
the UG2 onby [or 20 minutes long. The “Mostly Abrasion” size distribution for the
Target ore lics above the UG2 size disteibution. This is only because the UG2 test
was done for only 2 minutes where the ‘Target ore tost was done for 21 minuies,
However between 10 and 30mim on the “Mostly Abrasion” curve [or UG2 already
shows some chipping occurring while the Target ore did not chip as much. despite the

ru length bedng 10 times lenger.
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Figure 4.31:  Product Particle size distributions of UG2 and Target Gold ore for

Abrasion

The dillerence m the curves of the same mode of breakage [or the 1wo different ore
types 15 remarkable lor all these modes of breakage. 11G2 ore is muoch more fragile
than the Target Gold ore and there are also two distingt mineral phages o the LG2

(chromitite and the hanging wall or footwall) that may have an influgnce on the

TE




breakage size distribution. When the ore contains a large amount of waste rock
(hanging wall and footwall) the breakage size distribution may change from the
distinct bimodal shape of the UG2 product and become similar to the normal Rosin-
Rammler distribution. The difference at the finer end of the size range may largely be

attributed to the breakage of the UG2 around grain boundaries.

RESULTS AND DISCUSSION - In summary:

e The drop weight A and b values show that the Target ore is much more
competent than the UG2 ore.

e It was observed that when angular rocks are placed in a mill the rate of mass
loss out of the mill is quick because of the initial chipping and it then slows
down when abrasion becomes the primary mode of breakage and the mass loss
becomes constant.

e The mill discharge becomes finer with time as abrasion dominates.

e In the first two minutes the rate of discharge of fines will increase rapidly and
then stabilize.

e When big and small rocks are present in the charge, the small rocks may
provide a cushioning effect and prevent the bigger rocks from breaking.

e A reduction in mill speed and mill diameter result in fewer impact breakages.

e The shapes of the UG2 size distributions show that the UG2 breaks around the
natural grain boundaries of the chromites to some extent for the impact,
abrasion and bed breakage.

e For the HPGR, the relation of specific press force to pressure is linear.

e Energy consumption of the HPGR increases with specific press force

e Reduction ratio does not increase beyond a certain specific press force. It was
found to be 4N/mm’ for the Merensky ore.

e The AG mill gave better liberation of the sub 38um size class.

e For the HPGR the higher pressure gave better liberation in the sub 38um size
class than lower pressure.

e For the HPGR crushing, the lower pressure gave better liberation in the -

75+38um size class as compared with the higher pressure.
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There will be no build up of a critical size of material with bed breakage in the
HPGR as 1s the case with abrasion and impact that are attributed to milling.

A truncated HPGR feed produces a finer product and consumes more energy.
UG?2 ore 1s much more fragile than Target Gold ore and produces much more
fines, especially below 0.2 mm which is approximately the natural chromite

grain size.
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5. CONCLUSIONS AND RECOMMENDATIONS

The results that were obtained through the experimental work and analyses conducted
are summarized in this chapter. Future test work that could be useful is discussed

and some suggestions for this work are made.

5.1 SUMMARY OF SCOPE OF WORK

A study was undertaken to investigate the influence of different modes of breakage
and energy inputs on the appearance of the progeny pieces of a broken particle.
Impact, abrasion and bed breakage were investigated as three distinctly different
modes of breakage. The particle size distributions of the products from the breakage
experiments were studied. Mineral liberation analyses were carried out on certain

samples in order to determine the liberation of the valuable particles in these samples.

5.2 GENERAL OBSERVATIONS

o The Target ore is much more competent than the UG2 ore. The Target ore
abrasion experiments were conducted for longer periods than the UG2
experiments in order to get significant amounts of sample. Fewer impact
breakages took place in the torque mill with the Target ore and in two cases
only abrasion took place and exactly the same number of rocks were present
before and after the 50 minute long run.

e The sub 400pm fraction contains valuable information for some ore types.

e It was observed that when angular rocks are placed in a mill, the rate of mass
loss out of the mill is quick because of the initial chipping and it then slows
down when abrasion becomes the primary mode of breakage and the mass loss
becomes constant.

e It takes some time for the slurry to move through the charge in the pilot mill.
The transport is much faster in the smaller Torque mill.

e When big and small rocks are present in the charge, the small rocks may

provide a cushioning effect and prevent the bigger rocks from breaking.
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¢ A reduction in mill speed results in fewer impact breakages.

e The thickness of the discharge cake of the HPGR decreases with increasing
specific press force.

e The Merensky ore produced bigger and more competent flakes than the UG2

ore.

5.3 CONCLUSIONS

Two distinct modes of breakage were observed in the mills: chipping and

abrasion.

The chipping produces a coarser product and is followed by abrasion which produces
a finer product but at a slower rate. It was also observed that the discharging slurry
samples become finer as abrasion starts taking place to a greater extent instead of
chipping. These two modes of breakage may be investigated separately so that these

may feed into mill models as separate sets of tests.

The abrasion rate decreases as a function of mill speed.

The rate of abrasion for the experiments conducted at a lower mill speed was

significantly slower than the abrasion rates at high mill speed.

Energy consumption of the HPGR increases with specific press force, but the
reduction ratio doesn’t increase beyond a certain specific press force. The

threshold point was found to be 4N/mm’ for the Merensky ore.

When the specific press force is increased, the energy consumption increases
accordingly. But once a certain threshold is reached, the reduction ratio no longer
increases with increasing specific press force. Therefore optimum operating

conditions must be found in order to avoid energy inefficiencies.
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The sub 38um sample produced by abrasion was better liberated than the sub
38um sample from bed breakage.

The MLA results showed that for the sub 38pum abrasion sample a bigger volume
percent and more particles per hundred were properly liberated in comparison with
the sub 38um bed breakage sample. The size distributions of the sub 38um fractions
are unknown and therefore the recoverability of the bed breakage sample may not be

worse, but this was not investigated in the current study.

For the HPGR it was found that operating at a higher pressure gave better
liberation in the sub 38um size class than operating at lower pressure. However,
operating the HPGR at a lower pressure gave better liberation than higher

pressure for the particles in the -75+38pum size class.

The size distributions of the sub 38um fractions are unknown and therefore the
recoverability of the lower pressure sample may be higher. A particle that is
unrecoverable because it is too fine is lost, but a particle that is not liberated may be
liberated in down stream processes. The fact that the lower pressure gave better
liberation in the -75+38um fraction shows that operating at a lower pressure is
advantageous, especially when feeding into a flotation circuit, where recovery in this
size range 1s optimal. This is in agreement with literature that the best flotation results

were obtained at low grinding pressures for all ore types.

The state of liberation for the samples broken by different modes of breakage

and intensities of breakage is different.
It was observed from the MLA results that abrasion produced a better liberated

product and that lower energy intensities were more advantageous for bed breakage

both in terms of liberation and in terms of energy efficiency.
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There is a relationship between the energy intensity of the breakage event and

the size distribution of the product.

When two rocks are broken with different energy intensities the difference in the
progeny particles are visible. This is also true for the whole size distribution. Lower
input energies with the impact breakage experiments produced fewer, bigger pieces
and a coarser size distribution. The abrasion experiment confirmed this. When a
slower mill speed (less energy) was used fewer chipping events were observed and
abrasion was the dominant mode of breakage which caused a finer size distribution.
The energy intensities that were used with the bed breakage experiments also
confirmed that there is a relationship between the energy intensity and the size
distribution of the product. However, this was only true until a threshold was reached
and the higher energies had no further influence on the reduction ratios of the
products. Therefore, there is a definite relationship between the energy intensity of
the breakage event and the size distribution of the product. This relationship will be

different for the various modes of breakage.

There is a relationship between the mode of breakage and the size distribution of

the product.

The method that was used to break the rocks influenced the particle size distribution
of the final product. Size distribution data from the various modes of breakage
showed that in the HPGR there is no formation of a critical size that is difficult to

break as in the abrasion and impact modes that are attributed to mills.

