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ABSTRACT Global ore grades are declining while commodity demands continue
to increase. Ore bodies requiring treatment are becoming increasingly complex
requiring a finer grind size for maximum mineral recovery and grade. The demand
for a finer grind size has set new challenges especially for grinding technology.
Energy efficiency is a major driving force targeted for environmental
sustainability and project viability. Fine grinding technology is utilized especially
in concentrate regrinding to liberate the valuable minerals after the first stage of
concentration. Maintaining the correct particle size and particle size distribution of
the regrind product is crucial for downstream process performance.

Outotec HIGmills™ being based on existing, well proven stirred milling
technology provide modern, sophisticated, flexible and energy efficient grinding
solution for fine and ultra fine grinding. Outotec HIGmills™ offer the unique
possibility for online control and optimization of regrind product particle size.
This paper describes the basis of this online control possibility and how this fine
grinding technology can be implemented in minerals processing especially in
regrinding applications. The main focus of this paper is to describe the flexibility
of this grinding solution to respond the fluctuations in feed rate tonnages as well
as particle size fluctuations in concentrate regrinding.

1 INTRODUCTION Fine grinding technology use in the
mineral process industry has increased over
the last 10 years. This can be mainly

attributed to processing finer grained mineral

In 2012 Outotec launched a new fine
grinding technology for the mineral

processing industry. The technology has
been utilised for more than 30 years in the
calcium carbonate industry, its application,
until recently, was unavailable for mineral
processing. Further development backed by
intensive test work has brought this
technology to the minerals processing
industry. Outotec is pleased to present a
summary of this fine grinding technology.

structures, which requires a finer grind for
valuable mineral liberation. An example of
an ore body with different mineral structure
is given in figure 1. This ore body requires
wide process adaptability and flexibility to
cope with the life of mine ore variability.
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Figure 1. Mineral Structures

2 HIGMILL OPERATIONAL
PRINCIPLES

In a typical application, the HIG process
begins with the regrinding circuit feed being
pumped to a scalping cyclone upstream of
the mill which classifies the target size
material off from the feed and defines the
pulp density. The defined underflow is then
mixed with water to optimal grinding density
and pumped into the mill at base level. The
slurry enters a grinding chamber containing
grinding media (beads) and rotating discs
which provide momentum to stir the charge
against a series of stationary counter discs.
The particles are ground by attrition between
the beads.

As the flow transfers upwards, the ore
slurry passes through the rotating discs and
the free space between the static counter
discs lining the wall (see Fig.2). Depending
on the application there may be up to 30 sets
of rotating and static discs. Due to the
vertical ~ arrangement of the mill,
classification is conducted simultaneously
throughout the grinding process with larger
particles remaining longer at the peripheral,
while smaller particles move upwards. The
process is typically a single pass with no
external classification necessary.

Gravity keeps the media compact during
operation, ensuring high intensity inter-bead
contact and efficient, even energy transfer
throughout the  volume. The disc
configuration and the whole chamber
geometry have been optimized for efficient
energy transfer to the bead mass, internal
circulation and classification.

With the grinding media evenly
distributed, the ore particles remain in
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constant contact, significantly increasing
grinding efficiency. The product discharges
at atmosphere at the top of the mill. The
combined cyclone overflow and mill
discharge are the circuit product.
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Figure 2. Optimal Grinding Conditions

2.1 HIGmill™ Control Philosophy

The flow from upstream processes can vary
remarkably due to fluctuations in ore grade
and quality. Also the target fineness can vary
because of variations in the ore mineralogy.

HIGmill offers a unique opportunity to
optimize product fineness on-line through
the use of ACT (Advanced Control Tools)
expert system. This is due to the HIGmill™
having a variable speed drive to control the
impeller shaft speed, which in turn controls
the power input into the material.

A set point for the specific grinding energy
(SGE) is determined to achieve the product
fineness. The ACT expert control system
uses feed forward and feedback control
principles.

The feed forward control principle is used
by measuring scalping cyclone feed quantity
which is measured by flow and density
meters and adjusts the mill shaft speed to
reach target energy per total feed flow. This
principle ensures the target SGE is reached at
all times even the throughput varies.

The feedback control principle is used by
measuring the particle size distribution with



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

an on-line by Outotec PSI and adjusts the
shaft speed to maintain a constant product
size, (see fig. 5).

The make-up grinding beads are fed
continuously to the mill along with the slurry
feed. If there is a permanent large scale
change in throughput or in PSD target level
the bead charge is increased or decreased to
the new optimal level to ensure that the
online control with tip speed can be fully
utilized.

Figure 5. HIGmill Flowsheet

3 BENEFITS

3.1 Largest Units in Operation

Over 260 HIGmills have been put into
service, with installed mill _power up to 5,000
kW, making the HIGmill ™ the largest fine
grinding units in the market place to date.
The Outotec HIGmill™ comes in various
drum diameters. The Mill heights can be
varied to optimize the media load and power
input for specific applications. Chamber
volumes range from 400 to 27,500 litres with
corresponding drives from 132 to 5,000 kW
(table 1). The HIGmill™ is the only ultraﬁne
grinding technology in commercial use that
can use small size high density grinding
media in mill sizes above 3,000 kW.

Table 1. HIGmill™ Size Range

Installed 132 300 500 700
Power
kW]

Installed 900
Power
kW]

1100 1’600 2°300

Installed
Power
kW]

3°000 3°500 4°000 5°000

3.2 Compact and Simple Installation

The benefit of high power intensity and
vertical installation is a very small foot prints
(see fig. 3). The head room over the mill is
small and the flanged, split shell construction
reduces the space needed for maintenance.
The top supported, hanging arrangement
keeps the floor and sides clear, simplifying
maintenance and emptying the beads.

Gravity together with an internal
hydroclassifier prevents the grinding media
from escaping the mill by pushing the
grinding beads back down into the milling
process, and lets through only the fine
ground slurry.

Figure 3. Typical HIGmill Installation - 3 x
SMW
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3.2.1Maintenance Issues

The drum segments and wear components
have been specifically designed to make
maintenance simple and quick. The casing is
flanged vertically so that it can be split down
the centre into two halves that can be moved
apart on a railing system. After exposing the
internals, changing of discs and liner
segments can be done individually by a team
of two skilled mechanical trade personnel.

Wear of the discs is even around the
circumference. The wear is faster in the
bottom part of the mill and typically the
lowest discs may have to be replaced before
the total set is changed. For total set change,
a spare shaft ready for installation is an
option (see fig. 4). Wear components can be
lined with polyurethane, metal hard facing or
natural rubber depending on application. The
critical components of the mill and gears can
be delivered in short time. A large number of
spares are available in stock for fast
shipment and delivery.

Figure 4. Simple maintenance

3.3 Operational Flexibility

A wide range of grinding applications can be
addressed as the HIGmill™ has an excellent
flexibility to adapt to fluctuating process

248

conditions. Typical applications for the
HIGmill™ is the regrinding of concentrates
(eg. magnetic, flotation), iron ore tertiary
grinding, precious metal ores, and fine
grinding for hydrometallurgical processes.

Both ceramic and steel beads can be used.
Ceramic media is typically used for sulphide
concentrate regrinding to prevent iron
contamination on the sulphide mineral
surface, which would otherwise result in
poorer flotation recovery and grade.

The HIGmill™ can use a wide range of
grinding media diameter which depends on
the application: 0.5-1.5 mm in ultra fine, 1-3
mm in fine grinding and 3-6 mm in coarse
grinding, where the grinding size is defined
as follows:

e Coarse range, F80 100-300 pm, P8O
50-100 pm

o Fine range, F80 50-100 um, P80 20-
60 um

e Ultra fine range F80 <70 pum, P80
<20 pm

4 TEST WORK

4.1 Test Units

Outotec has two test unit sizes available for
pilot test work. The test work produces a
performance curve: particle size distribution
versus specific grinding energy (SGE).

A semi-continuous test can be conducted
in the HIG 7 unit (6 litre/7.5 kW) and is
performed with a 50kg sample. The test
sample is fed several times (steps) through
the mill with one set of parameters and
constant SGE which increases SGE in steps.
Sampling is performed at each step.

A continuous test is conducted with the
HIG 30 unit (18 litre/30 kW) and is
performed with a 150kg to 250kg sample.
The test sample is fed only once through the
mill with multiple SGE points. The tip speed
(m/s) is changed to deliver different SGE.
Sampling is performed to represent each
SGE point.

A continuous test can also be performed
with HIG 7.5 unit with the same principles.
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Minimum of a single parameter basic test
is required for process sizing. In an optimal
case, a larger sample is required so that more
basic parameters can be tested. Test
parameters are slurry milling density,
retention time, tip speed, mill internal
geometry, media charge, bead
size/distribution and bead material. The
measured test variables are power draw, feed
rate, milling density solids and product
particle size.

Typical process parameters for industrial
operations are:

e Feed solids 30 % by volume (i.e. 50 %

by weight if solids density 2,7)

e About 60 % of the mill volume is

filled with beads
e Typical bead material is ceramics (i.e.
zirconia-alumina-silicate, density 3.8-
4.2 kg/dm?®). Steel and high density
(<6 kg/dm?) ceramics are options
e Bead size 0.5-6 mm depending to the
F80 and P80

e Tip speed 4-8 m/s in smaller units, 8-
12 m/s in larger units
Typical Retention time 1-3 minutes

e Specific grinding energies from 5 up

to 100 kWh/t

e Power intensity, kW/m?, is high 100-

300 kW/m?

4.2 Test Results

Outotec has undertaken test work on a wide
range of minerals and process variables
which enabled Outotec to gain a better
understand the process variables effect on
process design.

A special feature of the HIGmill is that
energy efficiency remains constant through a
wide variety of operational parameter
combinations; flow rates, tip speeds, and
media filling rates. Figure 6 depicts three
different flow rates with specific grinding
energy (SGE) versus product fineness.
Within each flow rate, each SGE point is
generated by varying the shaft speed. The
graph shows the product fineness is directly
proportional to SGE input.
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Figure 6. Consistent energy efficiency

Power draw increases exponentially if the tip
speed is increased (see fig. 7). If the shaft
speed is doubled the power draw is tripled.
This makes it possible to control PSD on-line
and dampen flow rate and quality
fluctuations. The PSD set point can be
changed on line by changing tip speed.

HiG 20 Fine quasrtx
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Figure 7. Power draw vs. Tip speed

The same energy efficiency is achieved with
different grinding media filling volumes (see
fig. 8). This makes it possible to control the
PSD on-line and to account for filling
volumes or bead wear. The power input and
PSD can be changed on line by changing tip
speed.
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Figure 8. Media filling volume

In figure 9, it can be seen that there is almost
linear correlation between media filling rate
and power draw. Thus, media charge
increase is directly related to power draw
increase. The power draw is directly related
to SGE (kWh/t). If there is a 10% v/v
decrease in media charge from 70%v/v to
60%v/v, the result is a ~20% decrease in
SGE. Therefore to obtain the same SGE and
grind size; the feed rate must also decrease
by ~20%.

Plibniaad 2.3-2.6, Fire guartz

Figure 9. Media filling control strategy

Semi-Continuous and continuous test work
has given similar results (see fig. 10). These
results give a reliable scale-up from semi
continuous (HIG 7) to continuous (HIG 30).
As per other fine T%lrinding technology we
expect the HIGmill ™ to scale directly up to
the industrial size.
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Figure 10. Reliable Scale-up

Comparison test work was conducted with a
tertiary / regrind ball mill in the magnetite
application. The HIGmill™ minimised
energy usage by up to 40 to 50% compared
to the process benchmark, (see fig 11). We
can clearly see that the Energy efficiency in
HIGmill™ is significantly better compared
to process benchmark values, the difference
being up to 5 kWh/t (~50 %).
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Figure 11. Magnetit HIG 7 Test work

5 SUMMARY

The HIGmill™ is an innovative and unique
grinding tool provides advanced, energy
efficient fine and ultra-fine grinding for new
projects or can deliver value-adding,
optimisation  solutions  for  existing
installations. The HIGmill™ is supplied with
a variable speed drive which enables an
effective control strategy for controlling the
product fineness.
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Fragmentation Modelling and the Effects of ROM Fragmentation
on Comminution Circuits

S. Esen
Mining Services, Orica Australia Pty Ltd, Australia

ABSTRACT This paper reviews the blast fragmentation models developed to date and
discusses the effects of the run-of-mine (ROM) fragmentation on the comminution circuits.
The fragmentation model developed by the author is presented in detail. Its use in numerous
mine-to-mill projects is briefly discussed. The fragmentation modelling framework is based
on the combination of Kuz-Ram model to model the coarse end and an engineering approach
to model the fines. It is well-known that the Kuz-Ram model underestimates the fines
generated by blasting. The model is further validated by new data sets (actual sieving data). It
is shown that the model is rather robust in estimating the fines generated by blasting. The
mine-to-mill studies have shown that -10mm size generated by blasting can be considered a
key performance index as this fraction has a significant effect on mill throughput. The mine
sites have increased their powder factors significantly which resulted in mill throughput
increases of 5 to 30%. Two case studies were presented as examples of the use of the
fragmentation model in mine-to-mill projects. Some of the opportunities to further reduce the
energy consumed by mining processes are also highlighted.

1 INTRODUCTION

Traditionally the mining industry manages
the wunits of operations (drill&blast,
load&haul,  crushing and  grinding)
separately by adopting extreme control
measures in operational and capital

significant impact on the efficiency of
downstream milling processes such as
crushing and grinding (Eloranta 1995,
McKee et al. 1995, Kojovic et al. 1998,
Kanchibotla et al. 1998, Simkus and Dance
1998, Scott et al. 1999, Kanchibotla et al.

expenditure. Costs are generally managed
separately for mining and milling cost
centres. Cost minimisation is achieved
through focussing on achieving production
targets at minimum cost. This approach does
not necessarily result in the reduction of the
total mine operating cost (mining and
milling).  Investigations by  several
researchers to date have shown that all the
processes in the mine to mill value chain are
inter-dependent and the results of the
upstream mining processes (especially blast
results such as fragmentation, muckpile
shape and movement, rock damage) have a

1999, Valery et al. 1999, Valery et al. 2004,
Dance et al. 2006, Esen et al. 2007, Valery et
al. 2007, Kanchibotla and Valery, 2010).

