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Abstract

Standard material analysis methods used in the heavy minerals industry to characterise spiral
separation behaviour is unable to fully quantify performance differences between the available
spiral profiles of today. This study proposes an enhanced method to analyse spiral products to
identify key separation performance differences between different spiral profiles for specific feed
materials. The enhanced analysis method has two major components. The first involves a ma-
terial characterisation method that was developed using the analytical capability of Qemscan®
to simultaneously quantify particle density and particle size. The second involves a data pre-
sentation method that was developed by making improvements to the Holland-Batt equation.
The standard material characterisation method was compared to the enhanced method using
the separation products of two different spiral profiles with two different feed materials. The
benefit of the developed method is clearly demonstrated by the additional separation perfor-
mance information that it produced. This information enables the user to make more informed
decisions when identifying spiral performance deviations in current installations, when selecting
the correct spiral profile prior to spiral replacement, and during the spiral plant design process.
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Chapter 1

Background

1.1 Project Background

Performance testing of separation equipment in the mineral processing industry is common
practice. One of the motivations for performance testing arises from a performance deviation,
usually a negative deviation, from target product recovery and/or product grade. The source
of the recovery or grade 'problem’ needs to be identified quickly in order to be rectified and
to minimize any further product losses. Another common motivation is that most separation
equipment will come to the end of its life and replacement equipment needs to be evaluated.
The normal method for performance testing is to sample the products from the separator and
to conduct a series of analyses on the samples.

The spiral concentrator, also simply known as a spiral, has been studied extensively since
its introduction into the mineral processing industry in mid-1940, resulting in a large volume of
available literature. The main reason for the large amount of performance test-work conducted
on spirals is that most spiral profiles have a low capacity (not more than 10t/h) and are
therefore fairly easy to sample by hand. Another reason is that a typical spiral only lasts 10
to 15 years, which will require replacement at least twice during the life of a reasonably sized
mineral beneficiation business.

Over the last three decades of spiral development the sample analysis methods applied on
spiral products to evaluate separation performance remained unchanged. The major risk of not
developing the analysis methods is that the performance benefit of one spiral over the other,
for a specific feed material, might not be identified. The careless application of the standard
analysis methods could cause product losses in the long term, resulting in significant loss in
business profit.

This project was initiated to develop an enhanced material characterisation method coupled
with enhanced presentation of test-work data. The developed method was successfully applied
to the products from two spirals to improve the understanding of spiral separation performance.
This information enables the user to make more informed decisions regarding spiral selection
for a specific separation application (feed material and operating conditions). It also enables
the user to identify spiral performance deviations in current installations more effectively.

1.2 Spirals in the Heavy Mineral Industry

Spirals play an important role in the mineral beneficiation industry in the separation of low-
density mineral particles, consisting mostly of quartz, from high-density particles containing
commercially valuable minerals, usually heavy mineral sand, fine chromite or fine iron ore. In
the case of coal, low-density mineral particles containing mostly carbon are separated from
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higher density mineral particles containing mostly quartz. In most cases spirals are used in
primary separation that involves large run-of-mine volumes. This implies large throughput
tonnages through multiple units and processing stages.

Heavy mineral sands deposits generally consist of naturally fine grained, free flowing sand
due to the way in which the deposit was formed. The size of the heavy minerals market is
roughly 8 Mt/a of zircon and titanium combined (Iluka 2013). If an average combined feed
grade of 5% zircon and titanium and an average combined overall product recovery of 80 % are
assumed, the resulting run-of-mine feed tons that would require primary spiral beneficiation is
200 Mt/a. The number of spirals required for the processing of this material, assuming 6500
operating hours per annum and assuming an average of 2t/start and the same number of
rougher spirals to other duty spirals, is over 30000 spirals alone for the heavy mineral sands
business. These numbers clearly illustrate the importance of the spiral in the heavy mineral
industry.

This project focused on spiral separation performance measurement within the heavy min-
eral sands industry. Since more than 90 % of the particles are usually smaller than 500 pm, it
is common to assume that the separation on the spiral mostly occurs on particle density differ-
ences. The standard product sample analysis approach used over the last 70 years, is to perform
a sink-float in a high-density organic medium to separate high-density particles, greater than
3g/cm?, from low-density particles that are less than 3g/cm3. Although it is known in the
mineral sands industry that both particle density and particle size influence spiral separation
performance, particle size relative to particle density fractions is rarely measured.

This study measured the influence of particle size and particle density on spiral separation
performance. It was clear that there were significant differences with particle size variation.
The correct quantification of spiral separation performance and the understanding following
from correct quantification are therefore critical for the mineral beneficiation business in which
it is applied.

1.3 Company Background

Tronox Mineral Sands produces more than 800000t /a of final heavy mineral product to the
external market as well as to Tronox’s own pigment production business. Products from the
different mineral beneficiation processes are zircon, rutile and ilmenite. High purity zircon
is sold into the open market and used primarily in the ceramic, refractory and zirconium
chemical industries. High purity rutile is used as flux in the welding electrode manufacturing
and feedstock for the manufacturing of titanium dioxide pigment. The ilmenite product is
processed in furnaces to produce high titania slag and pig iron. The titanium dioxide is purified
in a chlorination process to produce final TiO, pigment.