This phenomenon can easily be observed in the bigger particles from the different
modes of breakage, but this was also found to be true on the micro scale. The fines
that were produced during abrasion were different from the fines produced by bed
breakage. The sub 38um fines from the abrasion tests were much finer than the sub
38um fines from the bed breakage tests. The influences of the various modes of
breakage were also observed in the extent to which the platinum group minerals were

liberated in these samples.
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The feed size distribution of the HPGR influences the energy consumption and

final grind.

The HPGR product where the feed was truncated at 4mm produced a finer product

size distribution and consumed approximately 0.8k Wh/t more energy.

UG2 ore is more fragile than Target Gold ore.

The UG2 ore produces finer particle size distributions than the Target Gold ore even
when the Target Gold abrasion tests were done for a much longer time and therefore
consumed more energy. The difference at the finer end of the size range may largely

be attributed to the breakage of the UG2 around grain boundaries.

54 RECOMMENDED FUTURE WORK

The size distribution of the sub 38um fraction could be determined in order to see
how much of the various samples are recoverable. However, the best way to
determine the extent to which these particles can be recovered is to perform flotation
test work on the different samples. The difference between a closed circuit HPGR
product and the product from an HPGR followed by a ball mill may be compared with
a product from a conventional SAG/ball mill circuit and followed by flotation test

work.

CONCLUSIONS AND RECOMMENDATIONS - In Summary:

e The difference between impact and abrasion as a mode of breakage in an AG
mill and bed breakage in an HPGR was investigated and it was found that
abrasion liberated the valuable particles better. However, the extent to which
these will be recoverable is unknown and indicates an area for further study.

e The influence of different operating conditions of the HPGR was investigated
and the lower operating pressure was found to be more advantageous. This is

in terms of energy consumption and liberation of the valuable particles.
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There is a relationship between the energy intensity of the breakage event and
the size distribution of the product.

There is a relationship between the mode of breakage and the size distribution
of the product.

The feed size distribution of the HPGR influences the energy consumption and
final grind.

UG2 ore 1s more fragile than the Target Gold ore.
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APPENDIX A DROPWEIGHT DATA

Table A.1:  Size distributions UG2 (Small sizes)

Size (mm) -16 +13.2mm | -22.4 +19 mm | -31.5 +26.5mm | -45 +37.5mm [-63 +53mm (JK)] -63 +53mm (M)
53000 100 100 100 100 100 700
37500 100 100 100 100 95.359 97558
26500 100 100 100 76510 80.154 80.200
19000 100 100 94.379 52914 62.004 55127
13200 100 93.097 69.710 31.067 46 841 37.358
9500 85714 76.319 48096 23.854 35.389 29,926
6700 71574 59 228 34.268 18.885 29466 23738
4750 58746 48.078 26.726 15.099 25.399 20.183
3350 44023 36.910 21.044 12.202 22.004 17.008
2360 33.333 28.976 17127 9928 19.377 14.986

1700 28.086 25533 15.301 8.886 18185 13.630
1180 24101 22.160 13.509 7774 16.969 12711
850 21.672 19.836 12.226 6.976 16.009 12.006
600 19.291 17.424 10.671 6.030 14.552 11.316
425 17.396 15.589 9.287 5272 12.931 10437
300 14.286 12.321 7.264 4241 9.933 8525
212 10.398 8.686 5.295 3.200 6.995 6.058
150 7.289 6047 3.856 2.361 4.899 4.077
106 4762 3.915 2.580 1623 3.133 2.274
75 3013 2.447 1.677 1.087 1.924 1124
53 1.944 1.555 1.093 0723 1.226 0.401
38 1312 0.996 0.720 0475 0.807 0.166
-38 0.000 0.000 0.000 0.000 0.000 0.000

Table A.2:  Size distributions Target gold (Small sizes)

Size (pm) -16+13.2mm -22.4+19mm | -31.5426.5mm | -45+37.5mm [-63+53mm (JK)] -63+53mm (M)
63000 100 100 100 100 100 100
53000 100 100 100 100 100 97.048
37500 100 100 100 100 96.283 90.850
26500 100 00 100 100 89.560 79 457
19000 100 100 100 91.828 81.965 64.463
13200 100 100 91.175 47698 72.663 52.834
9500 100 95.666 57.718 27.878 58502 41.204
6700 59194 77.019 35982 23.044 45758 31712
4750 34409 49,556 25497 17.644 34.157 23.648
3350 23.602 37.104 20.781 14.503 28 070 19.339
2360 16.613 27865 16.103 11.596 22.410 15.230
1700 12.097 22.178 12.843 9212 18.390 12.391
1180 10.215 18309 10.516 8.098 15.465 10.325

850 8441 15 264 8810 7.062 13219 8.719
600 7.097 13.277 7.513 6.288 11574 7.391
425 5968 11.268 6.277 5574 10133 6.246
300 5.000 9.767 5436 5026 8.960 5331
212 4140 8.055 4.435 4508 7.870 4.498
150 3333 6.258 3480 3742 6.492 3.654
106 2.581 4820 2.691 3211 5167 2.904
75 1.989 3.700 2.085 2793 4.326 2.338
53 1559 2.812 1607 2467 3455 1.919
38 1237 2.051 1.205 2206 2.828 1.606
238 7022 1,607 0.955 7.980 2.250 1511
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Table A.3:

Size distributions UG2 and Target gold (big sizes)

UG2 ore Target gold ore
Size (pm) -106 +75mm | -150 +106mm ] -106+75mm | -150+212mm
106000 100 100 100 100
75000 100 92.496 100 100
63000 100 84.509 100 100
53000 100 74.576 100 94.505
45000 91.243 63.159 100 79.196
37500 83.836 51.874 94.487 57.297
31500 76.298 47.521 77.808 41.882
26500 67.705 41.027 68.032 36.703
22400 57.545 37.614 63.210 28.312
19000 48.937 33.027 53.351 25.435
16000 42.031 28.282 44.684 22.158
13200 35.530 24.550 39.631 18.724
9500 29.629 20.650 33.515 16.489
6700 24.260 17.019 27.092 12.223
4750 18.787 14.585 20.489 9.763
3350 16.515 12.696 17.343 8.092
2360 14.159 11.472 14.067 6.459
1700 12.613 10.655 11.746 5.357
1180 11.563 10.088 10.000 4.493
850 10.804 9.682 8.637 3.812
600 10.210 9.256 7.598 3.254
425 9.303 8.494 6.629 2.794
300 8.003 7.305 5.791 2.345
212 6.255 5.309 4.948 1.898
150 4.728 3.230 4.058 1.548
106 3.418 2.041 3.207 1.164
75 2.202 1.127 2.582 0.859
53 1.380 0.614 1.935 0.633
38 0.918 0.365 1.417 0.437
-38 0.638 0.000 0.990 0.287
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APPENDIX B ABRASION DATA

Table B.1:  Wet and dry mass out of pilot mill over time for seasoning of UG2

Batch 1 Batch 2 Batch 3 Batch 4
Time [Wetmass]Dry mass|] Time [Wet mass]Dry mass| Time [Wetmass|Dry mass] Time |Wet mass{ Dry mass
(min) kg) (kg) (min) (k9) (kg) {min) (kg) (k9) (min) (kg) (kg)
2 12.33 7.92 2 12 7.5 2 7.48 3.95 2 10.58 0.49
3 31.99 23.7 3 23.5 16.29 3 26.31 16.29 3 27.28 17.32
4 40.11 28.31 4 36.36 25.51 4 35.44 23.67 4 3436 23.23
5 40.65 30.47 5 38.67 26.04 5 39.39 25.8 5 36.82 25.06
6 40.93 28.18 6 39.58 26.14 6 37.93 24.76 6 38.72 24.54
7 40.3 27.32 7 41.69 27.01 7 39.11 24.06 7 42.58 23.33
8 39.47 25.55 8 38.83 24.07 8 36.3 22.77 8 33.8 21.95
9 31.66 24.05 9 39.04 23.03 9 36.43 22.61 9 34.62 21.77
10 37.99 24.58 10 38.65 23.37 10 35.85 2211 10 34.98 21.35
11 34.22 21.75 11 36.86 22.51 11 30.1 19.6 11 35.4 21.12
average average average average
(kg/min) 34.97 24.18 (kg/min) 34.52 22.15 (kg/min) 32.43 20.56 (kg/min) 32.91 20.02