Numerous mine-to-mill projects to date
resulted in mill throughput increases of
between 5 and 30% depending on the ore
strength and communition properties.
Fragmentation is the most significant
component of the mine-to-mill value chain.
It was shown that the effect of finer
fragmentation on mill throughput is more
significant than changing the operational
parameters of the grinding circuit (Dance et
al. 2006, Esen et al. 2007).

251



S. Esen

Drill and blast is understood to be the most
energy efficient and cheapest way of
reducing particle size compared to
downstream operations, as shown in Table 1.
The use of greater energy input in the
blasting unit operation is less costly than
expending the energy downstream.

Table 1. Energy and cost calculations by
unit operations at a hard rock gold mine
(Esen, 2010)

[ Speciic | Energy | Cost |

emangy | factor | factor
[ hwnit | |
Ll and Blast | 0.1 - 0225 1 1
Loed end haul | .2 - 0.5 1-3 2-10
Crushing -2 4-20 | 2-10
Grinding 10 =20 (40-200| & - 20

Fragmentation can also have a notable
impact on the economics of recovery in heap
leaching as demonstrated by Sheikh and
Chung (1987), in a study conducted at the
Denison mine (Ontario, Canada). They
concluded that the viability of heap leaching
processing in this operation depended upon
the alternative of maintaining stockpiles of
broken ore for long periods of time, or
adopting blast fragmentation optimisation
strategies through the implementation of
appropriate blast designs.

This paper discusses the fragmentation
modelling which is used in carrying out the
mine-to-mill simulations, the effect of feed
size on crusher and SAG mill, and the
application of the author’s fragmentation
model in mine-to-mill projects with two case
studies.

2 BLAST FRAGMENTATION
MODELLING

2.1 Background

The need to provide engineering solutions to
full scale blasting problems such as those
involving the optimisation of Run-of-Mine
(ROM) fragmentation, has driven the
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development of several fragmentation
models. These include empirical as well as
advanced numerical techniques. Appendix 1
gives a chronological summary of the
developments in applied fragmentation
modelling over several decades.

The most commonly used empirical
models are those based on the determination
of parameters to fit functions that can
adequately describe the expected distribution
of rock fragments for a given set of
conditions. In these approaches, the most
widely applied fragmentation distribution
function has been the Rosin-Rammler
distribution or simplified versions of the
same (Rosin and Rammler 1933, Kuznetsov
1973, Cunningham 1983, Yalun 1987,
Rollins and Wang 1990, Aler et al. 1996).
The Rosin-Rammler function has been
recently replaced by the Swebrec function
(Ouchterlony 2003,2005). This is a more
refined representation of the size distribution
of fragmented rock materials.

Swebrec  function  contains  three
parameters, Xsp, Xmax (Mean and maximum
fragment size, respectively) and an
undulation parameter b. It has been shown
that this function can describe the sieved
data with a coefficient of determination R’
better than 0,995 in 95% of the
fragmentation data encountered
(Ouchterlony 2003,2005). This function has
been tested against hundreds of sieved size
distributions from bench blasts in quarries,
reef blasting, model blasting and crushing.

The Swebrec function is as follows:

=) 1 +HfInfx,, Sx)dne, At (D
In the Ilate 1990s, developments in
fragmentation modelling saw the
introduction of the two component

modelling approach which mainly allowed
for improvements in the prediction of fine
fragmentation (Kanchibotla et al. 1999,
Djordjevic 1999, Thornton et al. 2001).
Subsequently Onederra and Esen (2004)
developed a more accurate way of estimating
the potential volume of crushed material
resulting from the crushing and shearing
stages of blasting.
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Above fragmentation models have been
successfully used in numerous projects to
date. There are also significant advances
made  with the numerical models
(Minchinton and Lynch 1996, Ruest et al.
2006, Dare-Bryan et al. 2010); however,
their use is not widespread and only used at
a high-level research/consulting projects.
This paper doesn’t attempt to review these
models as it is not within the scope of this

paper.

2.2 Onederra and Esen’s (2004)
fragmentation model

Fines (usually -10mm term) in blasting is
considered as one of the most important
KPIs in the mine-to-mill concept. Mine-to-
mill projects to date showed us that
operations that require higher mill
throughputs should maximize a maximum
amount of fines (-10mm fraction). These
projects required an accurate estimation of
fines and complete ROM fragmentation size
distributions.

The Kuz-Ram model’s poor ability to
describe the fines was one of the major
reasons why the Two Component Model
(Djordjevic 1999), the Crush Zone Model
(Kanchibotla et al. 1999) and Onederra and
Esen’s (2004) model were developed at the
JKMRC. All combine two Rosin-Rammler
distributions or components, one for the
coarse part of the curve and one for the fines.
Onederra and Esen (2004) showed that the
Kuz-Ram model is not able to satisfactorily
predict the complete size distribution of
fragments, particularly in the fine and
intermediate size fractions (Figure 1). The
need to be able to predict the amount of fines
from blasting has driven the development of
a new engineering model.

Slaws passing Piw)
i = . = HATUEL: LT

ot lagge diffesence
=

™

~in amount of fines

Roosin-Rammier fit

Figure 1. Kuz-Ram’s limitation in predicting
the fines and intermediate regions

Onederra and Esen’s (2004) model is
detailed in their paper. Their framework is
based on the combination of a new model to
predict the radius of crushing around a
blasthole with a model to predict the volume
of crushed material resulting from major
radial cracks (Figure 2). Other sources of
fines including liberation of infilling from
discontinuities, particle collisions and post-
blast processes are excluded to simplify the
modelling process. Based on the analysis of
a number of full scale blasting surveys, their
study has confirmed that upon detonation of
an explosive, the region of crushing around a
blasthole is not the only source of fines.
However, the proportion of fines generated
by the crushed zone in low strength rocks is
relatively greater than in medium to high
strength rock types, and therefore should not
be neglected.

Validation results based on seven case
studies have shown that there is good
agreement between model predictions and
the measured proportion of fines, at the
assumed cut off point of Imm.

253



S. Esen

1o -

Curnsadve 4 peary
N4 583 P
1

~

oo H4Eds823
|
|
1
\

) ]
..AI . . @re yaw
P Poarrer At e —— Vndeheg b ey

Figure 2. Onederra and Esen’s model

3 FEED SIZE EFFECT ON CRUSHERS
AND SAG MILLS

Primary crushers are sensitive to oversize
rocks because they cause hang-ups and also
increase the power draw. It is generally
accepted that the primary crushers reduce
only the top size of run of mine and most of
the fines (- 10mm) are generated through
blasting. The Key performance Index (KPI)
is the Closed Side Setting (CSS) of the
primary crusher. If the ROM fragmentation
is finer, then there is a scope to minimize the
CSS to deliver finer SAG feed.

It is important to highlight that any mine-
to-mill optimization work focuses on feed
size to the SAG Mills (Dance et al. 20006).
SAG mills require a certain ore feed size
distribution to operate efficiently. This feed
is supplied to the mill by the Primary
Crusher, which is also influenced by the size
distribution  achieved from  blasting.
Significant effort has been spent at a number
of operations to relate SAG mill throughput
with SAG mill feed size. Very good
correlations have been obtained
demonstrating that the finer the topsize and
F80 of the mill feed, the higher the mill
throughput. Figure 3 shows correlations
between SAG mill feed size as measured by
on-line image analysis systems and SAG
mill throughput and specific energy
consumption (kWh/t) at a copper ore
operation (Dance et al. 2006).
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Figure 3. SAG feed size versus throughput &
specific energy at a copper operation (Dance
et al. 2006)

The ideal size distributions, which result in
maximum mill throughput and performance,
will depend on the breakage characteristics
of the ore (rock strength) as well as the
operating conditions of the mill (lifter
design, grate design, mill speed and rock
charge). In general terms, higher throughput
for these harder domains may be achieved
when the SAG mill feed has (Dance et al.
2006):

+ as fine a top size as possible;

 the smallest possible amount of 25 to
75mm intermediate size material and

* a maximum amount of —10 mm fines.

Figure 4 gives a general indication of the
strategy required to achieve an ideal SAG
mill feed size distribution. The SAG mill
feed topsize is mostly controlled by the
Primary Crusher. The intermediate size
material which is usually in the size range
between 25 to 75mm (this range will vary
according to ore hardness) is reduced both
by appropriate fragmentation in the mine and
optimal operation of the Primary Crusher.
Fines (-10mm material) are largely generated
by blasting. Depending on ore hardness,
some fines can be also generated by inter-
particle breakage in the crusher, especially
when it is choke fed. The more fines in the
feed, the higher the SAG mill throughput: a
relatively simple relationship.
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Figure 4. SAG mill feed size distribution
(Dance et al. 2006)

4 UPDATE WITH THE
FRAGMENTATION MODEL AND
ADDITIONAL VALIDATION DATA

Given the success of Swebrec function in
fitting the fragmentation data, it was decided
to use the modelling results (xs0,X79, Xgo and
% passing at lmm data) and force Swebrec
function to pass through these four data sets
using below simplified Swebrec function:

) [ — )

[l T

ln(xmax /%30
where xmax and a are fitting parameters.
Figures 5 to 8 show the application of this
approach to four cases in which
fragmentation data is partially or fully
sieved. It is shown that the updated model
compares well with the experimental data.
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Figure 5. Mount Cootha  Quarry
fragmentation data — experimental vs model
fit

pm s

s

Figure 6. Bararp Quarr%r fragmentation data
— experimental vs model fit
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Figure 7. Manitowoc Quarry fragmentation
data — experimental vs model fit

Figure 8. Aitik copper/gold fragmentation
data — experimental vs model fit

Some sieve data were collected from a
large open pit gold mine in Australia. The
sieve sizes were 10mm and 30mm. Image
analysis was also conducted to determine the
size distribution of the blasted muckpile.
Figure 9 shows the comparison of the sieve
data versus fragmentation model. It is shown
that the results compare well at 10 and
30mm sizes where the sieve data is available
(Esen, 2010).
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Figure 9. Comparison of the sieve data at 10
and 30mm with the model

5 THE APPLICATION OF THE
FRAGMENTATION MODEL IN MINE-
TO-MILL PROJECTS

The fragmentation developed by the author
has been used in numerous mine-to-mill
projects globally. Two of the case studies are
discussed in detail to demonstrate the
application of the model.

The first case study is from a large copper-
zinc operation in South America. This
operation wanted to increase the throughput
of a particular ore type that historically
processed between 2,300 and 3,300tph. The
study revealed a number of opportunities for
improving ROM fragmentation through blast
design changes (Table 2).

Table 2. Baseline and modified blast
design parameters at a large copper-zinc
operation in South America (Esen et al.
2007)

Design Haole  Burdenx Powder Predicted Predicted
Dia Spacing Factor % -28mm FE0 {mm])
{mmy) im) (kgfm*]
Current 311 TxB 1,15 30,7 Al
Mosdified 311 6§ 7.5 1,52 a4.4 175

A trial blast was conducted on material
containing this ore type and resulted in
significantly finer fragmentation. Figure 10
shows a trend of SAG mill tonnage over
time before, during and after this modified
blast material was processed. For the entire
period shown, the ore type was the same and
was mined from a similar area of the pit. The
values in Figure 7 show the mill tonnage
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increased from 3,500 to 4,000tph before to
around 5,000tph for the modified blast
material. With the stockpile depleted and
normally blasted material sent to the
concentrator, tonnage returned to below
4,000tph. The increase in mill throughput
was 25 to 40%, exceeding all expectations
and more than compensated for the 8¢/tonne
higher blasting costs. The mine-to-mill trials
conducted after this work included pebble
crusher, grate open area, SAG mill ball
charge, a slight change in the blast pattern.
This helped the mine consistently achieve
SAG mill throughputs above 4000tph for
this specific ore type.
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Figure 10. Trend of concentrator tonnage
during modified blast trial (Dance et al.,
2007)

Another case study was from a gold mine
in Ghana. The mine-to-mill project was
conducted on November/December 2010
period. This mine used to operate at a
powder factor of 1.20kg/m’ (Table 3) and
having a SAG mill F80 of 40mm. An
alternative blast design (Table 3) was
suggested at a powder factor of 1.40kg/m’
with some other design changes. The mill
F80 decreased to 30mm as shown in Figure
11 and the mill throughput increased by 23%
(from 475tph to 587tph) with the alternative
blast design (Esen and Crosby, 2011).
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Table 3. Blast design parameters for the
base case and modified blasts at a gold mine
in Ghana

Baseline Alternative

blast design
Hole 165 165
diameter, mm
Bench height, 9 9
m
Powder 1.2 1.4
factor, kg/m’
F80, mm 284 251
% -10mm 20.4 22.6

[T &L | " -
= 5 ¥

ey

Figure 11. Mill feed F80 data for SAG1 and
SAG2 Mills

6 CONCLUSIONS

This paper reviewed the existing empirical
fragmentation models including the author’s
model which is currently updated using
Swebrec function. The model was validated
with four case studies. The updated model
appears to compare well with the measured
data sets.

The fragmentation model was used in
numerous mine-to-mill projects in which
mill throughput increased between 5 and
30%. In these projects, -10mm fraction that
is generated by blasting appear to be the
most important KPIs in any mine-to-mill
project.

Two case studies were presented to
demonstrate the benefits of the mine-to-mill.
The first case study was from a large copper-
zinc operation. This operation increased
their throuhput with the modified blast by
25-40% exceeding all expectations.

Another case study was from a gold mine
in Ghana. The optimised blast design
resulted in the reduction of the mill feed
(mill F80 decreased from 40mm to 30) and
increased the mill throughput by 23% (from
475tph to 587tph).

The threat of global warming, increased
cost of energy, limited availability of water
resources and social and legislative
pressures are creating a need in the mining
industry to reduce energy and water
consumption. Many mining companies are
now routinely accounting for the energy and
water consumed and greenhouse gases
produced per unit of final product and are
making special efforts to operate in a more
sustainable manner.