The company consists of three open-pit mining and beneficiation operations. Namakwa
Sands is situated on the west coast of South Africa. Material is mined by various types of
'yvellow machines’ and conveyed to two separate wet beneficiation plants utilising spiral con-
centration to produce a heavy mineral concentrate consisting mostly of ilmenite, zircon and
rutile. KZN Sands is situated on the east coast of South Africa. Material is mined by high
pressure monitoring and pumped to a wet beneficiation plant, also utilising spiral concentration
to produce a heavy mineral concentrate containing similar minerals in slightly different ratios.
Cooljarloo on the west coast of Australia makes use of dredge mining. Material is mined by a
dredge and pumped to a floating concentrator utilising spiral concentration to produce a heavy
mineral concentrate with similar mineral ratios. The heavy mineral concentrate from each of
the operations is further separated at close-by mineral separation plants to produce high purity
zircon, rutile and ilmenite products.
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More than 40000000t/ a of run-of-mine material is processed by spirals across the above-
mentioned mining and beneficiation operations. These tonnages require more than 3000 first
stage spirals (rougher duty) and another 3500 second stage spirals (cleaner and scavenger duty).
The selection of optimal spiral profile for the correct separation duty is critical for the business’s
long term profitability. Spirals are replaced every 10 to 15 years due to trough surface wear and
each replacement step is an opportunity to install an improved spiral. A method to accurately
measure all the factors influencing spiral separation performance can greatly assist in good
decision making with regards to performance deviation control as well as spiral selection.

1.4 Publications from this Study

Two international presentations have thus far been made from the work conducted in this study.
The first presentation was at the 7" International Heavy Mineral Conference in 2009 with
the topic Gravity separator performance evaluation using Qemscan® particle mineral analysis
(Grobler and Bosman [2009). The second presentation was done at the Physical Beneficiation
conference in 2010 with the topic Spiral concentrator modelling using Qemscan® (Grobler and
Bosman 2010)). The article from the Heavy Mineral Conference was reviewed, updated and
accepted as a transaction paper in the Journal of the Southern African Institute of Mining and
Metallurgy (Grobler and Bosman [2011)).

1.5 Document Overview

Part [I] of this document introduces the reader to the study. Chapter [I] describes the project,
industry and company background and the relevance this study has on each. Chapter [2| gives
a clear and concise background to spiral concentrators and how separation performance is
measured. Readers familiar with these concepts can proceed to Chapter [3] which contains the
problem statement, purpose, significance and scope of this study in the light of the background
in the first two chapters.

Part [II| summarises the relevant literature. Chapter {4] focuses on material characterisation
using Qemscan®. Background to Qemscan® is provided followed by some literature references
on how the technology has been applied previously in a similar fashion to this study.

Part presents the research design and methodology. Chapter |3 (research design) pro-
vides the structure in which the total study was planned and executed. It also introduces how
the enhanced analysis method was developed. Chapter [6] describes the standard analysis meth-
ods that were used as building blocks before the enhanced characterisation could commence.
Chapter [7] discusses the methods that were developed and validated. This chapter contains
validation results and discussions that followed from it. This investigation aimed at developing
an enhanced method for spiral performance measurement. The method description and its
validation therefore form an integral part of this document. Chapter [8| describes the second
component of the enhanced analysis, the data presentation method, and how it was improved
in this study.

Part [[TI] contains the test-work results from feed and product characterisation. This part of
the document is presented as four main components. Chapter [J] contains the first component
that presents the feed material data that was generated from standard material characterisa-
tion methods as well as the enhanced method. Chapter [10] demonstrates the standard spiral
performance analysis based on standard characterisation methods. Chapter [11] introduces the
enhanced product characterisation and compares it with the output from the standard product
characterisation. Chapter [12] containing the fourth component, focuses on the application of
the new enhanced analysis method (enhanced characterisation and enhanced data presentation)
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to demonstrate the value this method has in the evaluation and comparison of the separation
performance of different spiral profiles.

Part [[V]is the closure. Chapter [[3] summarises the four result and discussion chapters. The
final conclusions and the recommendations for future test-work and potential further investi-
gations from this study are listed.
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Chapter 2

Spiral Concentrators

This chapter is dedicated to the description of the process and theoretical background of the
spiral. It presents a general view on spiral separation performance, while the chapters that
follow present the specific scope and contribution of this study. Large parts of this chapter are
based on author’s own experience. The purpose of the chapter is to give a clear background on
the spiral if the reader is not familiar with a spiral concentrator or its performance measurement.
Readers familiar with these concepts can proceed to Chapter 3

The chapter is divided into five separate sections. The first section discusses basic design
and the second section the separation mechanism. These two sections provide the theoreti-
cal background. The third section addresses the application aspects, the fourth section the
measurement of separation performance and the last section factors that influence separation
performance, which gives the necessary process background.

2.1 Spiral Design

In this section basic trough geometry, typical auxiliaries on the trough and materials used to
manufacture the trough are discussed.