Table B.2:  Cumulative size distribution UG2 seasoning data batch 1 pilot mill

Size (pm) 2 min 3 min 4 min 5 min 6 min 7 min 8 min 9 min 10 min 11 min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 100 99.02 99.05 99.58 99.53 99.60 99.57 98.61 99.71 100
4750 98.36 98.66 98.79 99.36 98.68 99.18 98.84 98.16 99.04 99.03
3350 97.38 98.36 98.43 98.82 98.26 98.59 98.55 97.62 98.62 98.30
2360 95.76 98.00 97.98 98.59 97.85 98.27 98.00 97.14 97.91 97.79
1700 93.44 97.07 97.20 98.01 97.08 97.69 97.18 96.50 97.08 97.07
1180 92.26 96.38 96.61 97.50 96.59 97.29 96.61 95.98 96.42 96.58

850 90.83 95.54 95.84 96.80 95.97 96.70 95.78 95.26 95.52 95.79
600 89.47 94.68 95.10 96.08 95.30 95.98 95.14 94.54 94.76 95.09
425 87.43 93.24 93.95 95.00 94.30 94.94 94.16 93.49 93.75 94.09
300 82.70 89.71 91.20 92.61 92.10 92.83 92.21 91.47 91.87 92.23
212 74.62 82.64 85.24 86.83 87.46 88.40 88.20 87.52 88.15 88.73
150 58.61 66.39 69.40 72.07 73.72 75.17 75.66 75.29 76.65 77.72
106 44.14 50.27 53.05 55.26 56.88 58.41 58.94 59.15 61.27 62.25
75 31.02 35.58 37.17 38.36 39.60 40.92 40.28 41.33 43.48 43.90
53 21.89 24.83 26.01 26.91 27.33 28.60 28.12 28.43 30.37 31.09
38 16.67 18.77 19.62 20.07 20.16 21.28 20.88 20.97 22.85 23.28
-38 12.60 14.08 14.84 14.88 14.76 15.74 15.41 15.48 18.33 17.00

Table B.3:  Cumulative size distribution UG2 seasoning data batch 2 pilot mill

Size (um) 2 min 3 min 4 min 5 min 6 min 7 min 8 min 9 min 10 min | 11 min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 100 99.52 100 100 100 99.35 100 99.25 98.78 99.62
4750 98.36 99.11 99.73 99.82 99.43 98.75 99.62 98.77 98.18 99.37
3350 97.38 98.53 99.36 99.66 99.31 98.53 99.09 98.42 97.53 98.81
2360 95.76 98.00 98.98 99.34 98.87 98.12 98.61 97.96 97.17 98.11
1700 93.44 96.67 98.26 98.65 98.29 97.41 97.89 97.30 96.49 97.16
1180 92.26 95.78 97.74 98.08 97.78 96.88 97.37 96.87 96.00 96.48

850 90.83 94.74 97.04 97.36 97.10 96.20 96.74 96.20 95.24 95.62
600 8947 93.62 96.19 96.60 96.41 95.47 96.06 95.50 94.54 94.83
425 87.43 91.60 94.64 95.20 95.20 94.21 94.82 94.32 93.32 93.61
300 82.70 88.61 92.29 93.29 93.55 92.45 91.98 92.82 91.84 92.07
212 74.62 79.15 84.22 86.45 87.75 86.20 86.46 86.79 87.00 87.08
150 58.61 65.15 70.70 73.97 76.18 74.24 75.00 76.47 76.92 76.85
106 44.14 48.26 53.00 56.32 58.11 56.66 56.75 59.74 60.45 57.96
75 31.02 34.79 38.23 40.74 41.66 40.79 39.76 43.25 44.01 40.87
53 2189 24.07 27.00 28.44 28.50 28.37 26.20 29.75 30.62 28.32
38 16.67 18.08 20.29 21.31 20.93 21.15 18.49 21.81 22.70 21.18
-38 12.60 14.08 15.75 16.09 15.40 16.00 13.13 15.96 16.81 16.35
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Table B.4:  Cumulative size distribution UG2 seasoning data batch 3 pilot mill

Size (um) 2 min 3 min 4 min 5 min 6 min 7 min 8 min 9 min 10 min 11 min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 99.73
6700 99.74 99.51 100 99.67 99.5 100 100 100 98.61 99.73
4750 99.05 99.51 99.58 99.42 99.32 99.62 100 99.94 97.65 99.30
3350 98.08 99.36 99.16 99.13 99.13 99.38 99.89 99.69 97.00 99.03
2360 95.97 99.02 98.64 98.74 98.93 399.20 99.71 99.44 96.29 98.65
1700 92.66 98.10 97.77 97.95 98.66 98.93 99.42 99.09 95.47 98.16
1180 89.78 96.97 96.79 97.22 98.42 98.61 98.98 98.60 94.54 97.54

850 87.49 95.85 95.88 96.35 98.23 98.17 98.57 98.13 93.73 96.84
600 85.39 94.55 94.84 95.70 97.54 97.72 97.88 97.53 93.00 95.95
425 82.35 92.62 93.53 94.56 96.43 96.78 96.84 96.47 92.07 94.75
300 76.78 88.66 90.76 92.13 94.24 94.83 94.92 94.55 90.42 92.87
212 67.10 80.54 84.46 86.39 89.16 90.18 90.72 90.32 86.92 88.99
150 51.91 64.65 69.10 72.66 76.21 77.63 78.82 78.15 77.07 78.44
106 37.79 47.48 51.14 54.36 58.22 58.91 61.00 60.54 61.16 61.84
75 26.85 33.62 36.69 37.89 41.27 41.05 43.70 43.31 44.95 44.64
53 19.37 24.14 26.75 27.10 29.33 28.18 31.75 31.18 32.50 31.85
38 14.62 17.97 20.48 19.70 21.71 19.82 23.67 23.33 24.13 23.20
-38 1145 13.87 16.27 14.71 16.35 14.54 18.03 17.78 18.46 17.21

Table B.S:  Cumulative size distribution UG2 seasoning data batch 4 pilot mill

Size (um) 2 min 3 min 4 min 5 min 6 min 7 min 8 min 9 min 10 min 11 min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 99.54 99.83 99.60 99.74 100 99.59 100 99.48 99.41 99.29
4750 99.24 99.38 99.41 99.46 99.90 99.38 99.49 93.04 99.27 98.90
3350 98.89 98.94 99.24 99.08 99.76 99.21 99.24 98.50 99.08 98.60
2360 98.15 97.83 98.83 98.61 99.54 98.85 98.82 97.77 98.79 98.18
1700 96.18 96.99 97.95 97.82 99.20 98.25 98.00 97.32 98.61 97.86
1180 94.57 96.28 97.35 97.20 98.89 97.74 97.39 96.65 98.52 97.36
850 92.71 95.08 96.75 96.34 98.55 97.01 96.48 96.03 98.41 96.79
600 91.13 94.05 96.00 95.65 97.99 96.37 95.87 94.94 97.97 96.19
425 87.43 91.99 94.66 94.33 96.80 95.19 94.82 93.52 96.91 95.14
300 82.41 88.80 92.57 92.41 95.14 93.59 93.41 88.97 95.53 93.87
212 70.54 79.29 85.27 85.63 89.19 88.17 88.67 77.71 90.98 89.86
150 54.58 63.27 69.67 71.02 75.42 75.54 7711 59.43 79.59 79.85
106 38.48 44.65 49.28 51.40 55.62 56.33 58.63 43.77 60.26 62.65
75 27.56 31.41 36.06 36.54 39.54 40.86 43.18 30.06 43.21 4717
53 19.16 21.16 25.71 24.63 27.00 27.77 30.02 21.31 28.59 33.17
38 13.88 15.12 19.42 17.45 18.65 19.76 21.62 16.11 19.47 23.78
-38 10.84 11.62 15.87 13.75 14.19 15.39 16.67 13.06 14.62 18.64
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Table B.6:  Wet and dry mass out of pilot mill over time for abrasion of UG2