Recent reviews to date have shown the
value of the use of the high-intensity
blasting, HPGRs in comminution circuits
and pre-concentration in future mining
circuits.
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Yapay Vollastonit (CaSiO;) Uretiminin Mekanik Aktivasyonu

Mechanical Activation of Synthetic Wollastonite (CaSiOj3)
Production

M. Goktas

Bilecik Seyh Edebali Universitesi, Boziiyiik Meslek Yiiksek Okulu, Dogal Yap: Taslari
Béliimii, Boziiyiik/Bilecik

M. Sener, M. Erdemoglu

Inonii Universitesi, Miihendislik Fakiiltesi, Maden Miihendisligi Boliimii, Malatya

OZET Bu calismada, mermer isleme fabrikalarinda ortaya ¢ikan mermer atik tozunun bir
seramik hammaddesi olan yapay vollastonit (CaO.SiO, ya da CaSiO;) iiretmek iizere
degerlendirilmesi arastirilmistir. Bu amagla, mermer atik tozuyla kuvars kumunun birlikte
agir1 sartlarda Ogiitiilmesinin vollastonit iretimi iizerine etkisi incelenmistir. Bilyali jet
degirmeni yardimiyla cesitli siirelerde kuru 6giitme islemleri yapilmis ve dgiitiilmiis karisim
malzemeleri CaSiO; olusturmak iizere tepkimesi amactyla 900°, 1000°, 1100° ve 1200°C
sicakliklarda gesitli siirelerde kavrulmustur.

Baglica X-ismlar1 difraktometri yontemi kullanilarak o6giitiilmemis ve o6gitilmiis tiim
hammadde ve iiriinlerin mineralojik karakterizasyonuyla birlikte SEM analizleri yapilmigtir.
Sonuglar, mermer atik tozu — kuvars tozu karisiminin birlikte ve asir1 kosullarda 6giitiilmesi
isleminin, vollastonit olusum sicakligini diisiirmek {izere bir mekanik aktivasyona yol actigini
gostermistir.

Anahtar Kelimeler: Mermer atik tozu, yapay vollastonit, agir1 6giitme, mekanik aktivasyon

ABSTRACT In this study, production of synthetic wollastonite (Ca0O.SiO, or CaSiO;), one of
the raw materials of ceramics, was investigated to evaluate the marble waste dusts in marble
processing plants. For his purpose, effect of milling of marble waste dusts together with
quartz sand under intensive conditions on the production of wollastonite was studied. Dry
milling was performed for various periods using jet ball mill, and milled mixture materials
were roasted at temperatures of 900°, 1000°, 1100° and 1200°C to react to form CaSiOs;.

Mainly using the X-ray diffraction method, mineralogical characterisation of all raw
materials and products, either unmilled or milled, were carried out along with SEM analysis.
The results showed that milling of marble waste dust-quartz sand mixture together and under
intensive conditions gives rise to a mechanical activation so as to decrease the wollastonite
formation temperature.

Keywords: Waste marble dust, synthetic wollastonite, intensive milling, mechanical activation
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1 GIRIS
1.1 Vollastonit

Son on bes yilda endistriyel mineral
pazarinda 6nemli bir yeri olan vollastonit
(Ca0.Si0, ya da CaSiO3), yaygin kullanim
alant ve baz1 kendine oOzgli o6zellikleri
nedeniyle Oniimiizdeki yillarda da Snemini
koruyacak, basta seramik sanayi olmak iizere
boya, plastik, kaplama, cam endiistrisi gibi
pek ¢ok alanda 6nemli bir hammadde olmaya
devam edecektir. Endiistriyel bir mineral
olan vollastonit, dogal kalsiyum metasilikat
olarak  tanimlanir  (Andrews, 1970).
Arastirmalarda kaydedilen hizli ilerleme, bu
mineral i¢in pek ¢ok endiistriyel kullanim
alan1 ve geleneksel minerallerin yerine
kullanildiginda,  vollastonitin  pek  ¢ok
avantaja sahip oldugunu kanitlanustir. imalat
esnasinda karisim i¢indeki vollastonitin
birlestirici rolii ozellikle seramik
endiistrisinde  genis uygulama alanlan
yaratmistir. Vollastonit ile ilgili bir diger
Onemli konu, sentetik olarak da
iretilebilmesidir  (DPT, 2001). Yapay
vollastonit liretiminde mekanik aktivasyonun
etkilerinin  aragtinldigi ~ bu  calisma,
vollastonitin daha diisik maliyetle iiretimi
arastirmalarina katki saglanmis olunacaktir.

1.2 Mekanik Aktivasyon

Mekanokimya,
fizikokimyasal

kimyasal,
durum

fiziksel ya da

degisiklerinin
mekanik enerji aktariminin yogun oldugu bir
sistemde gergeklesmesidir (Balaz, 2000).
Mekanokimyasal bir 6n islem olan mekanik
aktivasyon ise, kavurma ya da liging gibi
siire¢  Oncesinde
stireclerdeki  reaktifligini
uygulanir ve mekanik
aktarilabildigi

temel bir metalurjik
mineralin  bu

artirmak  iizere
enerjinin yogun bi¢imde
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ogitme  degirmenlerinde  gergeklestirilir
(Balaz, 2000; Wang ve Forssberg, 2007).
Mekanik  aktivasyonun  baglica  etkisi,
fizikokimyasal 6zelliklerinde degisiklige yol
agacak sekilde mineral tanelerinin
ufalanmasidir. Mekanik aktivasyon sirasinda
mineralin kristal yapis1 bozulur ve daha
reaktif tirler olusur. Boylece, asir1 sartlar
altinda 6giitiilmiis mineral, elden gegcirilecegi
metalurjik slire¢ sirasinda artik daha aktif
olarak davranacak ve bu durum siirecin
hizin1 artiracaktir (Baldz ve Achimovicova,
2006).

1.3  Yapay Vollastonit Uretiminin
Mekanik Aktivasyonu
Kirectasindan kireg elde edilmesi gibi

mermer tozu ve kuvars tozunun kalsinasyonu
sonucunda yapay kalsiyum silikat elde
edilmektedir. Hem endiistriyel minerallerin
mekanik aktivasyonu, hem de mermer toz
atiklarindan seramik sanayinde kullanilacak
yapay kalsiyum silikat {iretimi arastirmalari
yapilmak iizere, ¢alismada mermer toz
atiklar1 ve kuvars tozu 6rnek mineral olarak
secilmistir. Boylece, asir1 0Ogiitme ile
mekanik aktivasyona ugrayan mermer toz
atiklart  ve kuvars tozu karisimlarinin
yapilarindaki degisiklikler incelenmis ve
daha  diisik kavurma  sicakliklarinda
vollastonit elde edilebilmistir.

2 MATERYAL VE YONTEM

Calismada; mermer fabrikalarindan kesme ve
parlatma iglemleri sirasinda ortaya ¢ikan atik
sularii aritan ve mermer tozlarmin seramik

sanayinde  kullamilmak  ilizere;  yapay
vollastonit iiretiminde kullanilabilme
imkaninin  aragtirllmast  igin  miimkiin

oldugunca beyaz mermer isleyen fabrikalarin
bulundugu yerlerden numuneler alimmistir.
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Ogiitme  isleminin  yapay  vollastonit
iiretiminde mekanik aktivasyona ne derecede
katki  sagladigimi  gozlemlemek  igin,

ogiitiilmemis ve Ogiitiilmiis tiim hammadde
ve iriinlerinin mineralojik karakterizasyonu
icin X-1sinlar1 difraktometre (XRD), taramali
elektron mikroskobu (SEM) ve yine asir
oglitilmiis  minerallerin 1511 davranigini
gozlemlemek {izere termal analizleri (TGA)
yapilmustir.

2.1 Bulgular ve Tartisma
CaO + Si0,— Ca0.Si0,

tepkimesi g6z Oniine alarak; CaO/SiO,
orant 1/1,1 olan mermer tozu ve Kkuvars
tozunda hazirlanan 6giitiilmemis karisiminin
XRD analizinde kuvars ve kalsiyum
karbonata ait mineralojik izler Sekil 1’de
belirgin sekilde izlenmistir.

110

i vl A | 0L
Pl ®#Ewran Tam

B

AT

il |..:TMH.|'=|'- L1} 1

S PRk

(L]

Sekil 1.Mermer tozu ve kuvars tozuna ait
XRD desenleri

LEOD
[ ' ® Euvars
1400 & Vollastoni
B Kirep
= 200 L
= " sl e [ ] - L E]
oo
2 800 lln':'- Salta, TN
z — 1000 °C
= 600
Z 400 S —nmec
— 1200 °%C
oo ll-_ L 1 [
|:| L
i} 20 40 [} §0) (K]
2 Theta %)

Sekil 2. CaO/SiO, orani 1/1,1 olan mermer

tozu ve kuvars tozunda hazirlanan
ogiitilmemis mermer tozu- kuvars tozu
karigimlarinin -~ 900°,  1000°, 1100° ve
1200°C’ de 5 saat siire kavrulmalari ile elde
edilen  iriinlerin  XRD  desenlerinin
karsilastiriimasi

Ogiitiillmemis karisim malzemeleri

tepkimesi amaciyla On testler yapilmis ve
degisik sicakliklarda (900, 1000, 1100 ve
1200°C’de) S5 saat sire ile kavurma
caligmalart gergeklestirilmistir. Bdylece elde
edilen iriinlere ait XRD desenleri Sekil 2’de
verilmistir. Buna gére 1000°C’de kavrulma
sonucu vollastonit kristalleri goriilmeye
baslanmig olup, kuvars ve kirece ait pikler
belirgin bir sekilde izlenmektedir. Genel
anlamiyla kuvarsin kristal yapisint korudugu
gozlenmistir. Ogiitiilmemis karigimin 1200
°C’de 5 saat kavrulmasiyla elde edilen
tirtinde ise kuvars ve kirecin yaninda ayrica
vollastonit de bulundugu goriilmektedir.
Ogiitiilmemis  karisim 1100 °C’de
kavrulmasina ragmen, her ne kadar XRD
analizinde goriilmese de, onemli miktarda
kalsiyum karbonat ve kire¢ icermektedir.
Ogiitme igleminin mekanik aktivasyona
nasil yol agtigmmi gozlemlemek amaciyla,
seramik sanayinde sir hazirlamada kullanilan
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bilyali jet degirmeni yardimiyla CaO/SiO,
orani 1/1,1 olan ve Bilya:Karisim orani 1/20
olan mermer tozu ve Kkuvars
hazirlanan karigim cgesitli stirelerde (30', 1, 2,
3, 4, 5 saat) ogitilmistiir. Elde edilen XRD
desenleri ise Sekil 3’te verilmistir.
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Sekil 3. Ca0O/SiO, oran1 1/1,1 olan ve Bilya:

Karisim orani 1/20 olan mermer tozu ve

kuvars tozunda hazirlanan, c¢esitli siirelerde

ogitilmis (30, 1, 2, 3, 4, 5 saat siire ile)

karigimlarin XRD desenleri

CaO/Si0O, oramt 1/1,1 olan ve Bilya:
Karisim orant 1/20 olan mermer tozu ve
kuvars tozunda hazirlanan, cesitli siirelerde
ogiitiilmiis karigimlarin XRD desenlerinden
de anlasilacagr gibi 30' siirenin mekanik
aktivasyon icin yeterli oldugu sonucuna
vartlmistir. Bagka bir deyisle; 6giitiilmemis
karisima kiyasla 6giitiilmils karisimin XRD
desenlerinde kalsiyum karbonata ait piklerin
genigliklerinde ise Dbelirgin sekilde bir
genislemenin  ve pik siddetlerinde ise
kisalmalarin oldugu gdzlenmistir. Boylece
yapilan calismalarda Ogiitme isleminin
kalsiyum karbonatin kristal yapisini1 bozarak

264

amorflasmasina  yol  ac¢tift  sonucuna
varilmistir.  Ogiitiilmemis  malzemelerin
1000°C’de kavrulmasi sonucu vollastonit
kristalleri goriilmeye baslandigt ig¢in; 30'
ogitilmiis karisim malzemeleri tepkimesi
amaciyla 1000 °C’de degisik siirelerde
kavurma caligmalar1 gergeklestirilmistir. Bu
dogrultuda; CaO/SiO, orant 1/1,1 olan ve
Bilya:Karisim orani 1/20 olan mermer tozu
ve kuvars tozu karigimlarindan hazirlanan ve
30' ogiitiilmiis 6rneklerinin 1000 °C de ¢esitli
sirelerde (30", 1, 2, 3, 4, 5 saat)
kavrulmasiyla elde edilen driinlerin XRD
analizleri yapilmis ve Sekil 4'te verilmistir.
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Sekil 4. Ca0O/SiO, orant 1/1,1 olan ve Bilya:
Karisim orant 1/20 olan mermer tozu ve
kuvars tozu karisimlarindan hazirlanan ve 30'
ogitiilmiis orneklerinin 1000 °C de ¢esitli
siirelerde kavrulmasiyla elde edilen triinlerin
XRD desenleri
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Sekil 5. (a)30', (b)1, (c)2, (d)3, (e)4, (f)5 saat
ogitiilmiis mermer  tozu-kuvars  tozu
karigimlarinin SEM mikrograflari

Sekil 6. (a)30', (b)1, (c)2, (d)3, (e)4, (f)5 saat
ogiitiilmiis ve 1000°C’de 30' kalsine edilmis
mermer tozu- kuvars tozu karigiminin SEM
mikrograflar

Bilya:Karisim orant 1/20 olan mermer
kuvars tozu karigimlarindan
hazirlanan ve  30' siire ile &giitilmis
karigimin 1000 °C de 30' kavrulmasiyla elde

edilen iriinde ¢ok az miktarda kireg

tozu ve

bulunmaktadir. Ancak elde edilen iiriiniin
vollastonit oldugu belirlenmistir.