2.1.1 Basic Geometry

A spiral is an open, downward curved trough. The number of turns around a centre column can
vary between 3 and 10 and need not be full turns. A typical example is a seven-and-a-half turn
spiral. Figure shows an example of a five and a quarter turn spiral. Figure is an example
of a spiral trough cut in two places to demonstrate a half turn of a spiral. The vertical length
of spirals can vary between 1m and 10m, and the diameter between 0.3m and 1.5m. The
pitch, also referred to as the spiral slope angle, is simply the number of full rotations divided by
the total height of the full rotations. For spiral concentrators the pitch remains constant over
the entire length of the spiral. The trough slope angle is the angle of the trough at the cross
section from the centre column in the transverse direction. This angle changes from a small
angle on the inside of the trough and increases towards the outside of the trough. Figure [2.3
demonstrates the difference between these two angles. These two angle types play a significant
role in the separation efficiency for a specific application. Although the spiral seems like an
operationally simple unit, the fluid and solid flow phenomena on the trough are complex. The
direct relationship between spiral design and separation efficiency is ill-defined in literature,
and spiral manufacturers keep whatever information is available close to their chests. There
are many patents registered for different slope angles and slope angle combinations. In quite a
few cases a certain spiral manufacturer’s product outperforms similar spiral products for only
a specific feed material.
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Figure 2.2: Example of spiral intersected at two positions, presenting a half rotation. (Cooke
2011)
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Figure 2.3: Spiral cross sectional profile indicating trough slope angle and spiral slope angle.
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2.1.2 Auxiliary Components
Figure shows the components discussed here.

The feedbox is the entry point onto the spiral trough. Its purpose is to spread the material
evenly across the trough at the correct entry velocity to ensure that separation can com-
mence as soon as possible as the mineral particles progress down the spiral. Figure 2.5
illustrates a feedbox design.

Repulpers are used to recombine a portion of the material on the spiral trough to 'reset’
the particle positions and give 'trapped’ particles another opportunity to move to their
respective transverse equilibrium positions. The transverse direction is indicated in Figure
2.3 An example of repulper design is provided in Figure [2.6]

The auxiliary side splitter can be utilised to extract concentrate into the centre column
usually two thirds down the spiral column. The purpose of the auxiliary side splitter is to
move high-density particles that have been successfully separated out of the concentrate
section to limit particle crowding in the middling section, therefore creating opportunity
for other high-density particles to move out of the middling section into the concentrate
section. These different separation sections are illustrated in Figure 2.7, The middling
section is also known as the separation zone. An example of an auxiliary side splitter
design is shown in Figure [2.8|

The product splitter box contains the splitters that separate the material at the trough
exit into concentrate, middling and tailing streams. It is important that the product
splitter box is well designed to accommodate the flow rates and solids concentration of
the different streams. Incorrect design could cause mixing in the product box which will
negatively impact spiral separation performance. Figure 2.9]illustrates a product splitter
box design.

A wash water system adding water at different trough positions is another example of an
auxiliary type component. In this case high quality water is added in the separation zone
on the spiral trough. Figure illustrates a wash water addition point design.

Different spiral manufacturers make use of different auxiliary component designs, with varying
degrees of success. Its success is highly dependent on the specific feed material and operating
conditions.

2.1.3 Materials of Construction

The first spirals were constructed from tyres sown or glued together. Later spiral models
were produced with a concrete cast (Thompson 1969). The materials of construction improved
significantly from the 1950s, and are critical from a frictional force point of view. Poly urethane,
poly ethylene, and other plastics are used in manufacturing. The particles on the trough surface
experience frictional drag from the material of manufacture as it moves radially (transverse
direction, see Figure to its equilibrium position and downwards along the spiral trough
(longitudinal direction, see Figure . Different materials of manufacture cause different
spiral separation performance. The most suitable materials of manufacture are determined
through test-work on different spiral types to decide the best match for a specific feed material.
There are no rules regarding matching specific trough materials with a specific feed material.
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Figure 2.6: Repulper design on a single spiral start. (Multotec [2014b)
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Tailing

Concentrate Middling

Figure 2.7: Spiral cross sectional profile depicting the different separation sections. (e = high-
density particle, o = low-density particle)

Figure 2.9:

Figure 2.10: Wash water addition point. (Multotec [2014b)

10
© University of Pretoria



poat

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

CHAPTER 2. SPIRAL CONCENTRAT é 2.2. SPIRAL SEPARATION

2.2 Spiral Separation

In this section the basic separation mechanism is discussed, which includes a simple two-phase
example and a description of fluid flow and forces exerted on a particle in the separation
environment.

2.2.1 Separation Basics

The spiral is used in the mineral beneficiation industry as a gravity or density separator to
separate high-density particles from low-density particles. Figure and Figure illustrate
a basic spiral separation process in which the numbers of particles and not particle masses were
considered as an example. A combination of particle properties such as density, size and shape
determines the final radial position of a specific particle. Generally particle density is the most
considered property in literature since it links directly with minerals that have economic value
in the mineral beneficiation industry. Usually the feed to the spiral has a density spectrum,
and it is very rarely as simple as depicted in the Figure [2.11]

In Figure 2.11] a particle population with equal numbers of high- and low-density particles
enters the spiral. A combination of flows and forces causes separation into two products,
namely a concentrate, which is rich in high-density particles, and a tailing, which is rich in
low-density particles. The simplified separation on the spiral can be seen in Figure 2.12] Some
misplacement occurs with low-density particles reporting to concentrate and vice versa. The
result of the separation can be expressed using product grade, recovery and separation efficiency.
These terms are discussed in Section on page [21]

Ce0’® *O
e ® O .O.
o
.. OO.O ) O
o 3 .o % °@ Tailing
; ) o OO - ®) .O O 21 particles
o c=:. o 3 high density
Feed ) °s O 18 low density
40 particles © S o °
20 high density ° o O |Rec =3/20
20 low density 2 o Grade =3/21
°. ®° e | Concentrate
Grade =20/40 P .' 19 particles
o ® 17 high density
.o ®| ; jow densit
® y
® o