Batch 1 Batch 1
Time Wet mass | Dry mass | Wet mass | Dry mass
2 min 36.62 25.00 36.57 22.05

Table B.7:  Cumulative size distribution UG2 rounded data pilot mill

Size (um)| Feed (%) | Batch 1 Batch 2
150000 100.00 100.00 100.00
106000 81.39 84.10 87.64
75000 81.39 82.07 82.34
50000 48.63 55.16 55.71
38000 48.63 50.82 51.77
25000 0.00 13.32 13.59
18000 0.00 8.83 8.43
11200 0.00 7.47 7.07

9500 0.00 7.34 7.07
6700 0.00 6.36 5.82
4750 0.00 5.66 5.12
3380 0.00 5.36 4.90
2360 0.00 5.19 4.74
1700 0.00 5.10 4.64
1180 0.00 5.05 4.61
850 0.00 5.01 4.57
600 0.00 4.98 4.55
425 0.00 4.94 4.51
300 0.00 4.84 4.44
212 0.00 4.64 4.22
150 0.00 3.99 3.65
106 0.00 3.01 2.80
75 0.00 2.17 1.88
53 0.00 1.39 1.20
38 0.00 0.94 0.77
-38 0.00 0.63 0.50

Table B.8:  Wet and dry mass out of pilot mill over time for abrasion of Target

ore
Batch 1 Batch 2
Time (min) Wet mass (kg) |Dry mass (kg) JTime (min) Wet mass (kg) |Dry mass (kg)
3 28.95 3.206 3 22.93 3.104
5 28.58 6.928 5 26.92 5.725
7 30.54 5.583 7 28.12 4.985
9 27.52 5.248 9 28.12 4.565
11 29.76 4.854 11 28.63 4.002
13 30.46 5.677 13 27.67 4.254
15 30.2 5.477 15 29.05 4.65
17 27.08 6.322 17 28.18 5.023
19 30.8 5.379 19 28.35 5.212
21 31.18 5.345 21 29.36 5.032
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Table B.9:

Cumulative size distribution Target abrasion data pilot mill

Size {um)] 3 min 5 min 7 min 9 min 11 min 13 min 15 min 17 min 19 min 21 min
18000 100 100 100 100 100 100 100 100 100 100
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 99.55 100 99.13 99.52 100 100 100 100 100 100
4750 98.45 99.60 98.73 96.55 99.80 100 99.88 99.23 99.88 99.23
3350 97.51 99.20 97.87 95.18 99.53 99.27 98.31 98.77 98.31 98.77
2360 96.12 98.43 97.17 92.71 98.83 98.50 97.30 97.73 97.30 97.73
1700 94.22 97.60 96.23 89.25 98.17 97.40 95.92 96.53 95.92 96.53
1180 92.91 96.87 95.20 86.79 97.33 96.27 95.08 95.23 95.08 95.23
850 91.14 95.87 94.23 83.04 96.27 95.00 93.84 93.83 93.84 93.83
600 89.57 94.93 92.80 81.86 95.37 93.97 92.67 92.60 92.67 92.60
425 87.27 93.30 90.60 79.97 93.50 92.43 90.69 90.60 90.69 90.60
300 84.56 90.50 86.53 77.58 90.23 89.87 88.31 87.30 88.31 87.30
212 79.28 87.10 81.90 7217 86.23 86.53 83.34 83.13 83.34 83.13
150 72.03 80.43 73.03 63.97 78.43 80.13 75.92 74.67 7592 74.67
106 62.31 73.03 63.20 52.68 69.73 72.97 66.14 65.33 66.14 65.33
75 53.12 62.97 49.57 42.39 67.27 62.87 57.06 52.10 57.06 52.10
53 43.24 52.67 37.33 31.67 50.00 57.03 47.43 38.77 4743 38.77
38 34.44 44.30 26.70 22.49 39.80 48.70 38.65 28.10 38.65 28.10
-38 27.33 36.30 19.63 15.75 29.77 40.83 30.60 19.37 30.60 19.37
Table B.10: Wet and dry mass out of torque mill over time for abrasion of UG2
Batch 1 Batch 2 Batch 3
-50+38,-38+25,-25+18 -50+38,-38+25-25+18 -50+38,-38+25,-25+18
Time (min) |Wet mass (kg) [Dry mass (kg) ITime {(min) {Wet mass (kg) [Dry mass (k Time (min) |Wet mass (kg) |Dry mass (kg)
2 18.15 0.51 2 21.36 0.46 2 17.8 0.33
4 22.58 1.13 4 2233 1.22 4 219 0.71
6 225 1.58 6 22.07 1.56 6 2235 0.81
8 2245 1.54 8 17.56 1.56 8 21.78 0.85
10 22.7 1.70 10 22.96 1.93 10 2197 0.74
12 21.18 0.74 12 15.18 0.56 12 21.95 0.38
14 223 1.45 14 22.18 1.65 14 2202 0.84
16 22.56 1.61 16 22.84 1.45 16 22.16 0.83
18 2217 1.37 18 2253 1.23 18 20.53 0.71
20 2218 1.07 20 22.85 1.41 20 22.23 0.81

Table B.11:

Wet and dry mass out of torque mill over time for abrasion of UG2

Batch 4 Batch § Batch 9
-38+25 -38+25 -38+25 speed 70% of critical
Time (min) |Wet mass (kg) [Dry mass (kg) [Time (min) |Wet mass (kg) |Dry mass (kg) Time (min) [Wet mass (kg) |Dry mass (kg) |

2 1347 0.38 2 18.13 0.39 2 19.31 0.40
4 17.8 0.52 4 2273 0.58 4 24 0.60
6 17.01 0.75 6 2244 0.77 6 23.92 0.79
8 18.16 0.86 8 2282 0.88 8 239 0.90
10 17.76 0.93 10 22.96 0.88 10 24.08 0.91
12 17.75 0.72 12 2272 0.68 12 2417 0.70
14 17.66 0.65 14 227 0.62 14 2437 0.64
16 16.91 0.75 16 2282 0.79 16 24.18 0.81
18 17.73 0.74 18 21.89 0.96 18 2433 0.99
20 17.53 0.58 20 23.44 0.98 20 24.55 1.01

Table B.12:

Wet and dry mass out of torque mill over time for abrasion of UG2

Batch 6 Batch 7 Batch 8
-50+38 -50+38 -50+38 speed 70% of critical
Time (min) {Wet mass (kg) |Dry mass (kg) [Time (min) |Wet mass (kg) |Dry mass (kg) |Time (min) [Wet mass (kg) [Dry mass (kg) |

2 18.3 0.84 2 19.73 0.94 2 1841 0.74
4 2164 1.25 4 16.3 1.39 4 2422 1.25
6 21.56 1.65 6 2054 184 6 23.72 1.35
8 21868 1.90 8 19.85 1.77 8 23.1 1.45
10 2149 1.91 10 19.13 1.99 10 2412 1.26
12 2146 1.48 12 18.8 1.64 12 2373 1.52
14 2164 1.34 14 18.65 1.48 14 22.94 1.53
16 2168 1.71 16 2047 1.90 16 229 1.58
18 212 2.08 18 21.34 2.30 18 2273 1.99
20 2144 212 20 21.85 2.35 20 2339 1.75
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Table B.13: Cumulative size distribution data batch 1 UG2 Torque mill