Ogiitiilmemis ve oOgiitiilmiis karisimlarin
1000 °C’de kavrulmasiyla alinan iiriinlerin
SEM goriintiileri  (Sekil.5. ve Sekil.6.)
kargilastirildiginda 6giitilmemis karigimlarin
1000 °C’de kavrulmalar1 sonucu elde edilen
iriinlerde oldugu gibi durdugu,
sadece mermer tozunun kalsine olarak {iziim
salkimi seklinde topaklandig1
anlagilmaktadir. Oysa 30 dakika ogiitiilmiis
karigimmin 1000 °C’de kavrulmasi ile elde
edilen iriiniin SEM fotograflarinda, mermer

kuvars

tozu ya da kirec ve kuvars tozu
goriilmemekte, gozenekli yapidaki
vollastonit tanecikleri gdzlenmektedir. Yer
yer kireclere de rastlanmakla birlikte,
ogiitiilmiis malzeme 1000°C’de vollastonit
olusturmustur. Ogiitiilmemis karisima kiyasla
karigimda daha diisiik

alinabilmektedir.

ogiitiilmiis
sicakliklarda irtin
Ca0/SiO, orami 1/1,1 olan ogiitilmemis ve
Bilya/Karisim orani 1/20 olan, 30' siire ile
ogiitiilmiis  malzemenin 1200-30°C’de
10°C/dak sogutma hizi ile TGA analizi
yapilmustir.
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Sekil 7 . 1/1,1’lik karigimdan 6giitiilmemis
ve Bilya/Karisim orani 1/20 olan ve 30'
ogiitiilen 6rnegin TGA grafigi
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Termogravimetrik egrilerin  (Sekil  7)
karsilagtirilmasiyla, o6giitiilmemis karigimin
ve 30' siire ile 6giitiilmiis karisimin doniistim
sicakliklarinda belirgin bir sekilde farklilik
oldugu goriilmiistiir. Boylece mermer tozu —
kuvars tozu karigiminin birlikte ogiitiilmesi

islemi, vollastonitin olusum sicakligini
diislirerek  “mekanik  aktivasyona”  yol
agmaktadir.

3 SONUCLAR

Bu calismada, mermer sanayi atigi mermer
birlikte
ogiitiilmesinin, yapay vollastonitin olusum

tozunun kuvars tozuyla
sicakligini diistirerek “mekanik aktivasyona”
yol agtif1 ortaya ¢ikarilmistir. Ancak, yapay
vollastonit ve ticari

iiretilen amagcla

kullanilan dogal vollastonit,
massesi iiretimi i¢in belirlenen bir bilesimde
ve degisik oranlarda eklenerek, ortaya ¢ikan
seramik teknik  6zelliklerinin

karsilagtirilmasi gerekmektedir.

yer karosu

uriinlerin

Ayrica, sonraki aragtirmalarda, yapay
vollastonitin katkisini ortaya ¢ikarmak iizere
pisme sicakligi denemelerinin yapilmasi

planlanmaktadir.
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ABSTRACT Massively generated in combustion processes the nano-sized particles have
received considerable interest in the last years. The separation of the submicron particles into
distinct bands, spatially separated one of each other had brought recently considerable
attention in many scientific areas. The most promising separation methods are based on
dielectrophoresis, phenomenon that induces spatial movement for a neutral particle in a non-
uniform electric field, depending on the dielectric properties of the particles and the
surrounding medium. This paper investigates the dielectrophoresis capacity to control spatial
separation of submicron particles from combustion gases wastes. The concentration of
nanoparticle suspension inside a separation device is computed by solving the mathematical
model’s equations using a finite element code and is characterized using new specific
parameters as recovery and purity. This type of analysis leads to the optimization of the
control parameters of an experimental microfluidic device with application in the separation
of submicron particles.

1 INTRODUCTION furans either found under the form of

Nanosized  particles  have  received
considerable interest in the past two decades
of scientific research. Produced massively
from material synthesis and combustion
emission, their filtration is an important
technological challenge. Another
considerable issue for many scientific and
technical areas 1is the separation of
nanoparticles in accordance with their
physical or chemical characteristics.

Gas resulting from combustion processes
contains, besides carbon dioxide and water,
finely divided carbon (VOC), carbon
monoxide, nitrogen oxides, phosphorous and
sulphur, halogenated acids, heavy metal
vapors. In addition, in the presence of
halogenated acids, through de novo
synthesis, VOC and carbon monoxide turn
into halogen derivatives of dioxins and

nanoparticles or adsorbed with the other
mentioned compounds on the finely divided
carbon, evacuated through the flue gas
stream (Minutolo et. al. 2010). All chemical
compounds contained in the gas resulting
from combustion processes have a toxic
effect upon the atmosphere, biodiversity and
human organism. These toxic agents spread
as nanoparticles or adsorbed on the finely
divided carbon, stay in the atmosphere for a
long time as very fine suspensions. The
harmful effect of nanosuspensions (< 100
nm) has become a more and more pressing
issue on a global scale. Their toxicity for
human health is relatively high because they
can readily enter the human body through
inhalation and have a large specific surface
area. Once inhaled, infiltrate into the blood
very fast and cannot be eliminated, because
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the macrophages cells cannot identify them.
Recent research has shown that although raw
materials may not be dangerous, they can
become toxic under the form of
nanoparticles (Lungu et. al. 2010). From a
public health standpoint, the size of a
particle is as important as its composition.
Inhaled nanoparticles may generate free
radicals, affect the DNA, and alter the genes,
which leads to increased cancer risk and
incidence of mutagen and teratogenic-related
phenomena. The main factors that cause
nanoparticle air pollution are industrial
emissions (generated by waste incineration
plants, metallurgy, cement factories, steam
power stations etc.) and internal combustion
engines (Rickerby and Morrison, 2007).

Generally, the sources of polluting
emissions are equipped with different filters
that capture only micron particles, while all
nanoparticles escape in the air (Chang and
Huang, 2001). Although the nanoparticles
mass is smaller when compared with the
micron particle mass, the size range of the
former is at least for times higher than that
of all other masses. Romania has transposed
a large part of the European Communities’
law in the environmental field. Thus, the
Romanian law (Government Decision
541/2003; Order 462/1993 of the Romanian
Ministry of Environment and Forests)
stipulates that powder emissions are
restricted to 30-50 mg/m’ for large
combustion plants and 50 mg/m’ for other
industrial sectors.

The traditional methods attempted for
manipulating (retaining and separating) of
nanoparticles have not been successful. In
the traditional particle-capture device, only a
small part of the particles is collected and
only when they attach to larger particles.
Mechanical devices of controlling particle
movement (cyclones, bag filters,
sedimentation chambers) are less effective at
this scale because of the low weight of the
nanoparticles, and the chemical methods are
slow and may change the nanoparticles
composition during processing. Common
Corona electrostatic filters have high
micrometric particle retention efficiency (93-
99%), but most nanoparticles escape in the
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air. Flotation separation methods are usually
slow and may contaminate the particles
under manipulation. Optical techniques
sometimes used in trapping nanoparticles
have the major disadvantage that they
produce significant heating of the fluid that
contains the targeted bodies, determining the
degradation of the sample (Zhang et. al.
2010, Pethig, 2010).

Nowadays several new methods of
particle manipulation are explored. One of
the methods utilizing electric fields as the
most promising technique for nanoparticle
trapping and controlled spatial separation are
based on dielectrophoresis (DEP): a
phenomenon in which a spatially non-
uniform AC or DC electric fields induces a
dipolar moment within a dielectric particle
that undergoes a DEP motion under the
resulted translational force, as in Figure 1.
For particles, whose polarizability is greater
than the medium the net movement is to
regions of highest field strength, whereas
particles whose polarizability is less than the
medium move to the region of lowest field
gradient. This force does not require
electrical charged particle; the strength of
the force depends strongly on the medium
and particles' electrical properties, on the
particles' shape and size, as well as on the
frequency of the electric field (Pethig, 2010,
Neculae et. al. 2012).
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Figure 1. Electrically neutral particle in the
presence of a spatially non-uniform electric
field. The dipole moment induced within the
particle results in a translational force and
the dielectric spherical particle undergoes a
DEP motion

Due to its capability to separate particles
solely according to their dielectric properties
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and size (Green ect. al. 2002), DEP is used for
a wide variety of applications, including
separating particles, trapping multiple
groups of nanoparticles simultaneously, etc.

In this article, we present a preliminary
study regarding the possibility to retain the
submicron particles exhausted by
combustion gases using dielectrophoresis, to
improve the filtering processes. Based on a
proposed  mathematical  model, the
concentration of nanoparticle suspension
inside a typical separation device is
calculated and the performance of the
separation device is analyzed in terms of two
new specific parameters called recovery and
purity, respectively.

The presented results demonstrate that
the use of DEP for the manipulation of
submicron particles can enhance the
performance of filtering devices, in order to
reduce of nanoparticles emissions in the air
through the optimization of the residual gas
filtering conditions.

2 THEORETICAL BACKGROUND

The expression of time averaged DEP force
acting on a spherical particle of radius «a is
(Morgan and Green, 2003):

3
(Fore) =5 K@V (VH[ V7). ()

K(w)=(2,-2,)/(2,+2¢,)

is the complex Clausius—Mossotti (CM)
factor, w the angular field frequency and &,
and &, 6 are the complex dielectric
permittivity of the particle and the medium,
respectively. V, and V, are the real and
respectively the imaginary part of the
electrical potential phasor V=V, +iV,,
where i = \/D—T . For a homogeneous medium,
the electrical potentials satisfy the Laplace’s
equation:

VW¥,=0 and V¥, =0. )

The CM factor not only depends on the
dielectric properties of the particle and
medium, but also on the frequency of the
applied field. The variation in this factor
results in a frequency-dependent
dielectrophoretic force that is unique to a
particular particle type. Therefore, we can

use dielectrophoresis as an effective means
of separating particles, solely according to
their dielectric properties and size. The CM
factor is a measure of relative permittivities
between the particle and the surrounding
medium, and determines the sign of the DEP
force. When the sign of K,(w) is positive,
the particle is more polarizable than its
surrounding medium and are attracted to the
locations of electric field intensity maxima
and repelled from the minima, phenomenon
known as positive dielectrophoresis (pDEP).

The opposite occurs when K,(w) is
negative, referred to as  negative
dielectrophoresis (nDEP).  Consequently,

particles are attracted to regions of stronger
electric field when their permittivity &,
exceeds that of suspension medium ¢,,, and
are repelled from regions of stronger electric
field when &, <¢,. In summary, can state
that pDEP forces cause particles to move
towards the regions with the strongest
electric field strength, as nDEP forces cause
particles to move towards the regions with
the weakest field strength.

The macroscopic behavior of a
suspension of spherical particles in a dense
and viscous fluid can be modeled
considering the mechanical equilibrium
between an external force F and the Stokes
drag. When the size of the particles relative
to the length of the microchannel and the
volume fraction ¢ of particles are small, the
dynamics of the system can be expressed as
(Shklyaev and Straube, 2008, Lungu et. al.
2010):

2
V:u+2iF,where :Vu=0,
9
op . .
5+V-J:0,where: j=ev—-DVep. (3)

Here u and v are the fluid and particle
velocities, respectively, a the particle radius,
n the viscosity of the fluid, ¢ the time, j the
particle flux, D the diffusion coefficient of
the particles and F  denotes the
dielectrophoretic external field.

If the potential, length, time, velocity and
particle volume fraction are scaled with V),
d,d’/D,D/d and ¢, (the initial average
volume  fraction) respectively,  the
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corresponding dimensionless form of the
DEP force is:

<FDEP> = E)DEPV,(|V’VR’ + |V’V1'|2 ) “4)
Here we noted: Fy,,, =(3/4)¢,K, (V02 /d3)

as a measure of the intensity of the external
field, and the transport equations become:
vV =u'+0F, Vu'=0,

?;? +V-j=0, j=¢'V-DV¢,

with: Q=2a’F,,,,.d /9nD.

The prime symbol above denotes the
dimensionless quantities.

Another widely used expression for the
intensity of the external field is obtained
when a harmonic electric  potential
V =V,exp(iot —gx) 1is assumed to be
imposed at the boundaries of the separation
device. V, is the amplitude of the electric
potential and g =27/ is the wave number,
where A is the wavelength of the traveling
wave. By solving the Laplace equation
AV =0 the analytical solution for the
electric potential can be obtain (Shklyaev
and Straube, 2008):

|2

)

V(¥) =V, exp(~igx)coshqy / coshqd , (6)
and the of the DEP force becomes:
F(r') =FF, 7

where F, =3¢,V qk, / 2cosh*(b/2)

is a parameter related to the intensity of the
force  field,  F'=(K'coshby,sinhby,0)
corresponds to the term F’ in equation (5),
K' is the ratio of the imaginary, K,, and
real, K,, parts of the Clausius-Mossotti
factor and b=2gd is the so called
dimensionless wave number. In the next
section, we will present and discuss a set of
numerical results obtained in the frame of
this mathematical model for describing the
behavior of a suspension of spherical
particles in a dense and viscous fluid, under
the action of an imposed non-uniform
external force as in equation (7).

3 NUMERICAL RESULTS AND
DISCUSSION

The numerical study deals with the
computation of the concentrations field for
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the nanoparticle suspension subject to the
dielectrophoretic force inside a typical
separation device. Because the carrying fluid
is a gas, only the positive DEP force can act
on the suspended nanoparticles. The results
are analyzed using two new parameters
called recovery and purity, correlated to the
concentration field but more suggestive for
the characterization of the separation
capabilities of the device.

All the numerical simulations were
performed using a partial differential
equations solver, FreeFEM++ | based on the
finite element method (Neculae et. al. 2012).
The schematic representation of the
separation device with interdigitated
electrode array is presented in Figure 2.