Rec=17/20
Grade =17/19

Figure 2.11: Basic functioning of a spiral in mineral beneficiation. (e = high-density particle, o =
low-density particle, Rec = black particle recovery, Grade = black particle grade)

2.2.2 Water Requirement

The spiral contains no moving parts. The force due to gravity provides the energy required
to effect separation. Water and mineral particles are usually mixed in a 30% particle mass
and 70 % water mass ratio and introduced at the top of the spiral column as depicted in Fig-
ure [2.13] The different forces that the particles experience while moving down with the fast

moving water cause segregation of high- and low-density particles as well as large and small
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Tailing
Concentrate

Figure 2.12: Cross sectional profile of a spiral depicting the products from Figure 2.11] (e =

high-density particle, o = low-density particle, m = water concentration)

particles. The ratio of water to solids (particles) is an important parameter since the water
acts as the suspension ’space’ in which the separation of the particles occurs. Figure de-
picts different water to solid ratios on the spiral, also referred to as solids concentration. High
solids concentration limits the suspension ’space’ in which separation can occur and hinders
effective separation. High solids concentration could cause turbulence that hinders separation,
but reduced throughput capacity is the greater concern when solids concentration is reduced.
If the amount of water increased and solids loading remained the same, it might exceed the
volume capacity of the trough and spill over the side. The general trend is that spiral separa-

tion efficiency is more sensitive to increased solids concentration compared with reduced solids
concentration.

o Ca ®
e® ©® °O
O. e O o ®
e o @ O
® 20, ¢ O Water
°% @ ‘@
0O O%o
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O...O..O water
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06 O%o.
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Figure 2.13: Wet separation with water. (e = high-density particle, o = low-density particle. m = water
concentration)

2.2.3 Basic Separation Mechanism

The combination of the different forces that acts on particles in the spiral causes high-density
particles to move to the inside of the trough and the lower density particles to the outside. High-
density particles settle rapidly and come into contact with the spiral surface. Due to surface

12
© University of Pretoria



poat

UNIVERSITEIT VAN PRETORIA

CHAPTER 2. SPIRAL CONCENTRAT é e ey EREESAI 2.2. SPIRAL SEPARATION

40 - 50% solids

— ! . Tailing —= | Tailing :
Concentrate | Middling Concentrate %Middling Concentrate %Mldd“n%

Tailing
Figure 2.14: Influence of solids concentration on flow profile. (Constant solids throughput (t/h),

varying water flow rate.)

friction the particles slow down and move to the inside of the trough. Low-density particles
take longer to settle out and remain in suspension due to rapid fluid flow. These particles are
pulled towards the outside of the trough by centrifugal force. Figure shows the different
flow patterns and particle segregation resulting in the three product streams. The adjustable
splitter at the end of the spiral trough is positioned to achieve different mass flow rates to the
different product streams with the required mineral recovery and product grade. The product
splitter box (Figure at the trough exit typically divides the mass on the profile into
three streams. The high-density-rich stream is typically called concentrate if the high-density
particles contain the mineral of economic value. The outside of the trough where the bulk of the
water is transported together with the low-density particles is typically called the tailing. The
stream that is between the concentrate and the tailing is called the middling. This stream is
usually a mixture of the low and high density particles which will require reprocessing. Figure
shows particle segregation in the production environment with the heavy mineral particles
reporting as a black band on the inside of the trough. Ultra-fine particles, also called ’slimes’
(less than 10 pum in diameter) are mixed fairly homogeneously in the water due to turbulence
and do not separate out.

Primam‘ Secondary flow

Tailing

Concentrate |  Middling

Figure 2.15: Cross sectional profile demonstrating separation mechanism and water profile. (e =

high-density particle, o = low-density particle, == water concentration)

2.2.4 Forces

There are multiple flow regimes present at the different trough positions on the spiral, which
implies varying forces that particles experience as they proceed down the spiral. The work
done by (Kapur and Meloy [1998) suggests rough estimates for the five principal forces involved,
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Figure 2.16: Example of a product splitter box - concentrate on inside for high-density valuable

product. (Mine Engineer [2014])

High density particles
Product box - concentrate cutter
Direction of flow

Low density particles

Figure 2.17: Top view of material on spiral trough.
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namely gravity, centrifugal, hydrodynamic drag, lift and friction forces. Equations to
show the formulae for these forces.

Gravity is the downward force as a function of the size and density of the particle, considering
it is submerged in a liquid, and a buoyancy force is working upwards. Refer to Equation

2.1} Figure and Figure for a description of the gravity force.

Centrifugal force is significant due to the fast and tightly turning flow on the spiral. The
force is dependent on particle mass and velocity as well as distance from the centre column.
Refer to Equation [2.2]

Drag force is exerted on the particle due to the fluid flow and pressure differences within the
fast moving liquid. It is a function of particle density and volume as well as the depth of
flow as given by (Allen [1982)). Drag force is a result of the primary and secondary flow
as indicated by Figure 2.15] Refer to Equation [2.3]

Lift force is a result of secondary fluid flow in a radial direction to the primary downward
spiral flow. Lift forces assist in loosening the particle bed which assists with particle
separation. A first order estimation is to relate lift force directly to the drag force of the
particle. Refer to Equation [2.4]

Friction force is the resistance to motion of the particle on the spiral trough. This force
is proportional to the sum of all the normal components (downward and perpendicular
to horizontal plane) of the forces acting on the particle. The constant is a function of
the dynamic friction under water, but is similar to the static friction under water (Allen
1982). Refer to Equation [2.5]

The following three important observations were made by Kapur and Meloy (1999) after eval-
uating the sensitivity of the different force equations.