Size 2min 4min émin 8min 10min 12min 14min 16min 18min 20min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 100 100 99.5 98.5 98.7 98.9 98.2 98.4 98.8 96.8
4750 99.4 98.6 98.7 97.8 97.6 96.6 95.5 96.5 96.6 95.2
3380 99.1 97.9 98.0 96.8 96.2 95.6 94.2 94.9 95.3 93.9
2360 98.6 97.2 97.4 95.9 95.4 94.6 93.1 93.9 94.1 93.2
1700 98.0 96.8 96.9 95.3 94.5 94.0 92.5 93.0 93.2 92.6
1180 97.7 96.5 96.6 95.0 94.2 93.7 92.1 92.6 92.9 92.3
850 97.5 96.3 96.4 94.8 94.0 93.5 91.7 92.4 92.6 92.1
600 97.0 95.8 95.9 94.2 93.4 93.0 91.2 91.8 92.1 91.7
425 96.3 85.2 95.4 93.6 92.8 92.5 90.3 91.3 91.6 91.2
300 95.2 941 94.4 92.7 91.8 91.6 88.2 90.4 90.7 90.4
212 92.7 91.7 92.1 90.3 89.3 894 83.1 88.0 88.6 88.5
150 87.1 86.1 86.7 84.9 83.9 84.3 72.4 82.6 83.7 84.0
106 76.4 74.8 75.9 74.0 73.2 74.2 57.7 71.3 73.6 74.6
75 63.8 61.3 62.8 60.1 60.1 61.8 43.5 56.9 60.7 62.5
53 50.3 47.0 48.1 45.7 45.7 47.7 32.9 42.7 46.3 48.7
38 38.0 33.3 33.5 33.3 33.0 34.9 27.9 31.4 33.2 354
-38 31.4 271 271 27.2 27.0 28.9 253 25.8 26.6 28.8

Table B.14: Cumulative size distribution data batch 2 UG2 Torque mill

Size 2min 4min 6min 8min 10min 12min 14min 16min 18min 20min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 100 99.1 99.5 100 99.4 100 99.4 93.1 99.4 99.2
4750 99.3 98.7 99.2 99.1 98.3 98.6 98.3 97.6 98.2 98.2
3380 99.0 98.3 98.4 98.8 97.9 98.1 97.1 97.0 97.2 97.5
2360 98.5 97.9 98.0 98.4 97.6 97.6 96.5 96.4 96.3 96.5
1700 98.2 97.6 97.6 98.0 97.3 97.1 96.0 95.8 95.7 95.9
1180 98.1 97.4 97.4 97.8 97.2 96.8 95.7 95.6 95.4 95.6
850 98.0 97.2 97.2 97.6 97.1 96.6 95.4 95.4 95.2 95.4
600 97.6 96.9 97.0 97.2 96.8 96.3 95.0 95.0 94.7 94.9
425 97.2 96.5 96.6 96.8 96.4 95.8 94.5 94.5 94.2 94.4
300 96.6 95.8 95.9 96.0 95.7 95.1 93.7 93.8 93.4 93.6
212 94.9 93.8 94.1 94.3 93.8 93.3 91.8 92.0 91.5 91.9
150 90.9 89.0 89.7 90.1 89.2 88.9 87.1 87.6 87.0 87.8
106 82.0 77.7 78.8 80.9 78.7 78.9 76.6 771 77.0 78.7
75 70.0 61.8 63.9 68.5 63.6 64.8 62.0 61.7 62.5 66.4
53 55.8 45.8 50.0 53.9 49.2 49.4 47.1 47.1 48.7 52.1
38 41.0 31.3 38.3 39.9 36.9 35.8 34.3 34.6 38.0 37.8
-38 33.3 244 33.0 32.7 31.0 29.6 28.8 29.3 32.9 31.3

Table B.15: Cumulative size distribution data batch 3 UG2 Torque mill

Size 2min 4min 6min 8min 10min 12min 14min 16min 18min 20min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 99.4 100 100 100 100
6700 100 100 100 100 100 98.6 100 99.1 99.1 100
4750 100 99.9 994 98.6 98.7 98.2 98.3 98.6 97.9 98.5
3380 99.5 99.3 99.0 98.0 98.4 97.7 97.7 98.0 97.2 97.6
2360 99.2 98.9 98.7 97.8 97.9 97.5 97.2 97.3 96.4 97.2
1700 98.9 98.6 98.5 97.5 97.6 97.4 96.8 96.9 95.9 96.9
1180 98.7 98.5 98.3 97.3 97.4 97.2 96.6 96.5 95.6 96.7
850 98.5 98.4 98.0 97.1 97.1 96.9 96.4 96.1 95.3 96.4
600 98.3 98.0 97.8 96.8 96.9 96.7 96.0 95.8 94.7 96.1
425 98.0 97.8 97.5 96.6 96.6 96.4 95.6 95.4 93.5 95.7
300 97.5 97.3 97.0 96.0 96.3 95.7 95.0 94.6 90.0 95.1
212 96.2 96.1 95.7 94.7 95.1 94.5 93.5 93.1 83.7 93.8
150 92.3 92.4 91.8 90.8 915 94 1 89.6 88.9 71.0 90.1
106 85.5 85.6 84.8 83.9 84.8 87.3 82.6 81.9 56.4 83.7
75 71.9 72.0 71.1 70.8 717 73.8 69.3 68.6 43.3 70.9
53 56.4 56.3 55.5 55.3 57.0 58.5 54.2 53.5 33.8 56.7
38 43.2 42.5 43.0 43.4 43.6 455 41.3 41.2 24.0 44.6
-38 33.3 33.1 334 34.1 337 358 32.0 32.5 12.9 35.0
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Table B.16: Cumulative size distribution data batch 4 UG2 Torque mill

Size 2min 4min &min 8min 10min 12min 14min 16min 18min 20min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 100 100 100 100 100 100 98.8 100 100 99.3
4750 99.1 99.3 98.6 99.3 99.4 99.2 97.6 99.2 98.9 99.0
3380 98.7 98.6 98.2 98.8 98.8 98.4 97.1 98.3 98.1 98.4
2360 98.1 97.8 97.6 98.1 98.4 97.7 96.8 97.9 97.5 97.8
1700 97.6 97.2 97.2 97.7 97.9 97.2 96.4 97.5 97.1 97.4
1180 97.4 96.9 97.0 g97.5 97.7 97.0 96.2 97.2 96.9 97.3
850 97.2 96.7 96.9 97.3 97.6 96.7 96.1 97.1 96.7 97.2
600 96.9 96.2 96.5 97.0 97.3 96.5 95.9 96.8 96.5 97.0
425 96.6 95.8 96.1 96.7 97.0 96.2 95.6 96.6 96.2 96.7
300 96.0 95.0 95.5 96.2 96.4 95.7 95.2 96.1 95.7 96.2
212 94.5 93.1 94.0 94.7 95.1 94.4 94.0 94.9 94.4 95.1
150 90.6 88.7 90.3 91.1 91.6 91.0 90.8 91.8 91.2 92.0
106 81.9 78.9 82.0 82.5 83.2 82.8 83.0 83.9 83.3 84.3
75 70.3 65.9 70.5 70.8 71.3 71.2 71.9 72.5 72.0 73.1
53 56.4 51.6 56.6 56.2 56.8 56.8 57.8 57.7 57.8 58.8
38 42.5 38.7 42.0 41.3 41.4 41.8 42.3 42.7 46.9 43.8
-38 34.4 321 33.9 33.6 325 34.1 341 34.8 41.9 36.4