Diksetrin I'I'ﬁ-ﬂkln/

Figure 2. Schematic of the dielectrophoretic-
patterning chamber with interdigitated bar
electrodes used for DEP separation

For the computation of the DEP force, we
solved the Laplace equations (2) for the real
and imaginary components of the electric
potential, together with the associated
boundary conditions. Due to the symmetry
of the problem and considering the
electrodes long compared to their width, the
problem can be treated as two-dimensional.
The computational domain and the boundary
conditions can be assumed as shown in
Figure 3, where the particular case
d=I=100um, and h=2d was considered.
Each  electrode  was  assigned its
corresponding value for the real part of the
potential  phasor.  Similar  boundary
conditions hold for the imaginary part of the
potential phasor (Lungu et al 2010).
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Figure 3. The geometry of the computational
domain and the boundary conditions for the
real part Vi of the electric potential. The
solid lines indicate the basic unit cell

Details on the validation procedure of the
program and an analysis of the
dielectrophoretic force distribution are given
in (Neculae et. al. 2012).

The simulations were performed for a
suspension of particles with characteristic
size a=200nm in water (7=10"kgm’'s™,
p=10kgm”, D~10"m’" ¢, [I180). For
a real part of the CM factor K, 0.6, an
amplitude of the electric potential V|| 1V
and a traveling wave with A =400um, we
obtain for the dimensionless parameter in
equation (5) a typical value of 0~0.2 and a
value b=x for the dimensionless wave

number.
The computations of concentration
distribution inside the device were

performed for values of the parameter Q
ranging from 0.1 to 10. We remind here that
the key parameter of the problem Q can be
practically varied by modifying the applied
signal. Thus, by increasing or decreasing the
voltage, (@ increases or decreases
corresponding to a square law. For the sake
of simplicity, we drop the prime symbol,
even the analysis is performed in terms of
dimensionless quantities.

The results pbtained for the magnitudes of
the vector V’GV’VIQF +[v'7[ ), proportional
to the dimensionless DEP force given by
equations (5), are presented in Figure 4. The
area shown corresponds to the region
with y <100um, the magnitude of the DEP
forces above this level being negligible.

Calculated values for the

Figure 4.
magnitudes of the dimensionless DEP force,
plotted on logarithmic scale: <FDEP> ! Fyppp

One observes a periodic variation for both
vectors; the magnitudes of the computed
quantities increase to a maximum value at
the electrode edge and diminish rapidly with
distance in the vertical direction. This
periodic distribution of the potential allows
for an analytical solution for the DEP
problem to be found.

The computational domain consists of a
rectangular domain with two rows of
electrodes of negligible geometry (Fig. 5),
with a harmonic electric potential is imposed
at the boundaries.

=N

- -

L

Figure 5. Analytical setup with simplified
geometry used for simulations

When the geometry of the electrodes is
neglected, the flow field is described by a
classical Poiseuille profile. The influence of
the velocity field is not analyzed here, so we
considered in all computations a typical
value of 10 pum/s for the maximum flow
velocity.

In order to simulate the behavior of a
suspension subjected to dielectrophoretic
force, the system of equations (5) for the
force given by equation (5) is solved for
different values of the parameter Q,
corresponding to different intensities of the
dielectrophoretic force.

The cconcentration field computed in the
simplified domain for the parameter Q=1 is
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presented in Figure 6:

- e

Figure 6. Concentration field computed for
0=02

The simulation shows that the particles are
attracted to the electrodes due to the pDEP
effect. From a practical point of view, it is
obvious that if we are interested in the
efficient recovery of the suspended particles,
the recovery process must take place in the
region of enriched fluid. We consider that
the recovery device is placed in such a
manner that it separates a region of height h
(outlet) measured from the electrodes and so
we collect the fluid with a higher particle
concentration. Figure 7 shows the detail
from Figure 6 with the region of interest
(left) and the recovery zone (right).

=
Y Ny, - nenopartices npt
g - density
= M, « recovered nanoparticies
n, outfral Sermdy
=
D
= .,
h
Y
= =

Figure 7. Detail with the recovery zone

To obtain an efficient separation we must
collect as much of the particles from the
fluid suspension as possible, which on one
hand demands a small value for h in order to
separate highly concentrate fluid, and on the
other hand a large value for h, in order to
better collect the particles.

For the analysis of the separation process
we define a set of parameters describing this
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process, related to the concentration
distribution:
- the recovered mass — Recovery (R):
h
R=| C(y)dy ®)
- the particle density (n):
h
n, =/ W[ C(y)dy €))
- the Purity (P):
p="=n (10)
nmax - nO

where h is the outlet width (0<AZ< H) and
n, =1 is the value of the parameter Purity in
absence of dielectrophoretic force.

Next, we discuss the significance and the
behavior of these parameters in the context
of the considered problem.

In Figure 8 we presented a typical
distribution of the concentration field, for
different outlet widths and DEP force
intensities.
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Figure 8. Distribution of the concentration,
for different outlet width and DEP force
intensities

For all DEP force intensities the calculated
concentration field reach its maximum at
h=0 (near the electrodes) and its minimum at
h=H (in the center of the device). As
expected, the maximum value of the
concentration field increases with the
intensity of the DEP force.

Based on this computed concentration
field we can calculate the variation of the
parameters (8)-(10).
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Recovered mass
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Figure 9. Distribution of the recovered mass
(Recovery) for different outlet width and
DEP force intensities

The behavior of the Recovery (R) as a
function of the outlet width is presented in
Figure 9. This parameter presents a
continuous increasing with h, corresponding
to the increasing quantity of mass contained
in the separation region.

On the other hand, the calculated particle
density diminish with h, as shown in Figure
10, where we presented the distribution of
the particle density (9) for different outlet
width h and DEP force intensities Q.

Particles density (n,)

0.0 02 DA 0.6 08 10
Clutlet width (h'H)

Figure 10. Distribution of the particles
density for different outlet width and DEP
force intensities

This two opposite trends are better
outlined in Figure 11, where we showed the
variation of parameters recovery and purity,
at a intensity of the dielectrophoretic forces
Q=1 (similar behaviors are obtained for all
values of Q).
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Figure 11. Recovery and Purity for different
outlet width, at 0 =1

The main conclusion we can extract from
the results presented in Figure 11 is that we
can find a value of the outlet width which is
a good compromise between the quantity of
recovered mass and purity of separated
material. In all computations we performed
in the frame of the presented mathematical
model and geometry we obtained a value of
h ~0.5H.

This type of simulations performed for
different geometries can help to find the
correct dimension of the recovery device and
consequently can lead to the optimization of
the dielectrophoretic device.

CONCLUSIONS

The study presented in this paper focuses on
the description of submicron particle
behavior in a suspension under the action of
DEP  forces. More  precisely, the
concentration profile of the particles
exposed to DEP forces is numerically
computed and the separation efficiency
(evaluated in terms of recovery and purity)
of the device is analyzed. The mathematical
modelisation and the numerical simulations
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can help us both understand the physics and
behavior of dielectrophoresis as well as
allow us to design new and more efficient
devices for submicron particle sorting. The
results reveal that the nanoparticles in
suspension tend to concentrate on the
channel walls depending on their properties
(nature, size), by adjusting the applied
voltage at the command electrodes. The
parameters Recovery and Purity give a
global image of the influence of the
simulation parameters on the separation
process.
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Scale-Up of Crushing Tests

J. A. M. Luz, F. O. Milhomem
Federal University of Ouro Preto, Brazil

ABSTRACT Scale-up is a recurring problem in metallurgical testwork. Crushing operation
has been scaled up usually by engineering practice criteria for crusher sizing, or comparison
procedure. This article shows a more tenable method for jaw crusher sizing. It comes from
generalization of the product size distribution curves as a function of opening size of the jaws.
Gates-Gaudin-Schumann equation was successfully employed to fit manufacturer’s data. In
order to apply the method a bench scale crushing campaign was carried out using gneiss
lumps as material to be comminuted. Moreover, sample characterization was performed as a
supplement, aiming to determine properties relevant to a study of comminution and allow any
further corroboration of experimental data as well. Schmidt’s impact hammer was used to
compressive strength measurement, obtaining average of 28.15 MPa for rock samples. Bond’s
work index of gneiss sample has resulted 46,8 kJ/kg. Rosin-Rammler equation displays
higher statistical correlation than does Gates-Gaudin-Schumann equation for product size
distribution with respect to gneiss, complicating but not preventing the scale-up procedure
here preconized.

1 INTRODUCTION production, in order to use them as

. ) ) aggregates in building construction sector,
Crushability curves of gneiss were obtained  according to Brazilian standard
from crushing batch tests carried out  gpecifications:

employing a lab scale jaw crusher and rock

samples coming from Barbacena
municipality, in Minas Gerais State, Brazil.
Methods and  operational conditions

adopted for this experimental campaign were
described later in this paper. Sample
characterization effort was also undertaken,
in order to clearly describe the main

properties of the system under study
(allowing whether criticism to results or
occasional  experimental  corroboration
thereof).

Size distribution of crushed material was
simulated for a hypothetical industrial scale
with flowrate of 80 metric tons per hour.

The following possible products were
taken into account for such a hypothetical

Powder stone: particles below 4.6 mm;
e Gravel # 0: particles below 12.5 mm;
e Washed Gravel # 0 (fine): particles
below 19.5 mm;

e Gravel # [1: nparticles between:
12.5 mm and 19 mm,;

e Gravel # 2: nparticles between:
19.0 mm and 32.0 mm;

e Gravel # 3 (ballast): particles
between: 32.0 mm and 64.0 mm;

e Gravel # 4: particles between:
64.0 mm and 76.0 mm.
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2 MATERIALS AND METHODS
2.1 Samples and Sample Characterization

Gneiss boulders used for this study were
obtained by drilling and blasting the
outcropping ore at site  (industrial
exploitation has not yet begun). The resulted
fragments had tabular shape, as displayed in
figure 1. In that figure the scale’s minor tick
marks refer to millimeters and the vertical
scale has 7cm. Particle sizes can
be evaluated from shadow ratio between
vertical scale and fragments.

3

S

Figure 1. samples as received

In total 142.4 kg was used for the tests.
Descriptive statistics of sample lumps is
summarized in following table.

Table 1. Descriptive statistics of gneiss
lumps

Average mass 3.75kg
Standard error 0.4927 kg
Median 2.74 kg
Mode 2.76 kg
Standard deviation 3.037 kg
Variance 9.233 kg
Kurtosis 1.979
Skewness 1.576
range 12.8 kg
Minimum 0.62 kg
Maximum 13.42 kg
Sum 142.43kg
Count 38 lumps

Concomitantly to crushing tests a Schmidt
hammer (sclerometer) was employed to
determine mechanical strength of 21 stone
lumps, in order to evaluate the sample
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stiffness. Measurements were taken under
two classes for these experiments, namely:

1. Measurement with the sclerometer
axis orthogonal to the sample’s
apparent schistosity;

2. Measurement with the sclerometer
axis parallel to the sample’s apparent
schistosity.

The resistance inference was made from
the rebound (read directly in the instrument
scale) and employing the appropriate chart.
The measurements were performed with the
axis of Schmidt hammer vertically
downward (corresponding to the angle of
90°, in the manufacturer’s conversion charts)
on sample’s flatter faces. The figure 2
displays the features of this kind of
sclerometer (taken from Luz & Segato,
2005).

Figure 2. Schmidt hammer (N type - 2.207
Nm impact energy) with retractable impact
plunger at starting and ending position
(locked by pressing the pushbutton after
impact, allowing scale reading).

2.2 Bond’s Work Index (wi) Estimation

The method of comparative wi due to Berry
and Bruce as quoted by Wills & Napier-
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Munn (2006) was used to evaluate in a
simplified way the behavior of the sample to
comminution. In this work the reference
material of known grindability was
agalmatolite. The reference material was
ground for 300 s. An identical weight of the
test ore was then ground for the same time
interval and under the same operational

=10xwi

gneiss

1 1
10 —_—
e XL/PW JFoos }

Where: wi — crushing work index [J/kg];
Py — sieve size passing 80 % of the crusher
product [um]; Fyy — sieve size passing 80 %
of the crusher feed [um]. Subscript ref stands
for “reference material” (agalmatolite from
Parad de Minas municipality in Minas Gerais
State, Brazil)

The agalmatolite work index was
wi,r= 69,12 kl/kg (19,2 kWh per metric t).

After determination by sieving of the size
distributions of feed and product the only
unknown in precedent equation is the gneiss
work index (Wigneiss)-

The following table summarizes the
experimental conditions of dry grinding tests
made for determining the work index of
gneiss sample.

Table 2. Operational conditions for

Jo
VRogass [ Foogns

conditions such that the energy consumed in
grinding was identical with that of the
reference ore. Then work index of gneiss
under test could be estimated from Bond's
Equation. As the specific crushing energy is
the same the following equation holds:

(1)

2.3 Crushing Tests

The head sample was firstly broken up by
hand with use of a sledge hammer (resulting
top size was about 75 mm). Secondly the
lumps were crushed in a single toggle jaw
crusher. Two batch tests were carried out and
their operating conditions are summarized in
the following table 3:

After each crushing test, broken ore was
sieved on vibrating screens, in three
sequential sieving steps (retained material in
the bottom pan of the first step was the feed
for the second one, and retained material in
the bottom pan of the second sieving was the
feed for the third step).

Table 3. Operational conditions for
crushing tests

grinding tests

First crushing Second

Agalmatolite Gneiss test crushing test
Equipment Ball mill Ball mill Equipment Jaw crusher Jaw crusher
Effective mill Open-side
diameter 022m 0,22 m setting 20 mm 7 mm
Grinding media Steel balls  Steel balls Cl‘;gfgl'lsglde 10 mm 2 mm
According  According . 2 2
Ball diameter to Bond to Bond Gape x width 130 x100 mm~ 130 x100 mm
standard standard Eccentricity 10 mm 10 mm
test test jaw frequency 6 Hz 6 Hz
Number of balls 285 285
Mass of balls 20,125 kg 20,125 kg
ﬁ';ﬁ’tfg’l’ velocity 70 % 70 % The following screen openings were used
Time 300 s 300 s for particle size analysis on each screening:
Feed size (Fsg) 1,32 mm 1,36 mm
Product size (Psy) 0,32 mm 0,21 mm
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e First sieving (dry): 25.4 mm, 19.1 mm,
127 mm, 6.3 mm, 4.7 mm, and
bottom pan;

e Second sieving (wet): 3.34 mm,
236 mm, 1.67 mm, 0.836 mm, and
0.418 mm, and bottom pan;

e Third sieving (wet): 0.209 mm,
0.148 mm, 0.105 mm, 0.740 mm,
0.530 mm, and bottom pan.