1. With the exception of gravity force, the other forces are strongly dependant on spiral
geometry.

2. The magnitude of the gravity force is comparable to the drag and centrifugal forces for
the particle size ranges normally processed on spirals.

3. It is not the magnitude of the individual forces but the rate of change with particle size,
particle density and radial position that determines the efficiency of separation on spirals.

Longitudinal o&} ) ey
direction “.Spiral slope angle
. e S )-f Longitudinal
‘ direction
Transverse ™. L Trough slope—
direction angle
B) Transverse
Trough slope angle direction

Figure 2.18: Flow directions and different planes for force equations. (Blue block on left is presented

on the right to demonstrate different force angles.)

Equations to [2.5] present the mathematical formulae for the five main forces involved in
spiral separation (Kapur and Meloy [1998)).
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Figure 2.19: Different forces that influence a particle during spiral separation.
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2.2.5 Fluid Flow

Spirals demonstrate the most complex flow regime of all gravity separators available. There are
two important fluid flow phenomena. The first is that the water on the outer concave wall of
the trough exceeds that at the inner convex surface by an amount called super-elevation (Kapur
and Meloy |1998). This is referred to as the primary flow or flow in the longitudinal direction as
indicated in Figure [2.20] The second phenomenon is a transverse secondary circulation in the
form of a flattened helical spiral that moves forward in a corkscrew fashion (Kapur and Meloy
1998). This is also referred to as the secondary flow as illustrated in Figure .

2.3 Spiral Application

This section focuses on where and how spirals are applied in the mineral processing industry.

2.3.1 Importance

The mineral sands industry followed by the iron ore industry is processing the highest tonnages
through spiral beneficiation. Some coal and chromite processing are also done with spirals.
Coal processing is the only example where the product of economic value is on the outside
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Figure 2.20: Primary and secondary fluid flow on the spiral trough.

of the spiral trough due to the lower density. The spiral troughs differ significantly between
coal and other mineral processing industries and cannot be used interchangeably. The iron ore,
mineral sands and chromite industries have used similar profiles in the past, but recently spiral
developments have seen more specialised spirals tailored for specific commodities.

2.3.2 History

The first commercial spirals were operated in 1943 to concentrate chromite bearing sands
(Thompson (1969). Spirals have evolved over the last half century from a generically designed
unit to the present status as sophisticated devices with a high level of design optimisation
(Holland-Batt 1995). Wright, Richards, and Cross (1986)) reported that proof of this sophis-
tication is evident in the fact that in the same period valuable mineral feed grades (titanium
sands) diminished from 50 % to 0.5 %, while over the same period the real value of the product
has generally dropped. However, over time these sophistication improvements became progres-
sively more subtle following the law of diminishing gains (Richards and Palmer [1997). The
focus of the latest developments was on increasing capacity of units and widening the range of
application, making units more efficient on both larger and smaller particles (Richards et al.
2000). According to Henderson and MacHunter (2003) the spiral still remains competitive to
this day since it is regarded as the most economical option for large fine circuits due to their
relatively low operating cost and low capital cost.

2.3.3 Particle Size Range

Different spirals can treat particles as coarse as 2mm in coal beneficiation circuits, and as fine
as 0.05 mm when processing iron ore and mineral sand. Each particle size and particle density
range application requires a different spiral geometry. The spiral is generally more efficient in
separating near sized particles as opposed to a wide size distribution range. In a free settling
environment a large low-density particle will compete with a small high-density particle since
they have similar terminal velocities. Although the separation environment on the spiral is more
complex than free settling there are also particle size effects that impact separation efficiency.
Fine high-density particles are usually recovered best by the spiral.
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Figure 2.21: A typical three stage spiral circuit configuration. (e — high-density particle, o —
low-density particle. m = water concentration, T=tailing, M=middling, C=concentrate)

2.3.4 Multiple Stages of Separation

The spiral has reasonable separation efficiency, but requires several separation stages to achieve
above 90 % recovery of high-density particles and above 90 % concentrate grade of the high-
density particles under normal operating conditions and with normal feed material. The pri-
mary separation stage is usually referred to as the rougher stage, where most of the valuable
mineral is removed from the bulk mass flow. The scavenger stage involves the separation of
high-density particles that were trapped in the middling portion of the primary separation
stage. The cleaner stage involves the removal of low-density particles from the rougher stage
concentrate. There can be up to six different stages of separation and many different flow-sheet
configurations. Recirculation of the middling stream on the spiral itself is commonly practised,
but has operating risk with material build-up and eventual circuit overload. The most common
configuration is a four stage separation in which the concentrate is sent to a re-cleaner circuit.
This it is dependent on the concentrate requirements from the next stage processing. Figure
illustrates an example of a typical three stage circuit.

Different spiral troughs allow for different feed grades. For example, cleaner spiral and
scavenger spiral have different trough designs since the flow patterns differ significantly because
of large differences in concentration of high-density particles in the feed. The general trend is
that the higher the concentration of high-density particles, the lower the throughput must be
to achieve acceptable recoveries.