Table B.17: Cumulative size distribution data batch 5 UG2 Torque mill

Size 2min 4min 6min 8min 10min 12min 14min 16min 18min 20min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 100 100 100 100 99.2 100 100 100 100 99.1
4750 99.8 99.3 98.6 98.9 98.2 99.2 99.0 99.2 98.7 98.2
3380 99.7 99.0 98.0 98.5 97.8 98.8 98.5 98.7 98.1 97.5
2360 99.5 98.7 97.6 98.0 97.4 98.1 98.1 98.4 97.6 97.0
1700 99.3 98.5 97.3 97.5 97.0 97.7 97.8 37.9 97.1 96.6
1180 99.2 98.3 97.0 97.3 96.8 97.4 97.6 97.6 96.9 96.4
850 99.1 98.1 96.9 97.2 96.7 97.3 97.5 g97.5 96.7 96.3
600 98.9 97.8 96.6 96.8 96.4 97.0 97.2 97.1 96.4 95.9
425 98.5 97.5 96.2 96.5 86.1 96.6 96.9 96.8 96.0 95.6
300 98.0 96.9 95.5 95.9 95.5 96.0 96.3 96.2 95.4 95.1
212 96.7 92.2 94.2 94.6 94.1 94.8 94.9 94.9 94.0 93.9
150 93.6 88.5 90.4 90.8 90.7 91.2 91.5 91.4 90.4 90.7
106 86.1 80.9 81.6 81.3 82.5 82.9 82.2 83.4 82.3 82.8
75 753 70.0 68.5 67.5 70.8 70.2 68.1 719 70.5 70.3
53 61.3 56.0 53.9 52.2 56.3 54.9 53.0 57.4 56.0 55.7
38 46.8 40.6 41.0 38.7 41.6 40.9 40.0 43.0 42.9 42.0
-38 38.2 324 34.0 33.1 339 34.2 33.8 35.2 359 35.1

Table B.18: Cumulative size distribution data batch 6 UG2 Torque mill

Size 2min 4min 6min 8min 10min 12min 14min 16min 18min 20min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 100 99.1 99.1 98.9 99.4 100 98.6 98.9 98.3 99.4
4750 98.2 97.4 97.6 97.0 97.0 98.1 96.6 97.0 96.3 97.8
3380 96.4 95.9 96.4 95.5 95.7 96.9 95.5 95.9 95.0 96.3
2360 94.9 94.4 95.3 94.4 94.4 95.8 94.3 95.2 93.9 95.2
1700 93.7 93.2 94.3 93.4 93.3 95.0 93.4 94.5 93.1 94.1
1180 93.1 92.6 93.8 93.0 92.8 94.6 93.0 94.2 92.6 93.6
850 92.4 92.1 93.3 92.5 92.3 94.2 92.6 93.8 92.2 93.1
600 91.7 91.4 92.7 91.9 91.7 93.6 92.0 93.2 91.7 92.6
425 90.7 90.4 91.7 90.9 90.7 92.7 91.1 92.3 90.9 91.6
300 88.9 88.5 90.0 89.0 88.9 91.1 89.3 90.7 839.5 89.9
212 85.3 84.6 86.2 84.9 84.9 87.4 85.5 87.1 86.4 85.8
150 77.6 754 77.4 74.8 75.8 78.6 77.0 79.0 79.2 76.3
106 67.9 63.5 65.9 62.2 64.2 66.8 60.4 67.9 69.2 61.5
75 54.2 46.1 49.9 44.9 48.4 49.1 45.3 51.9 54.3 42.7
53 42.3 33.3 35.5 30.2 34.4 33.8 34.7 37.5 40.5 28.6
38 34.0 23.9 24.8 18.9 24.6 24.1 27.9 27.6 30.5 19.7
-38 28.6 19.8 19.5 14.1 18.6 18.0 26.5 21.1 25.7 14.6
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Table B.19: Cumulative size distribution data batch 7 UG2 Torque mill

Size (pm) 2min 4min 6min 8min 10min 12min 14min 16min 18min 20min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 99.1 979 98.3 100 100 100 99.3 98.3 98.1 98.5
4750 97.2 95.9 96.3 98.0 97.4 97.8 96.9 96.3 96.6 96.1
3380 95.7 94.5 94.3 396.9 96.0 96.2 95.4 94.7 95.5 94.9
2360 94.0 93.3 92.8 95.8 95.0 95.2 94.0 93.7 94.5 94.1
1700 92.4 92.1 91.6 95.0 94.3 94.2 92.8 92.9 93.7 93.3
1180 91.6 91.5 91.0 94.5 93.7 93.8 92.3 92.2 93.3 93.0
850 90.7 90.8 30.4 94.0 93.1 93.3 91.7 91.5 92.8 92.5
600 89.8 90.4 89.8 93.5 92.6 92.9 91.0 91.0 92.3 91.9
425 88.8 89.5 83.0 92.6 91.7 92.0 90.3 90.1 81.5 91.2
300 86.9 88.0 87.1 91.3 30.0 90.6 88.7 88.4 90.2 89.7
212 82.9 84.3 82.6 87.6 86.2 86.6 84.7 84.4 86.7 86.2
150 75.5 76.2 73.8 79.7 77.5 78.0 76.7 75.6 78.8 78.7
106 63.2 63.0 58.3 66.5 63.1 63.8 62.8 61.0 64.7 65.2
75 48.9 47.3 423 51.3 471 47.3 47.3 44.6 47.2 48.6
53 36.1 34.9 31.1 38.1 34.3 34.5 34.6 32.6 34.6 34.7
38 27.0 25.9 22.6 28.0 24.4 25.2 25.6 23.5 25.5 24.0
-38 211 20.0 18.0 20.9 18.8 19.0 20.0 18.2 19.6 18.1

Table B.20: Cumulative size distribution data batch 8 UG2 Torque mill

Size (um)] 2min 4min 6min 8min 10min 12min 14min 16min 18min 20min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 100 98.2 98.4 98.6 98.5 98.7 98.6 98.8 98.6 99.0
4750 98.0 96.7 96.6 96.6 97.4 95.8 97.0 96.7 95.9 97.1
3380 97.3 95.1 94.8 94.2 96.3 94.2 95.7 95.1 94.7 96.1
2360 96.4 94.1 93.6 92.6 95.0 92.9 94.8 94.1 93.6 95.2
1700 95.8 93.2 92.7 91.6 94.2 92.0 93.9 93.4 92.9 94.5
1180 95.2 92.6 92.1 90.9 93.4 91.3 93.4 92.8 92.4 94.0

850 94.7 92.0 91.4 90.3 92.7 90.8 92.8 92.4 91.9 93.6
600 94.2 91.3 90.8 838.7 92.1 90.0 92.1 91.9 91.4 93.0
425 93.3 90.4 90.0 88.8 91.0 89.1 91.2 91.2 90.6 92.3
300 91.8 88.7 88.3 87.1 89.2 87.4 89.6 89.7 89.3 91.0
212 88.4 85.1 84.6 83.3 85.3 83.9 86.2 86.3 86.0 87.8
150 82.0 78.3 77.0 75.8 78.1 77.4 79.5 79.2 79.4 81.3
106 69.6 65.6 63.6 62.5 65.4 65.9 66.1 65.7 67.4 68.7
75 54 .4 51.2 48.3 47.4 50.5 52.4 50.6 51.1 53.1 53.3
53 41.2 39.0 34.5 33.9 37.3 39.9 37.6 39.7 39.9 39.3
38 31.2 29.5 241 23.4 27.5 30.2 27.8 32.2 29.5 28.5
-38 245 229 16.7 16.2 20.6 233 21.6 27.9 222 214