3 RESULTS AND DISCUSSION
3.1 Particles Morphology

The following figures 3 and 4 shows the
progeny morphology generated by the
crushing test, in different openings obtained
by sieving.

Figure 3. At the right, material retained on
25.4 mm; at left, material between 6.3 mm
and 4.7 mm

An expeditious mineralogical inspection of
fresh surfaces (like the one showed in figure

4) has revealed the presence of quartz and
plagioclase among the leucominerals as well
as the occurrence of a mafic phase (probably
an inosilicate, not biotite that is a
phyllosilicate)

. Rhd w b
F;"‘l‘ vn * N
?\. R

Figure 4. Micrograph of a fresh surface of
gneiss fragment

3.2 Mechanical Strength

The compressive strength analysis by
Schmidt hammer is shown in the following
table. Low rock resistance was observed.
Perhaps it is because Schmidt hammer is
very error prone, although its great advantage
is that it is very fast in getting results (Aydin,
2009).

Table 4 presents the results of samples’
mechanical strength.

Table 4. Compressive strength analysis of gneiss samples

Compressive strength- orthogonal to schistosity

Mean [MPa] Standard deviation [MPa] Coefficient of variation [%]
30.42 12.305
Compressive strength- parallel to schistosity
Mean [MPa] Standard deviation [MPa] Coefficient of variation [%]
25.88 11.954
Compressive strength- mean values
Mean [MPa] Standard deviation [MPa] Coefficient of variation [%]
28.15 12.295 43.68
(13,01 kWh/t) obtained by comparative
method.

3.3 Bond’s Work Index of Gneiss

Bond’s work index for the sample under
analysis has resulted the value of 46,82 kl/kg
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3.4 Crushability Curves for Gneiss

Usually crusher is sized from standard
crushability curves previously carried out by
crusher manufacturers and shown in their
catalogs (Utley, 2002). Such curves were
obtained empirically, generally employing
aphanitic rocks like basalt or limestone.
Crushability curves corresponding to the
industrial crusher type under analysis are
shown in the figure 5 (each curve
corresponds to a specific CSS — closed-side
setting; expressed in millimeters).

These curves can be  described
theoretically displaying adequate statistical
correlation by statistical distribution curves
of Gates-Gaudin-Schumann (Luz, 2011).

The Authors have treated mathematically
catalog data (Metso, 2005; similar to Metso,
2012) for single toggle jaw crushers (series
C, Nordberg), obtaining the following
general equation for the cumulative passing,
against to the opening in crusher closed-side
setting (CSS; expressed in same dimension
unity that one for particle size, d,):

0.898
y = _ 4 ?)
b 1.423x CSS

Taking up knowledge on CSS and jaw
movement or throw (given for each crusher),
calculation for opening in the open jaw
position (OSS — open-side setting) is trivial.
The throw is done as function of crusher
gape (G, given in meters) by Gupta and Yan
(2006):

T =0SS-CSS =0.0502x(G)"” 6

The sieve analyses of crushed gneiss
under the two CSS values tested are shown
in figure 6.

However, particle size analysis data for
the crushed products has revealed low
statistical adherence to the classical Gates-

Gaudin-Schumann equation. Their size
analysis has showed better statistical
correlation  with  the  Rosin-Rammler
distribution

1101
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=
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Figure 5. Standard product curve of Nordberg C jaw crusher
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Figure 6. Size reduction curve of gneiss under study. Squared plot markers stand for
CSS =7 mm and OSS = 2 mm; circle plot markers stand for CSS = 10 mm and OSS = 20 mm

The Rosin-Rammler distribution,
expressed in terms of median diameter (dsy)
is given by equation 4:

Y =1-ex ln(ljx & "
v P e, “)

Where: ¥, represents the cumulative
fraction finer than d, that is the particle
diameter (or sieve opening) and n is the
sharpness of distribution.

The statistical treatment of the data in
coarse screening series (most representative
of crushing) has showed the following values
summarized in table 5.
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Table 5. Regressional results for crushing
tests

First Second

test test
Median size (dsg) 0.0141m 0.007 m
Sharpness 2.015 1.775
Correlation: R* 99.36 %  99.96 %

One can see from the above data that
reproducibility was good, since statistical
residues did not display significant bias.

As a matter of fact, there was discrepancy
between the size distributions from catalog
data and those from the results described in
this study (obtained from laboratory crushing
testwork). This discrepancy hampers the
predictability of results to be expected on an
industrial scale application.

However, we can adopt a premise for any
material whose properties are not too much
discrepant from those of basalt and
limestone. This assumption is that for the
same value of CSS (and same value of OSS)
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the product top size it will be the same. Top
size hereafter is nominally adopted as the dog
(ie: that opening sieve through which 98 %
of the crushed material will pass).

The preconized premise is crucial for the
scale up procedure here developed.

Thus, taking the average sharpness value
(n=1.895) for the generic size distribution
of crushed gneiss it leads to following
equation:

1 d 1.895
0.98=1-exp|In (jx 298 5
2 dSO

On the other hand equation 6 also holds as
a consequence of the adopted scale up
criterion:

0.898
O (©)
1.423%x CSS

Equaling equations 5 and 6 after simple
algebrism, having eliminated the value of dys
in the above expression, and adopting
industrial crushing with CSS =50 mm (just
as a convenient example) one gets the
equation 7, which allows forecasting of
product median diameter in the considered
industrial scale gneiss crushing operation:

)
In E
= x0.070 = 0.028 m

(1-0.98) )

50gneiss

Therefore, it entails equation 8 for particle
size distribution due to the industrial
crushing for gneiss under study:

Y =1-ex ln(ljx d" '
» P S ) 0028 ) | ®

Figure 7 displays the product grain size
distribution of gneiss with respect to lab tests
and predicted industrial scale.

Cumulative passing %)

w0

G S e el

Scraen opening [m)

Figure 7. Crushability curve for gneiss; solid
line curve was obtained by equation 5
(industrial scale); square plot markers stand
for CSS =7 mm and OSS = 2 mm,; circles
plot markers represent CSS = 10 mm

and OSS =20 mm

3.5 Scale-Up For Jaw Crusher

One example for the equation use is for scale
up a jaw crushing operation with catalog
capacity of 80 t/h. For the case in question,
one can propose a single toggle jaw crusher
with opening of 800 mm x 510 mm, for
instance, like a Nordberg C80 crusher (with
nominal power of 75kW). Its catalog
capacity is 80 metric tons per hour, when
working in open circuit mode (just for
simplicity) and under the previously adopted
CSS value. The chosen crusher will generate
a product mix approximately equal to that
shown in table 8.
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Table 6. Crushed gneiss mix for the simulated jaw crusher

Top Size Min. size Proportion Production
Grravel [m] [m] [%] [t/h]
Gravel 0: 0.0125 0 14.03 11.2
Gravel 1: 0.0190 0.013 14.39 11,5
Gravel 2: 0.0320 0.019 30.84 24.7
Gravel 3: 0.0640 0.032 37.20 29.8
Gravel 4: 0.7600 0.064 3.54 2.83
Total: 100.00 80.0
Generally speaking with respect to  which provides the volumetric flow rate, Q,

crushing capacity, it should be borne in mind
that jaw crushers work effectively in half the
jaw reciprocating cycle and inside the full
crushing cavity or chamber. The equation

(OSS+CSS) (OSS—CSS)
O = X

2 tga

Where: OSS - jaw opening in the open
position [m]; CSS — jaw opening in the
closed position [m]; a — nip angle [°]; L —
effective width of crushing chamber [m] , vV
— angular velocity of the crusher flywheel
[rpm]; k& — empirical coefficient depending
on the material and equipment [-].

The coefficient k takes into account both
bulk swelling of the broken material and
friction at its fall, besides of additional
geometric effect of jaw’s tooth profile (in
closed position). Usually k ranges from 0.4
to 0.45 and nip angle generally falls in the
range between 19° and 23°, according
Galperin et al. (1982).

Once calculated the size distribution of
industrial scale crusher, the previous
equation allows forecasting the actual hourly
capacity of scaled up crusher in case of lack
of manufacturer data.

On the other hand, power consumption of
comminution operation can be estimated by
classical Bond equation (Utley, 2002;
Beraldo, 1987). However, this procedure has
suffered criticism when it comes to crushing.

One of the recent propositions was
preconized by Magdalinovic, which is a
modification of Bond’s approach. Specific
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x Lx60x Nxk=

(in m*h) feed jaw crusher is given by:

(OSSZ—CSSZ)
X I Ix60xNxk
2xtga ®

crushing energy is  expressed by
Magdalinovic as (Jankovic et al, 2005):

E=10x

A . 1 1
JP_W{JP__JF_} (1o

Where: A —material and crusher dependent
parameter [(um)"?]; wi — crushing work
index [J/kg]; Psy — sieve size passing 80 % of
the crusher product [um]; Fgy — sieve size
passing 80 % of the crusher feed [um].

In equation 10, the dimension of E is J/kg.
Once in possession of the actual value of
specific energy, scaling up for industrial
conditions is a straightforward procedure.

4 CONCLUSION

Crushability of sample under study is such
that the theoretical distribution of Rosin-
Rammler applies better than Gates-Gaudin-
Schumann, often preconized for most
commonly occurring granular products of
crushing systems.

The crushing strength exhibited high
coefficient of wvariation indicating the
compositional variation in spot gneiss
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studied. Strength results show that the rock
in question is fully satisfactory as aggregate
for concrete and other structures in the
construction industry.

The nominal product mix in a hypothetical
industrial scale recorded here was based
firstly on the validity of the assumption that
whatever a given material fed into the
crusher the product top size will be
approximately equal, provided the crusher is
the same and operating with the same CSS
(and hence the same OSS). As main scale up
criterion it is of paramount importance to
keep in mind that this would be valid
regardless of the type of particle size
distribution of material (i.e.: even though
there are no equal particle size distributions).

The second premise for crushing system
scale up is that the sharpness parameter of
crushability curves is kept constant (the
perceivable “parallelism” of the crushability
curves of manufacturers’ charts testifies in
favor of this principle).

Although very likely in reality it would be
useful to check empirically the validity of
these assumptions here adopted. Such
validation is beyond the scope of the present
work since it would require several crushing
tests on an industrial scale, not yet carried
out by the authors to date.

As a final point, it should be noted that the
scale up procedure recommended here has
the potential to be applied not only to the
system under study, but to common types of
non-friable materials or ores. Of course, the
fact of the present work have been based on
empirical correlations do not rob per se its
validity as a method to scale up. Friable
materials, however, almost certainly will
behave in a manner inconsistent with the
premises here adopted.

The authors express their gratitude to
engineer Adhebar Soares Jr. and Mr. Antonio
C. Torres for their help in running some
experiments. The authors also thank CNPgq,
Capes, Fapemig and Gorceix Foundation for
supporting this research.
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Investigation of Some Parameters Affecting the Ultra—Fine
Grinding of Refractory Silver Ore Tailings by Stirred Mill

O. Celep, E. Y. Yazic1

Karadeniz Technical University, Department of Mining Engineering, Trabzon

ABSTRACT In this study, ultra-fine grinding of a refractory silver ore tailings was studied.
A laboratory scale pin—type vertical stirred mill and ceramic beads were employed for the
grinding tests. The effects of ball diameter (2—4.5 mm), stirring speed (200—800 rpm) and ball
charge ratio (50—-80%) on the particle size (dgy, um) of the ground material and energy
consumption were investigated. Finer products were obtained by increasing the stirrer speed
and ball charge ratio. Larger balls produced coarser products. These tests showed that under
the suitable conditions of stirrer speed, ball diameter and ball charge ratio, particle sizes (dg)
of <5 um can be achieved over 15 min. grinding time. Preliminary cyanidation tests also
showed that ultra-fine grinding process using pin—type vertical stirred mills could be used as
a physical pretreatment method prior to cyanide leaching to improve the leaching recoveries

of silver from the refractory silver tailings.

1 INTRODUCTION

Refractoriness of gold and silver ores is
mainly arised from the encapsulation of fine
gold or silver particles within sulphide (e.g.
arsenopyrite and pyrite) and gang minerals
in that these particles are not accessible to
the lixivianting action of cyanide and
oxygen (La Brooy et al., 1994; Marsden and
House, 2006). Ultra—fine grinding (UFG) as
a environmentally sound and low cost
physical method can be suitably used to
liberate the encapsulated gold in particle
sizes between 1-2 um to approximately 20
pm (Corrans and Angove, 1991; Celep et al.,
2011). Ultra—fine grinding is a viable
alternative to  conventional oxidative
pretreatment methods such as roasting,
pressure oxidation and bio—oxidation which
have been commercially practiced to
enhance  gold/silver  recoveries  from
refractory ores (Dunn and Chamberlain,
1997; Gunyanga et al., 1999; Ciftci and
Akcil, 2010).

Ultra—fine grinding (UFG) of minerals
down to a few micrometers are widely
practiced by stirred media mills e.g.
Vertimill®, Stirred Media Detritor (SMD")
and ISAMill®. (Jankovic and Valery, 2004;
Sepulveda, 1981). Different types and sizes
of grinding media are available for a range
of feed material and size (Jankovic, 2003).

Many process parameters such as stirrer
speed, ball diameter and ball charge ratio
contribute to the performance of a grinding
process (Jankovic, 2003). There are many
studies available which investigated the
operating parameters affecting the grinding
performance of stirred media mills (Tiiziin et
al., 1995; Zheng, J., 1997). Significant
parameters affecting comminution process
and stress intensity in the stirred mills are
reported as mineral type, specific energy
input, bead size and load volume
(Orumwense and Forssberg, 1992; Kwade,
1999). Small grinding media should be used
to obtain a fine product. However, when the
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media size becomes too small, grinding
becomes less efficient (Lichter and Davey,
2006; Gao and Holmes, 2007). High density
media has a better performance over low
density media (e.g. glass, ceramic, pebble
etc.) on grinding coarse materials at low
speeds. Stirrer speed is also known to be one
of the most important factors in the stirred
media milling (Zheng, 1997).