2.3.5 Spirals in Combination with Other Technologies

Spiral circuits are in many cases complemented with other technologies to improve the separa-
tion efficiency of the total circuit. To name a few examples fine screening can be used to remove
large low-density particles, up-current classification can be used to remove fine low-density par-
ticles in the final concentrate and magnetic separation can be used to remove magnetic non-
valuable minerals. On the other hand, spirals can be used as complementary technologies in
other circuits to remove problematic low-density particles quickly and cost effectively such as
in flotation circuits or magnetic separation circuits where the problematic low-density material
has similar magnetic or surface characteristics to the valuable product.
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Figure 2.22: Comparison of a three start (a) and single start spiral (b). (Mineral Technologies

; Mine Engineer

2.3.6 Typical Spiral Throughput

A spiral has a low operating processing capacity and ranges from as low as 500kg/h up to
5000 kg /h of dry solids per single trough depending on the material being separated as well as the
operating conditions. Different spiral troughs allow for different throughput capacities. Recent
spiral development has seen higher throughput capacities being achieved of up to 7000 kg/h
of dry solids. The general trend is that higher throughput volume will lower the separation
efficiency. The most common spiral throughput capacity is around 2000 kg /h of dry solids per
start.

2.3.7 Spiral Unit Configuration

A single spiral trough is referred to as a start, which is a single feed entry point. The spiral
trough has large spaces in between the different turns, which allows for more than one start
on a single centre column. Up to four starts can be accommodated on one column, but will
allow little to no space to visually inspect the flow pattern on the different troughs within the
column. The standard operating configuration is three starts on a single column. Figure
illustrates the difference between a single start and triple start spiral. The splitter position
at the trough exit point for a triple start spiral column will be the same for all the starts on
the column. The purpose of the multiple starts on one column is to maximise the processing
capacity per unit footprint area.

The combination of many columns with a feed distribution unit to the different spiral starts
is referred to as a spiral bank. A spiral bank is usually designed and sold as a distinct unit fitted
with a concentrate, middling and tailing launder at the bottom of the bank that combine the
concentrate, middling and tailing streams from each column. Figure provides examples of
different spiral bank designs.
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Figure 2.23: Different spiral bank designs. (a) Eight columns and 16 double starts. (Multotec
2014a) (b) Different product launder at the bottom of the spiral bank - 12 columns and 36
starts. (Mineral Technologies [2014)

2.3.8 Advantages of Spirals

Spirals have no moving parts and the energy required for separation is provided by the water
flowing down the trough. This implies that spirals themselves have low operating cost. The
pumping of slurry to the feed distributor is the only higher maintenance as well as energy con-
suming cost component. Spirals don’t require any reagents in the slurry to enhance separation.
Normal process water can be used for slurry makeup as long as the ultra-fines (slimes, particles
below 10 pm) content is below 5% and it doesn’t contain high amounts of residual flocculent
or other chemicals that could influence medium viscosity. Some spiral separation applications
use sea water. To ensure reasonable water quality and high water recovery, upfront desliming
cyclones and thickeners are usually included as part of the spiral circuit.

Spirals don’t require operator control other than ensuring that all the splitters on a specific
spiral bank are in the same position. Spirals furthermore need to be clean and free from roots
and other organic material build-up at the splitter boxes, as well as at intermediate splitters.
Since the spiral is very simple in its operation it, does not require a high level of operator skill,
which will benefit operating cost further.

Spirals can last up to 15 years and in some cases more than 25 years depending on the
abrasiveness of the material being processed. As the surface is abraded away the spiral profile
is altered which could influence separation efficiency negatively. The normal life of a spiral
is usually 10 years, as conservatively quoted by spiral manufacturers. This low life cycle cost
makes it competitive when comparing to capital investments of alternative density separation
equipment.

The spiral is fairly forgiving with regards to feed variation. Small variations in solids
throughput can be compensated for by the addition or removal of water through simple process
control to ensure steady solids concentration on the spiral. Large variations in solids throughput
can justify the pumps and control valves, allowing the shutting down or opening of entire spiral
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banks.

The combination of different spiral profiles to ensure high separation efficiencies for the
different feed grades in each stage of the process, with re-circulating loads giving particles more
opportunity to separate, allows for relatively high separation efficiencies.

In summary, the spiral is simple to operate, operationally robust, relatively compact, fairly
efficient through multiple processing stages and cost effective from a capital and operating cost
point of view. Spirals are here to stay.

2.3.9 Disadvantages of Spirals

Since the spiral (single trough) is a low capacity unit it requires multiple starts, which requires
a large number of feed distribution lines. This could easily result in fluctuating feed conditions.
In some cases up to 36 spiral starts originate from a single distributor. Any flow variation
in the pipe will result in a distribution variation upon exit, which causes inconsistent feed to
the different spiral starts. This necessitates special design and operator vigilance surrounding
spiral distributors. The length of the distributing lines and height difference between the spiral
start entry and distributor exit point should be similar. Large differences result in different
feed pressures, which will negatively impact distribution consistency.

A further disadvantage of multiple low capacity units is that it is difficult to pick up which
unit is not performing well, since the inefficiency will be blended in with the performance of the
other units. For example, if one spiral column splitter is completely open to allow all material
into the concentrate, it will reduce the grade of the combined concentrate significantly. Since
standard spirals are not equipped with sensors, such as proximity indicators on splitters, it
can be months before the specific problem is picked up by routine spiral evaluation. Operator
vigilance is again required and a low level of process control on spirals might address this issue
as well. In a nutshell, although the spirals don’t require a high degree of operator skill it requires
a high degree of operator observation to ensure consistent spiral separation performance.