Table B.21: Cumulative size distribution data batch 9 UG2 Torque mill

Size 2min 4min 6min 8min 10min 12min 14min 16min 18min 20min
13200 100 100 100 100 100 100 100 100 100 100
9500 100 100 100 100 100 100 100 100 100 100
6700 100 100 100 99.4 99.1 100 98.9 98.5 100 100
4750 99.7 99.5 99.6 98.8 98.3 98.9 97.9 97.9 98.7 98.0
3380 99.4 98.1 99.0 98.3 97.9 98.5 97.3 97.2 98.2 97.1
2360 98.8 99.0 98.6 98.0 97.5 98.1 96.8 96.8 97.6 96.4
1700 98.5 98.6 98.4 97.8 97.3 97.8 96.5 96.4 97.2 96.0
1180 98.3 98.3 98.1 97.6 97.1 97.5 96.3 96.0 97.0 95.8
850 98.2 98.1 98.0 97.5 97.0 97.3 96.1 95.8 96.7 95.6
600 98.0 97.8 97.8 97.3 96.8 97.1 95.9 95.6 96.5 95.4
425 97.7 97.5 97.5 97.1 96.5 96.8 95.6 95.3 96.2 95.1
300 97.2 96.9 97.0 96.7 96.1 96.4 95.2 94.8 95.7 944
212 96.1 95.7 95.7 95.8 95.1 95.1 94.0 93.5 94.5 93.1
150 92.5 92.0 92.8 93.0 92.2 92.2 91.2 90.6 91.2 89.4
106 84.5 83.6 85.6 86.2 85.2 85.5 84.4 83.4 83.7 81.1
75 73.2 72.7 73.5 76.3 741 74.5 73.1 71.6 73.0 70.3
53 57.3 56.0 59.9 61.1 58.9 61.2 58.8 56.7 57.7 54.5
38 45.2 44.0 46.2 49.1 46.6 49.3 46.3 43.1 46.5 41.8
-38 35.2 33.6 37.0 38.6 36.5 40.8 374 33.3 371 319
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Table B.22: Wet and dry mass out of torque mill over time for abrasion of

Target ore
Batch 1 Batch 2
-50+38,-38+25 -75+50,-50+38,-38+25
Time (min) | Wet mass (kg) | Dry mass (kg) | Time (min) | Wet mass (kg) | Dry mass (kg) |
5 44.2 0.55 5 37.42 0.61
10 47.12 0.27 10 40.72 0.30
15 46.72 0.31 15 40.94 0.35
20 47.18 0.27 20 41.44 0.30
25 46.64 0.32 25 41.62 0.35
30 47.46 0.24 30 40.8 0.26
35 47.74 0.22 35 41.06 0.24
40 47.36 0.25 40 40.1 0.28
45 46.98 0.29 45 40.6 0.31
50 471 0.28 50 40.84 0.30

Table B.23: Cumulative size distribution data batch 1 Target Gold Torque mill

Size (um)] S5min 10min 15min 20min 25min 30min 35min 40min 45min 50min
1700 100 100 100 100 100 100 100 100 100 100
1180 100 100 100 100 100 100 100 100 100 100
850 100 100 100 99.24 100 100 100 100 100 100
600 98.93 99.31 99.90 98.84 99.90 99.94 99.92 99.84 99.57 99.89
425 98.69 99.10 99.72 98.65 99.87 99.87 99.92 99.77 99.44 99.79
300 98.10 98.62 99.55 98.25 99.67 99.66 99.44 99.51 99.28 99.54
212 96.86 97.30 98.93 97.23 99.11 99.00 97.99 98.75 98.59 98.84

150 93.61 94.02 97.10 94.62 97.26 97.06 93.74 96.68 96.65 97.19
106 88.70 89.15 93.86 90.89 94.03 94.12 86.84 93.53 93.18 94.38
75 80.37 81.82 88.54 85.21 89.19 89.67 76.08 88.34 88.82 89.95
53 70.73 73.05 82.26 78.18 83.32 84.01 63.56 81.94 83.31 84.36
38 60.61 63.61 74.77 70.20 76.69 77.97 48.72 74.91 77.37 77.97
-38 49.41 52.63 66.14 61.16 68.68 70.39 33.79 66.21 69.79 70.24

Table B.24: Cumulative size distribution data batch 2 Target Gold Torque mill

Size (pm) 5min 10min 15min 20min 25min 30min 35min 40min 45min 50min
1700 100 100 100 100 100 100 100 100 100 100
1180 100 100 100 100 100 100 100 100 100 100
850 100 100 100 100 100 100 100 100 100 100
600 99.95 99.85 99.45 99.94 99.78 99.86 99.88 99.73 99.75 99.81
425 99.89 99.75 99.33 99.88 99.66 99.72 99.78 99.65 99.64 99.71
300 99.73 99.57 98.96 99.71 99.35 99.35 99.50 99.44 99.24 99.32
212 99.01 99.01 97.68 99.21 98.55 97.93 98.78 98.85 97.97 98.35
150 97.35 97.38 95.07 97.79 96.52 95.14 96.88 97.24 95.10 96.17
106 95.21 94.64 91.56 95.38 93.35 91.56 93.83 94.67 91.25 93.02

75 91.92 90.11 86.23 91.23 88.29 86.22 88.81 90.78 85.40 87.99
53 87.72 84.53 80.11 86.17 81.82 79.63 82.57 86.04 78.39 81.15
38 82.40 78.22 72.83 80.43 74.31 71.85 75.27 80.76 70.40 74.14
-38 76.09 70.24 64.22 73.04 65.59 62.34 66.57 74.48 61.21 65.28

102



APPENDIX C

HPGR DATA

Table C.1:  Cumulative size distribution data for the UG2 ore
Specific press force
(N/mm?)
Size (um) Feed 4.49
13200 100 100
9500 100 100
6700 82.04 100
4750 54.01 99.71
3350 40.65 97.44
2360 30.81 90.59
1700 25.99 83.19
1180 22.98 77.04
850 21.26 72.42
600 19.78 68.75
425 18.43 65.48
300 16.94 61.94
212 14.33 55.34
150 11.67 47 44
106 7.64 33.85
75 5.48 25.29
53 3.63 17.87
38 2.57 12.83
-38 1.93 9.69
Table C.2:  Cumulative size distribution data for the Merensky ore
Specific press force of Procuct N/mm*

Size (pm) Feed 1.50 2.39 2.99 4.49 5.99 7.48
9500 100 100 100 100 100 100 100
6700 82.02 100 100 100 100 100 100
4750 59.16 97.97 99.06 99.16 99.58 99.28 99.53
3350 47.60 90.23 94.54 95.28 96.72 95.82 96.70
2360 37.30 77.24 84.68 86.09 89.39 85.67 88.53
1700 29.47 64.74 73.44 75.39 79.69 73.39 78.02
1180 24.48 55.76 65.04 66.90 72.39 63.83 69.04
850 19.67 46.37 55.36 57.16 63.15 54.43 59.89
600 16.09 39.00 47.61 49.47 55.88 47.64 52.29
425 12.94 31.82 39.84 41.45 48.41 40.44 44.55
300 10.67 26.30 33.59 34.94 42.26 34.94 38.24
212 8.80 21.35 27.81 28.97 35.84 29.38 32.31
150 7.07 16.90 22.36 23.17 30.22 24.55 26.89
106 5.66 13.11 17.54 18.10 24.61 19.85 21.69

75 4.54 10.22 13.58 13.94 20.45 16.39 18.00
53 3.58 7.66 10.07 10.27 16.71 13.28 14.53
38 2.84 5.72 7.30 7.36 13.45 10.62 11.67
-38 2.28 4.25 5.08 5.06 11.34 8.69 9.62
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C.1  No-load power

The net energy consumption during the grinding process is calculated by subtracting
the no-load energy consumption from the gross energy consumption. The no-load
energy consumption is determined by recording the energy consumed by both motors

as a function of time without feeding ore to the HPGR.

Figure C.1 shows the no-load energy consumption in kWh as a function of time in
hours for of the motor. A linear trend is observed as indicated in Figure C.1. The

slope of the graph is the no-load power consumption which is equal to 1.14 kW.