In this study, the effects of parameters i.e.
ball diameter (2—4.5 mm), stirring speed
(200-800 rpm) and ball charge ratio (50—
80%) on the ultra—fine grinding of a
refractory  silver ore tailings were
investigated using a pin—type vertical stirred
mill.

2 MATERIAL AND METHODS

The cyanidation plant tailings of a refractory
silver ore were used in the tests. Figure 1
illustrates the particle size distribution of the
tailings sample (dgp= <100 um) used in the
ultra-fine grinding tests. The tailings sample
consisted of 50.7% Si0,, 9.80% BaO, 7.30%
ALOs, 6.76% CaO and 5.72% Fe,O;. The
silver and gold grades were determined to be
83 g/t and 1.5 g/t, respectively.
Mineralogical studies (Dinger, 1997) have
shown that silver is present mainly in the
form of native silver, pyrargyrite,
tetrahedrite, argentite and proustite, which
are closely associated with other mineral
phases i.e. mainly barite, quartz, dolomite
and feldspar.

Ultra—fine grinding tests were carried out
using a laboratory scale pin—type vertical
stirred mill designed by the authors (Fig. 2)
within a batch mode of operation. The
technical features of the stirred mill were
described earlier by Celep et al. (2011).
Energy consumption was also monitored
during the grinding period. Micro—grinding
ceramic beads (alumina-based zirconia
toughened, DMM AZ 2000™) in different
sizes (i.e. with mean diameters of 2, 3.5 and
4.5 mm) were kindly provided by Dakot
Milling Media (Pty) Ltd (South Africa) and
used as the grinding media. The beads had
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an Al,O; content of 80%, specific gravity of
3.75-3.80 g/em’ and vickers hardness of
1314 micro. Pulp density was kept constant
at 24% w/v.

Particle size analysis was carried out by
the laser diffraction method using a Malvern
Mastersizer 2000 MU. Particle size analysis
was performed in four replicates and the
mean values were presented in the results.

Preliminary cyanidation tests confirmed
the refractory characteristics of the tailings
material and enhancing effect of ultra-fine
grinding in the silver recovery. A 60%
increase was observed with the application
of ultra—fine grinding i.e. from 20% Ag
recovery (dgo= <100 pum) to 80% Ag with
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Figure 1. Particle size distribution of feed
material used in grinding tests
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Figure 2. Section drawing of the stirred mill used in the ultrafine grinding tests

3 RESULTS AND DISCUSION

3.1 Effect of Grinding Time

The effect of grinding time (i.e. 1, 4, 8, 15
and 25 min.) on the fineness of grind (dg,)
was investigated under the constant
conditions of stirrer speeds, ball diameters
and ball charge ratios (Fig 3). A significant

decrease on the particle size was observed
with the increase in grinding time from 1 to
15 min. Longer periods (>4 min.) were
needed to achieve a dgy of <5 um. It was
shown that the percentage of 10 pm passing
amount is increased by increasing of
grinding time (Fig. 3).
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Figure 3. Effect of grinding time on particle size (dgg) and material amount (wt%) under 10
um size (3.5 mm ball diameter, 800 rpm stirrer speed, 80% ball charge ratio)
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3.2 Effect of Stirrer Speed

The increase in stirrer speed resulted in finer
particle sizes in all grinding times (Fig 4)
e.g. particle size (dgg) decreased from 9.7 um
to 3.6 um with the increase in stirrer speed
from 200 to 800 rpm over 15 min. Celep et
al., (2011) also showed the positive effect of
stirring speed. In contrast to the findings in
the current study (Fig. 4) some researchers
(Mankosa et al., 1989; Gao and Forssberg,
1993; Sepulveda, 1981) reported that higher
speeds (i.e. up to 1350 rpm) resulted in

lower energy efficiency, resulting in increase
of the mean particle size. The lower energy
efficiency for a higher stirring speed may be
related to the fact that the energy input can
not entirely be used for size reduction. In
practice, an optimum stirrer speed should be
selected due to occurrence of central vortex
during grinding in high speeds which can
limit size reduction and hence lead an
increase in energy consumption dramatically
(Mankosa et al, 1989; Orumwense and
Forssberg, 1992).
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Figure 4. Effect of stirrer speeds on particle size (dgy) (2 mm ball diameter, 65% ball charge

ratio)

3.3 Effect of Ball Diameter

Ball diameter also affects stirred milling
efficiency and energy consumption (Gao and
Holmes, 2007). Smaller media sizes are
required to obtain finer products. Optimum
ball-particle size ratio should be selected as
20:1 for maximum breakage rate (Mankosa
et al, 1986) but depending on the
content/quantity of minerals in the ore and
type of grinding media that ratio may vary
from 7:1 to 20:1 (Zheng, 1997). In the
current study, ball-particle size ratios were
found to be varied between 8:1 and 18:1 for
all grinding tests. Figure 5 showed that
coarser products were obtained by increasing
the ball diameter from 2 mm to 4.5 mm.
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3.4 Effect of Ball Charge Ratio

Lower particle sizes were obtained at higher
ball charge ratios (Fig 6) probably due to the
fact that in lower ball charge ratios grinding
efficiency decreases. In stirred milling, the
ball charge ratio is typically applied up to
85% which is higher than in conventional
grinding systems (i.e. 40-50%) (Gao and
Holmes, 2007; Celep et al., 2008). The
findings (Fig. 7) also confirmed that using
high ball charge ratios is necessary to
achieve finer particle sizes. However, it
should be noted that increasing ball charge
ratio after an ideal point will have limited
contribution on grinding efficiency, but can
cause an increase in power draw of the mill
(Gao and Holmes, 2007; Celep et al., 2011).
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Figure 5. Effect of ball diameter on particle size (800 rpm stirrer speed, 80% ball charge
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Figure 6. Effect of ball charge ratio on particle size (2 mm ball diameter, 500 rpm stirrer

speed)

3.5 Energy Consumption

High energy consumptions are required to
achieve a fine particle size which can be
achieved by applying high stirrer speeds. At
800 rpm stirrer speed, energy consumption
was increased from 62 kWh/t to 869 kWh/t
to achieve finer particle sizes i.e. from 16.5
pm to 3.6 um. Figure 7a showed that higher
stirrer speeds (e.g. 800 rpm) yield the same
particle size (10 pm) with lower energy
consumptions (~150 kWh/t).

Ball diameter also is of importance for
energy consumption. The consumed energy
is increased with increasing the ball diameter

related to the fact that the movement of large
balls within the mill is more difficult than
fine balls (Zheng vd., 1997). Same particle
sizes can be obtained at smaller ball
diameters by lower energy consumptions
(Fig 7b). In the stirred ball mills, a large part
of the energy is used to move the ball load.
When increasing of ball charge ratio, the
consumed energy is increased, but, the finer
particle is obtained due to improve stress
density within stirred mill. In the current
study, the lower energy consumptions were
needed to achieve same particle size when
increasing of ball charge ratio from 50% to
80% (Fig. 7c¢).
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Figure 7. Relationship between particle size (dgo) and energy consumption a) Effect of stirrer
speed (2 mm ball diameter, 65% ball charge ratio), b) ball diameter (800 rpm, 80% ball
charge ratio, c¢) ball charge ratio (2 mm ball diameter, 500 rpm)

The operations of refractory gold/silver
ores have been increasing due to exhaustion
of non-refractory (free milling) ores.
Pretreatment methods should be applied to
refractory ores prior to the leaching stage
and ultra—fine grinding as a physical method
offers a viable option to conventional
oxidative  pretreatment methods (e.g.
roasting, pressure oxidation). Commercial
applications including IsaMill® and SMD"
mills have been operated successfully for the
treatment of such refractory ores (Davey,
2006 and 2010; Celep et al., 2010). In the
current study, it was shown that, a particle
size (dgy) of below 5 um can be achieved
over 15 min. at certain conditions of stirrer
speed, ball diameter and ball charge ratio
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using a laboratory scale pin—type vertical
stirred mill.

4 CONCLUSIONS

In this study, the effect of ball diameter (2—
4.5 mm), stirring speed (200—800 rpm) and
ball charge ratio (50-80%) on ultra fine
grinding performance of a refractory silver
ore tailings were investigated. The findings
showed that at higher stirrer speeds and ball
charge ratios using smaller beads finer
products could be obtained. It was applicable
to ground the material finer than 5 pm under
suitable conditions using ceramic beads.
Ultra—fine grinding process using pin—type
vertical stirred mills prior to cyanidation
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could be used as a physical pretreatment
method to improve the cyanide leaching of
silver from the refractory silver tailings.
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Kirma Tesis Operasyonlarinin Performansini Etkileyen Faktorler
Factors Affecting the Performance of Crushing Plant Operations

E. Yilmaz
Inmet Mining Corporation, Toronto (Ontario)
Cayeli Bakiwr Isletmeleri A.S., Madenli Beldesi, Cayeli (Rize), Turkey

Canada

OZET Proses operasyonlar siirdiiriilebilir ilerlemeyi dikkate almay1 gerektirdiginden kirma
tesislerine cevherlerin partikiil boyutunu azaltmada biiyiik ilgi olmustur. Kirma tesisleri zor
kosullarda opere edildigi ve ¢ok abrasif malzemeye maruz kaldigindan dolay1 ¢esitli faktorler
onlarin performansi etkileyebilir. Bu bildiri kritik tasarim parametrelerinin yaninda cevher
ozellikleri, islerlik ve siirdiiriilebilirligi hesaba alarak Cayeli madeni kirma tesis operasyonun
performansina etkileyen faktorleri sunmaktadir. Bildiri ayrica kirma tesisinin operasyonel,
enstriimental, mekaniksel ve bakim yonlerini ele alan raporlama sistemini de saglamaktadir.
Birincil sonuglar hali hazirda madende uygulanan bu yeni sistemin iyi bir sekilde ¢alistigini ve
mevcut kirma tesisi yonetimine yeni bir perspektif getirdigini gostermektedir.

ABSTRACT Crushing plants have been of great interest in reducing the particle size of ores
milling operations need to consider sustainable development. Since the crushing plants are
operated under severe conditions and subjected to very abrasive material, several factors can
influence their performance. This paper presents factors affecting the overall performance of
the Cayeli mine crushing plant operation by addressing the critical design parameters as well
as the consideration of ore characteristics, operability and maintainability. It also provides a
reporting system, which considers the operational, instrumental, mechanical and maintenance
aspects of crushing plant. Preliminary results show that this new system being implemented at
mine is running well and brings a new perspective to the present crushing management.

1 INTRODUCTION

In the industries supporting the mining and
milling operations, crushing plays a massive
role in reducing the particle size of rocks and
ores. To reach desirable end product size, the
feed material endures a few crushing stages
that form a circuit. A crushing plant system
consists of a combination of unit operations
for storing, feeding, crushing, screening, and
conveying (Viilo, 2011). Crushing plants are
often designed to be able to produce certain
throughput on predefined specification and
the size distribution while keeping the plant

capacity and quality, resulting a reasonable
cost and energy consumption (Beerkircher et
al., 2003, Lindqvist, 2008; Asbjornsson et
al., 2012). The main challenging of running a
crushing plant as competently as possible
knows how each production unit affects the
efficiency of the whole plant (Svedensten
and Evertsson, 2004). Therefore, these units
should be built up with the technologies and
improvements which give savings at great
amounts for every ton of ore crushed, a high
capacity of use, the ability to consume little
energy, and low repair-service costs (Utley,
2003; Wills and Napier-Munn, 2006).
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Crushing plants like any other production
process are greatly affected by changes over
time since it is a continuous process where
equipment is subjected to variations. These
variations can be caused by unmatched or
degrading equipment performance which can
be minimized overall plant capacity and thus
the decreased product quality (Major, 2003;
Bengtsson et al, 2009; Itavuo, 2009). In order
to attain a certain product quality, numerous
crusher settings (i.c., closed size setting CSS,
speed, etc) can be varied by plant operators
on a daily basis. Ore properties play also a
vital role on the quality of product and plant
performance (Schonert, 1996; Guimaraes et
al., 2007). Practitioners are striving to build
up better and more reliable crushing plants.
One of the central functions of well-running
and professionally-managed crushing plants
is to present several documents for owners,
engineers, operators, practitioners, or even
visitors (Boyd, 2008). Those documents will
allow them to review and better understand
recent developments in operating areas.

In this paper, factors that affect the overall
performance of the crushing plant operations
at the Cayeli Mine are evaluated by focusing
several critical design parameters associated
with downtimes and production losses. As
well, it provides a crusher reporting system,
developed a macro in MS Excel, which deals
with operational, instrumental, mechanical
and maintenance aspects of crushing plant. It
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is hoped that the paper will provide a basic
knowledge on how crushing is conducted at
the mine without causing any significant loss
of the variables monitoring the safety and
environmental subjects while maintaining its
operations in a sustainable aspect. Specific
objectives are: i) to get detailed knowledge
which can be used for assessing the crushing
plant performance and control development,
ii) to collect a bunch of system data which
can be used for calculating plant availability
and utilization, and iii) to better describe the
bottlenecks of crushing plant which can lead
to production delays.

2 ORE CRUSHING PLANT

The Cayeli mine is the first fully mechanized
underground copper and zinc mine operating
since 1994, located in the province of Rize,
Turkey. The mine is owned and operated by
Inmet Mining Corp. (Toronto, Canada).

Run of mine ore is delivered directly from
both the underground and over a distance of
1 km from the shaft to the stockpile (having
a 24,000 t capacity) by trucks. Based on their
types and grades, the ores hauled are then
stored to bins. To get optimal metallurgical
results, the ore is blended and fed to crusher
by loader bucket for size reduction. Crushing
is done in three stages with a grouping of a
jaw crusher and two cone crushers that work
in close circuit with screen (Figure 1).