Large numbers of low capacity units require large footprint area and results in large build-
ings. Due to the pipe network underneath the spiral banks and minimum flow angles required,
the buildings are high, which requires more structural strength resulting in more cost. One of
the ways that this shortfall is addressed is to put more starts per column, four starts instead of
three. This makes it nearly impossible for the operator to view the trough in order to confirm
that the flow is still acceptable. Another way is to increase the capacity per spiral start through
different trough designs. Some recent developments make use of a rougher spiral on top of a
scavenger and cleaner spiral in an effort to reduce the footprint but this will increase building
height. It will further increase the necessity for enhanced feed preparation.

A spiral circuit’s performance is dependant on feed preparation. The lower the ultra-fines
content that could influence medium viscosity, the better the spiral will perform. The control of
the solids concentration is also crucial. Once the slurry is on the spiral, nothing can be done to
improve separation. In many cases spiral circuits are inefficient because the focus was placed on
optimising splitter position instead of optimising feed preparation control through density and
flow control from a correct density tank containing a minimum amount of ultra-fines. Although
the spiral is simple in operation, feed preparation control is more advanced and costly from a
capital and operating cost point of view.

2.4 Measurement of Spiral Separation Performance

A solid understanding of the methods of measuring spiral performance is required before the
factors influencing separation performance can be discussed. This section aims to introduce the
different separation attributes commonly used for spiral concentrators in the mineral processing
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industry. The separation envelope, or extremes, is used to explain each of the attributes. A
theoretical example is used for the sake of simplicity followed by a test-work data example to
clearly illustrate the meaning of the data, the methods of data gathering and the methods of
data presentation.

2.4.1 Separation Attributes

There are four main separation attributes generally referenced in literature using different terms.
For the purpose of this document they are termed yield, recovery, grade and efficiency. Each
attribute and the relationship with the others are discussed separately and supported with the
necessary figures to illustrate the application and calculations clearly.

Three separation scenarios are discussed, namely, typical separation, ideal separation and
zero separation. Figure demonstrates the three scenarios with the help of simplified cross
sectional spiral profiles. The ideal and zero separation scenarios are purely theoretical, but
they are important since they define the operational window for each of the different separation
attributes to be discussed.

Consider the theoretical case where a cross section of a spiral trough is cut and intersects
100 particles of similar volume at an instant of time as shown in Figure [2.24 There are only
two types of mono-mineral particles present, namely high-density particles and low-density
particles. Please note that a real cross section can involve billions of particles with a wide
density range. For simplicity of demonstration, the number of particles is used for calculation
instead of masses. The spiral trough section was divided into three process streams, namely,
concentrate, middling and tailing, which would be the function of a splitter at the end of the
trough.

Typical separation Ideal separation Zero separation

Tailing Tailing

Concentrate iMiddIing Concentrate Mji%ddling Concentrate Middling

Figure 2.24: Cross sectional profile for the three separation scenarios. (Note: Particles are not

according to scale and only for illustration purposes)

The typical separation example in Figure is where most of the high-density particles
moved to the inside of the trough and most of the low-density particles moved to the outside
of the trough due to forces discussed in the earlier sections of this chapter. There are still some
particles that are misplaced due to particle crowding and entrapment since the particles were
only in this separation environment for a limited time. Because of the inefficiency of the first
pass, the middling process stream is re-circulated on the same spiral or sent to another spiral.

In the ideal separation case there is infinite separation time and no operational hindrances.
There is therefore no need for a 'mixed’ middling stream as this stream contains zero particles.
The zero separation case is where no separation takes place and the different particles are
distributed representatively across the entire trough profile. At any given point on the trough
the composition is similar to that of the feed. For the purposes of explaining the principles of
the different separation attributes, a particle analysis is performed on the 100 particles of the
typical separation scenario from Figure 2.24] Figure is the result of this analysis.

The feed grade is 40 % high-density particles and the spiral is able to upgrade the high-density
particles to 92 % grade in the concentrate. A high-density mineral particle recovery of 60 % to
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[ ] -,
/
Concentrate | Middling | Tailing
Particle amount Concentrate Middling Tailing Total
Black Hi 24 14 2 40
White Lo 2 17 41 60
Fractional Yield% 26 31 43 100
Cumulative Yield% 26 57 100 NA
Fractional Recovery% Concentrate Middling Tailing Total
Black Hi 60 35 5 100
White Lo 3 28 68 100
Cumulative Recovery% Concentrate Middling Tailing
Black Hi 60 95 100
White Lo 3 32 100
Fractional Grade% Concentrate Middling Tailing
Black Hi 92 45 5
White Lo 8 55 95
Total 100 100 100
Cumulative Grade% Concentrate Middling Tailing
Black Hi 92 67 40
White Lo 8 33 60
Total 100 100 100

Figure 2.25: Yield, recovery and grade data for typical separation scenario. (Hi = high density,
Lo = low density)
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the concentrate is achieved which represents 26 % yield.

2.4.2 Separation Efficiency

The separation attributes of yield, grade and recovery are demonstrated and discussed in the
previous section. Separation efficiency is a parameter that considers all three of these attributes.