0.4
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R%=0.9971

0.3 0.4

Figure C.1: No-load energy consumption as a function of time

C.2  Conversion from hydraulic pressure to specific press force

The specific press force is defined as the total hydraulic force exerted on the rolls
divided by the projected area of the rolls. This form is useful for comparing pressures

on different sizes of HPGR units (Klymowsky et al, 2006).
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F(sp)=F/(L*D)

F(sp) = specific grinding force in N/mm?2
F=forcein N

L = roll width in mm

D = roll diameter in mm

Figure C.2 shows the relationship between hydraulic pressure in bar to specific press

force in N/mm-.
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Figure C.2: Conversion from hydraulic pressure to specific press force
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APPENDIX D MINERALOGY DATA

Table D.1:  UG2 ICP 1 data for impact & abrasion and bed breakage

Bed breakage [ Mg (%)] Al (%) L Si (%) LCa (%) Ti (%) | V (%) ] Cr (%) [ Mn (%] Fe (%) ] Co (%)] Ni (%) [ Cu (%) ] Zn (%) | Pb (%)
300 pim 821 | 6.76 ] 11.80 ] 2.33 | 039 | 016 | 14.75] 018 | 1440 014 | 0.10 | <0.05] 0.07 | <0.05
212 ym 679 | 769 | 720 | 160 | 0.46 | 020 | 20501 0.17 | 1670 | 0.19 | 0.10 | <0.05 § 009 | <0.05
150 ym 668 | 784 | 752 | 1.74 | 0.45 | 019 | 2020 § 017 | 16.40 ] 0.14 | 0.10 | <0.05 | 009 | <0.05
106 pm 724 § 779 | 930 | 208 | 039 | 018 | 1835 | 0.14 | 14.45 | <0.05 | 0.07 | <0.05 | <0.05 | <0.05
75 um 745 | 792 | 120 | 293 | 034 | 0.16 | 146 | 013 | 124 | <0.05 ] 0.073 | <0.05 | <0.05 | <0.05
53 pm 725 | 816 | 132 ]| 349 | 033 | 015 | 132 | 042 | 113 | <0.05] 0.078 | <0.05 | <005 | <0.05
38 pm 711 | 824 | 132 | 362 | 034 | 014 | 128 | 0.12 | 112 | <0.05 | 0.091 | <0.05 | <0.05 | <0.05

Impact & Abrasion | Mg (%)] Al (%) | Si (%) | Ca (%)] Ti (%) | V (%) | Cr (%) [ Mn (%)| Fe (%) ] Co (%) ] Ni (%) | Cu (%)] Zn (%) | Pb (%)
300 pm 678 | 759 | 975 | 2.36 | 0.41 | 0.17 ] 17.00 ] 0.16_] 1450 | 0.23 | 0.09 | <0.05 ] 0.09 | <0.05
212 pm 508 | 804 | 696 | 1.82 | 0.46 | 0.19 | 20.40] 0.17 | 1640 | 0.25 | 0.09 | <0.05 | 0.09 | <0.05
150 ym 618 | 815 | 7.03 | 1.88 | 0.46 | 0.20 | 21.00 | 0.17 | 1660 ] 0.15 | 0.09 | <0.05] 0.10 | <0.05
106 ym 677 | 813 1 928 | 223 | 040 | 018 | 185 | 0.14 | 143 | <0.05 | 0.085 | <0.05 | <0.05 | <0.05
75 um 710 § 6.00 | 108 | 2.67 | 038 | 015 | 163 | 0.13 | 132 | <0.05 | 0.095 | <0.05 | <0.05 | <0.05
53 pm 728 | 801 | 123 | 3.08 | 0.36 | 014 | 145 | 013 | 122 | <0.05] 0.10 | <0.05 | <0.05 | <0.05
38 pm 747 | 7.97 | 12.25] 315 | 0.38 | 0.13 | 14.35 | 014 | 12.25 ] <0.05 | 0.12 | <0.05 | <0.05 | <0.05

Table D.2:  Merensky Fire assay for PGM data for bed breakage at different

pressures
PGM + Au g/t

Size (um)] 30 PGM | 48 PGM | 60 PGM | 90 r PGM [90 PGM {120 r PGM 120 PGM {150 r PGM[150 PGM
10000 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
1000 84.0 90.4 89.2 89.7 89.8 857 74.7 85.6 87.8

425 65.8 78.0 78.0 76.0 72.2 726 64.4 724 74.2

212 48.6 64.7 64.8 65.0 57.0 56.5 54.4 58.8 62.2

150 33.6 47.3 48.7 535 38.8 444 40.4 48.6 50.5

75 19.6 35.0 36.3 34.0 25.8 328 20.6 35.8 38.3

38 0.0 20.2 21.2 19.5 14.6 17.8 10.6 20.8 22.0
mass (g)

Size (um)] _30(g) 48 (9) 60(g) | 90r(g) [ 90(g) | 120r(g) ] 120(g) | 15Cr(g) | 150(g)
10000 100 100 100 100 100 100 100 100 100
1000 61.56 69.75 73.66 70.85 66.82 74.56 71.95 73.95 68.52
425 42.47 48.43 50.52 46.64 46.95 49.59 49.16 47.90 55.35
212 28.22 31.38 32.22 27.82 33.94 30.13 32.69 29.03 32.10

150 22.30 24.50 24.67 20.31 2538 2250 24.74 21.93 24.53
75 13.26 14.20 13.14 7.51 15.14 9.63 14.73 10.97 14.19
38 4.61 3.50 2.69 1.20 7.35 1.58 7.74 2.06 5.73

Table D.3:  Merensky feed fire assay and size distribution data

Size (um) ] Feed 1 PGM| Feed 2 PGM| Feed 3PGM| Feed 1 (m) | Feed2(m) | Feed 3 (m)
10000 100 100 100 100 100 100
9500 97.2 92.9 87.7 65.2 73.3 61.8
4750 89.5 82.8 80.0 33.5 45.8 30.3
2360 81.1 75.0 73.1 18.9 29.7 17.6
1180 74.5 68.4 66.3 11.4 19.8 11.5
425 65.0 59.3 56.5 6.3 11.5 7.0
212 52.3 50.5 46.2 4.3 7.8 5.0
150 41.8 41.0 37.8 3.5 6.3 42
75 29.6 30.3 28.9 2.4 44 2.9
38 14.5 15.3 14.3 1.7 2.8 2.1
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Table D.4: PGM volume % and number of grains for the HPGR and AG mill
product samples of UG2 ore
PGM No of
Liberation Volume % Number of PGM grains
Class HPGR AG Mill HPGR AG Mill
L 70.3 62.6 46 35
SL 16.0 31.3 29 50
AG 8.8 3.3 14 7
SAG 1.9 2.4 7 6
SG - 0.3 0 1
G 3.0 0.1 4 1
Table D.5: PGM volume % and number of grains for the HPGR Lower and
Higher Specific Press Force of Merensky ore in the size class —
38um
PGM No of
Liberation Volume % Number of PGM grains
Class Low Pressure | High Pressure| Low Pressure | High Pressure
(48 bar) (150 bar) (48 bar) (150 bar)
L 46.7 49.3 43 36
SL 4.8 21.1 17 24
AG 471 21.2 24 25
SAG 0.1 1.9 1 4
SG 0.4 3.1 1 3
G 0.8 3.5 14 8
Table D.6: PGM volume % and number of grains for the HPGR Lower and
Higher Specific Press Force of Merensky ore in the size class —
75+38um
PGM No of
Liberation Volume % Number of PGM grains
Class Low Pressure | High Pressure ]} Low Pressure | High Pressure
(48 bar) (150 bar) (48 bar) (150 bar)
L 23.3 23.7 30 35
SL 29.0 221 18 8
AG 27.7 25.4 19 16
SAG 4.2 21.4 11 6
SG 0.3 0.9 1 3
G 15.5 6.5 21 32
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