BOL.ODLZ K coamspon

Figure 1. A typical flow sheet for the Cayeli crushing plant operations
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Feed hopper which feeds jaw crusher has
50-t capacity and it has a 45x45 cm grizzly
screen on it. The materials, finer than 45 cm,
pass through screen. At entry of jaw crusher,
there exists a vibrating feeder equipped with
steel chains for homogeneous feeding. 80%
of crusher final product is minus 8-9 mm. A
rock breaker is also used to break oversize
rocks accumulating over feed hopper grizzly.
Crushing circuit consists mainly of jaw and
cone crusher, double deck vibrating screens,
belt conveyors, transfer house, fine ore bin,
metal collection systems (magnets and metal
detectors), and de-dusting system.

3 FACTORS AFFECTING CRUSHER
PERFORMANCE

There are a number of factors that can affect
the production performance in ore crushing
plant (Figure 2). However, these factors can
be illustrated under the three most important
categories of influence: ore characteristics;
equipment factor, and operation factor. The
aspects affecting the process are site-specific
and subjected to change based on operation.
Identifying problems and debottlenecking in
a crushing plant is a challenging task since it
requires info and experience of the plant. The
bottleneck in an open circuit is often the last
production unit which ensures steady output
from plant. In closed circuit, it may however
a bit more complex, causing problems.

3.1 Ore Characteristics Factor

Material characteristics play a major role on
the quality of the end product in the crushing
plant. The ore entering the crusher will affect
the plant performance, based on its change in
mineral content, grain size distribution, and
moisture. In addition, the ores that contain
non-ore products, such as sticky, mixed-up,
wet, and dry materials, metals, woods, and
plastics can possess an influence on crusher
performance, resulting in lower production
rate. Wet, sticky ores may clog chutes, lessen
the live storage capacity of bins or silo. Drier
ores are generally dustier because they are
likely to stick together into larger particles.
Based on their mineralogical composition,
copper and zinc grades, there exist six types

of run-of-mine ore: yellow ore YO, black ore
BO, clastic ore CO, bornite yellow ore BYO,
bornite clastic ore BCO and low grade ore
LYO. CO contains more than 10% sphalerite
clasts in matrix. BO and YO types are based
on contained zinc grade and mined singly to
allow for the most favourable grade blending
from the bins. These ore types are referred to
as “Spec Ore”. BO is defined as the ore with
more than 4.5% Zn and a Cu/Zn ratio of less
than 1. YO consists typically of pyrite and
chalcopyrite clasts, up to 20 cm in size, in
matrix containing less than 10% sphalerite.

Figure 3 shows fine sections of different
ore types: BO, CO, YO, LYO, BCO, and
BYO. Although CO looks like a hard ore in
its physical appearance initially, its crushing
process is easy due to many small scattering
grains. These grains are very susceptible to
breaking because they are the residues of
weathering. One can also say that bornite
could exhibit the plastic behaviour in which
crushing may become problematic. However,
bornite-free ores such as YO, BO, and LGO
act as massive sulphide blocks, and can be
crushed in a hardly manner. The loose joints
and well-developed ores, such as CO are
easily broken in the crushing plant.

Figure 3. Fine sections of ore types: a) BCO;
b) BYO; ¢) BO; d) CO; e) YO; and f) LYO
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Figure 2. Cause-and-effect diagram over factors affecting plant performance

Figure 4 shows the variation in the total
amount of ore crushed for the year 2012. It
can be easily witnessed that crusher put up in
a fairly good performance this year, except
for April, in which the production remained
behind a threshold value of 100,000 wmt,
resulting in a production rate of 94,610 wmt
The cogent reasons behind this phenomenon
is the mechanical/instrumental, maintenance
and operational downtimes, causing a drop in
the production for a time period of 66, 57,
and 110 hours, respectively.
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Figure 4. Change in ore crushed in the plant

The important factor is that if stockpiling
run-of-mine ores are clean, excluding non-
ore materials, such as wood, plastic, metal,
etc, and their brittleness indexes are high, the
ore is being crushed in a quicker and easier
way without causing problem. More fragile
particles are effortlessly broken into smaller
particles. The harder the ore is, the higher
compressive strength is and more easy to be
crushed. The capacity of crusher will be low
strictly if the ore contains more chunks, dust,
wet, and ore fines which will finally expand
the stickiness of ore and accordingly reduce
ore discharge speed.
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As discussed in earlier sections, there are
six different ore types in order to make four
campaigns as follows: Spec, Non-spec CO,
BCO and BYO. Table 1 lists the crushed ore
according to campaign type and distribution.
The use rates of Spec, CO, BYO, and BCO
campaigns are respectively 29%, 42%, 10%,
and 19%, taking into consideration a crusher
throughput of 1,283,695 wmt. The most
problematic ore campaign is BCO since its
mineralogy (i.e., bornite) shows differences
to the others (Figure 3). They take steps in a
different way during crushing: Some of them
will be crushed readily while others generate
difficultness to be crushed efficiently. The
degree of difficultness will vary according to
the texture of bornite-bearing minerals.

Table 1. Distribution of types of ore crushed
according to ore campaigns

Blend Crushed Ore Type Distribution (%)

Type Ore(%) BO YO CO LGO BYO BCO
Spec 29 14 59 13 10 3 0
Cco 42 6 1 74 8 1 11
BYO 10 1 5 2 6 82 3
BCO 19 5 0 12 9 6 68

Experiences indicate that the best crushing
performance is respectively obtained from
CO, YO, BYO, and BCO campaigns. Due to
the fact that CO contains hordes of broken
fragments within ore mass in micron size, its
breakable rate is higher when compared with
the others. In fact, these fragments disperse
homogenously in the ore and help to increase
crushing performance of the ore.

Figure 5 shows the variation in crushed
ore in a month, taking into consideration six
different ore types. The results reveal that the
usage percentages of CO, BCO, YO, BYO,
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BO, LGO are respectively 36, 19, 18, 11, 8
and 8%. Bear in mind that the usage amounts
of the ores by month are strictly depending
on both the present ROM ore availability at
stockpile area and the campaign switches.
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Figure 5. Distribution of ore crushed, taking
into account ore types

Overall, a specific order for ore campaigns
is used as following: Spec - BYO — Non-
Spec CO - BCO — BYO — Spec. Because
of the high availability of clastic ore being
extracted from underground; this type of ore
is most often used in the crushing plant for
Spec (with YO) and Non-Spec (with BO)
campaigns. Low grade ore LGO is hauled
from underground as least as possible since
overall stockpile copper and zinc grades are
decreased appreciably.

3.2 Equipment Factor

To control the quality of ore produced from a
crushing plant, the appropriate equipments
should be selected for sustainable operation.
The choice of crusher equipments depends
on the type and amount of material to be
crushed. The equipment parameters, such as
speed, model, and less maintenance need are
closely related to the success of a confident
level of product quality. The higher rotate
speed can increase crusher productivity, but
consume more energy, and may go ahead to
blockages. Due to the fact that changing the
equipment parameters affects the product
quality, they are more susceptible to changes
at any time, based on the crusher production
requirements.

Figure 6 shows the usage hours of three
loaders and rock breaker, which are the key
items to feed the ore stockpiling to crusher. It
is clear that the usage of 17-662 loader is
reduced while increasing the usage of 17-655
and 17-663 loaders over time. Note that 17-
663 loader is used as spare loader as others
are out of service. Rock breaker shows a
stable usage over the years since it is often
used for crushing the coarse-size ores on
feed hopper grizzly in the beginning and end
of shifts. It is also good to mention that
loaders are crucial to crushing and milling
operations since blending and concentrate
loading are made with them.
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Figure 6. Usage hours of three loaders and
rock breaker used in crushing operations
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Figure 7a shows the change rapidity and
costs of bottom deck vibroflex, polyurethane
screens (800x1850 mm). The bottom deck
screens (15x15 mm) are constantly subjected
abrasive wear due to ore’s relative motion.
To prevent overloading in circuit and reduce
the wear rate of screen, vibroflex screens
which are anti-static and hydrophobic are
preferred. Initially, screen apertures were
often being plugged and tried to open them
by using air pressure. The change rate of
bottom decks is increased from a time period
of 30-45 days, based on a well collaboration
between mechanical and operational teams.
Figure 7b shows the change frequency and
costs of top rubber-clad screens (600%300
mm). Since its aperture is 36xX36 mm that
enabling larger ore rocks feeding to tertiary
crusher, the wear of screens remains low and
so their change frequency happens in the
range of six months to one year.
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Figure 8. The cost change in the major equipment of the crushing plant
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In addition, the double deck screen costs
are significantly reduced by implementing a
new strategy during and after its placement.
Strategy is relied on the more maintenance
and care for a couple of days just after panel
replacement, and also the clean-up process of
non-ore materials (i.e. plastics and woods) on
screens at shift breaks on a daily basis. Due
to a more efficient blend preparation, magnet
and metal detector costs are also lowered to a
great extent while air cannon costs are dimly
increased recently. This increase is due to
wet, sticky ores which may clog the surfaces
of air cannon and therefore deteriorates their
functions properly. This situation is observed
especially in the winter season.

3.3 Operation Factor

An efficient operation of rock crusher plays
an important role on crushing productivity.
Not only the design and layout of equipment,
but also the cost of running them should be
considered to reach the best performance of
plant. This is succeeded by operators and
their practical appliances during shifts. To
meet production goals for a given budget, the
equipment used for crushing should have
high operating availability, which is achieved
by keeping maintenance requirements to a
minimum level as much as possible.

Figure 9 illustrates the change in crusher
performance in terms of both availability and
utilization percents. The average availability
and utilization rates were respectively 89%
and 78%, thus corresponding to an overall
asset utilization of 69%. Note that February
2012 conferred the best performance.
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Figure 9. Change in crusher performance in
terms of availability and utilization
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There are also several production losses at
crushing plant which can cause a disruption
in normal operations leading to inefficiency,
and thereby increase costs. Figure 10 shows
the change in production losses which are
mainly categorized as ore, selection of non-
ore material retained over the conveyor, rock
breaker, and fullness induced by wet, sticky
ores. One can conclude that during the winter
season, ore may become problematic due to
raining and inadequate ore production. This
causes to fullness of cone crushers, secreens
and t-house. Producton loss induced by rom
ore, selection, rock breaker and fullness were
respectively 259, 887, 273, and 611 minutes.
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Figure 10. Change in crusher production
losses as a function of ore, selection, rock
breaker, and fullness
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To boost the crushing plant performance, a
project relating to non-ore material sorting
from the ROM ores stockpiled just before let
them introduce to plant is in progress. There
existed sometimes in crushing plant in which
the system is non-operational, and keeps
downtime associated with mechanical repair,
corrective and preventive maintenance work,
instrumental and operational delays. Figure
11 shows the change in crusher down times.
It is shown that the down times induced by
maintenance, operational, mechanical, and
instrumental were 2862, 5049, 2015, and 328
minutes. The most down times are caused by
operational issues as follows: daily clean-up,
chute plugs, crusher plugs and settings (close
side setting which enables the production of
products in desirable size). Operators have to
regularly clean cone crusher and bottom deck
screen chutes for 30 minutes during shift.
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Figure 11. Change in crusher down times as

a function of maintenance, operational,
mechanical and instrumental
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Attention must be paid that operators need
to check a number of equipment set-ups if
their functions are running well. In fact, there
has to be a clearance distance of 90 mm
between fixed and moving jaws for jaw-type
crushers. This clearance distance gets larger
when wear appears on the jaws. Shims are
mounted to the studs which are holding the
jaws to lessen the clearance to 90 mm, when
it reaches to more than 120 mm. As mantle
wears, the bowl is also tightened in order to
increase the pressure on mantle. The aim is
to take mantle closer to bowl since crushing
action is accomplished between mantle and
bowl. This is also known as adding bar.

Figure 12 illustrates the change in metal
alarms, which are considered as one of down
times experienced at crushing plant. Data is
presented monthly as both count and time.
Considering that each metal alarm takes five
minutes, the average count and time of metal
alarms were respectively 520 and 43 hours.
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Figure 12. Change in metal alarms as a
function of count and time
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The total number of the metal-induced
alarms are corresponded to 22 days, which
stop running the plant. To end up the number
of metal alarms, a project is initiated recently
to sort the metals within ores stockpiled in
bins. Preliminary results prove that crusher
performance is getting superior.

One of the contributions behind the metal
sorting at stockpile is also that the number of
damages to both belt conveyors and crushers,
causing belt cuts and crusher blockages is
dropped significantly. This also makes these
items to remain in operation, which increases
their availability and utilization rates.
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Figure 13. Photos showing cone crusher and
double deck screen plugs

The non-ore material selection project will
also help decrease both crusher and screen
plugs, as shown clearly in Figure 13. Due to
the fact that the ores entering the circuit is
metal-, plastic-, and wood-free, the apertures
of screens, and the chutes will never block.
This project is hoped to reduce circulating
load, maximize profit and desirable fractions,
and increase the crusher throughput.

4 CONCLUSIONS

This paper summarizes factors that affect the
performance of Cayeli Mine crushing plant
operations. There are three foremost factors
of influence: ore characteristics, equipment
and operation. Besides the other factors, the
operation factor can contribute positively to
the performance if well managed. However,
due to the fact that ore properties will remain
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the same during processing, its control may
be tricky for product quality. In controlling
the crushing plant performance, operator
must consider these three factors in unison
since one may change strictly the quality of
the end product to a great extent while the
others have a lesser effect on product.

Based on the results of the present study,
the following conclusions can be drawn:

» Crusher settings play a leading role in
achieving the product quality. Regular
controls can augment the performance
of crushing plant operations.

» The optimal ore blending will decrease
appreciably the need of corrective and
preventive maintenance, thus reaching
higher operating availability.

» Sorting the non-ore material within the
ores which will travel over the plant is
of great importance in increasing the
crushing performance and should keep
continuing for enhanced operations.

This paper has shown that a newly-started
reporting data for crushing plant will bring a
new outlook in assessing the performance of
production units in terms of availability and
utilization rates. As well, it will come out the
crushing plant’s failing directions and ensure
a quick solution in a timely manner.
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