In any separation process the efficiency of the unit operation drives the economics of the
business in which it is utilised. The ideal is to achieve a 100 % recovery of the valuable particle
to the concentrate at 100 % grade in the concentrate, referring to the ’ideal separation’ in
Figure [2.24] No separation process is perfect; referring to ’typical separation’ Figure [2.24] the
recovery of high-density particles to the concentrate is 24 out of the 40 particles in the feed
(60 % recovery). The concentrate grade is 24 out of the 26 particles (92 % grade). The equation
for separation efficiency commonly used in literature (Holland-Batt [1990), as well as in this
study, is shown in Equation [2.6] and demonstrated in Table utilising the same numbers

mentioned in Figure [2.25]
E  separation efficiency

E— r—y (2.6) r  recovery to concentrate
C1—f ' y yield to concentrate
[ feed grade

Table 2.1: Separation efficiency for three scenarios.
24 26

Typical: F = ’1":? = %iﬁ = 57%
100
40 40
Ideal: E = ;:i{ = 0 =100 %
100
13 _ 33
Zero: E = I:lj/c — nTE 0%

2.4.3 Plotting Separation Attributes

Figure [2.26]illustrates the first of three of the most commonly used graphs utilised in literature,
the cumulative-recovery vs yield plot. The following important discussion points refer to this
figure:

e The grey dotted vertical lines represent the total particle recovery to the different process
streams as indicated by the cross sectional profile.

e The recovery line of the high-density particles is presented by the bold black line and
the low-density particles by the bold white line. The first point on the black bold line
represents 26 % yield that is cut to concentrate. In this fraction 60 % of the high-density
particles is recovered. The concentrate grade cannot be read off from this graph, but it
can be seen that 3% of the white low-density particles is also recovered which implies a
grade lower than 100 %.

e The ideal separation line is presented by the dotted white and black line, which implies
that there are only two cuts and the middling fraction contains zero particles. This
separation situation corresponds with the middle picture in Figure The solid black
line connecting the origin and (100,100) point is the zero separation condition. If no
separation occurs the composition of the different process streams is similar to the feed
composition and the unit made no distinction on density.
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Figure 2.26: The cumulative-recovery vs yield relationship for the typical separation scenario.

(Hi = high density, Lo = low density, Zero = zero separation)

Figure illustrates the second widely used graph, the cumulative grade vs yield relationship.
The same separation conditions as discussed above are considered in plotting the grade curves.

In Figure the typical separation condition is depicted by the bold white and black lines.
Considering an example where 40 % of particles are cut to concentrate: although there is no
test-work point, the line allows for interpolation. At 40 % particle yield (usually mass yield),
the resulting product grade in the concentrate is 80 % high-density particles. Since it is only a
two density type example, the remaining 20 % is low-density particles. As more particles are
cut to concentrate, it equals the original feed composition, which is 40 % high-density and 60 %
low-density particles, since the entire stream is 'cut’ to the concentrate.

The ideal case is presented by the dotted black and white lines and the zero separation
condition is presented by the two horizontal solid lines that correspond with the feed grade.
The grade starts at 100 % high-density particles and 0% low-density particles at 0% yield and
decreases as low-density particles dilute the concentrate. If all the high-density particles are
diluted with all the low-density particles it results in the original feed grade. In these theoretical
examples all the ideal lines are straight. For a real separation case the ideal lines will most
likely be curved following an exponential decay relationship.

If no separation takes place the grade will remain the same as the feed grade. Ideal separation
will result in 100 % high-density mineral until it is all isolated at 40 % yield to concentrate after
which it will be systematically diluted to the original feed grade condition in the remaining
60 % yield (particle or mass recovery).

Figure [2.2§ illustrates the third graph that is often utilised in literature, the efficiency vs
yield relationship. The maximum separation efficiency is achieved between 30 and 60 % yield.

The efficiency in Figure [2.28 was calculated using Equation 6. The example used to demon-
strate the above-mentioned calculations and principles makes use of only two particle types,
single high density and single low density. The most efficient separation of the high-density
particles will imply the most efficient separation of the low-density particles, therefore these
lines will be exactly the same for both particles and there is no need to plot the low-density
line. The ideal separation line reaches the 100 % efficiency point at 40 % mass recovery where
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Figure 2.27: Cumulative particle grade vs yield for the typical separation scenario.
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Figure 2.28: Description of the efficiency vs total particle yield.
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Figure 2.29: A 7 cut mouth-organ. (Inside of trough on the left indicating the darker high-
density particles, outside of trough on the right with a foam band on the water, flow direction
into box - indicated by arrow.)

optimum separation theoretically takes place for both high and low density particles. Zero
separation condition results in the line lying on top of the x-axis.

2.4.4 Mouth-organ Benefit

A mouth-organ is a product splitter box with multiple product cut points fitted at the spiral
trough exit. In other words it divides the process stream into more than the three typical
process streams. Figure [2.29 provides a real example of a fixed mouth organ that separates the
spiral trough into 7 process streams. These mass streams are usually referred to as Cut 1 to
Cut 7 and not the usual concentrate, middling and tailing. Cut 1 starts at the concentrate and
Cut 7 ends at the tailing.

The benefit of this type of spiral trough sampling is that there are eight points instead of
the normal four on the recovery, grade and efficiency curves. Eight points allow for smoother
curves and better information on the crucial transition points. It is recommended that spiral
profile efficiency comparisons are done with the use of mouth-organ sampling boxes. The
smoother curve illustrates the efficiency differences clearly, otherwise the benefit of one spiral
over another or effect of certain operating or design parameter could be lost through incorrect
splitter position. The other significant benefit in using the mouth-organ during spiral separation
performance testing, is that it removes the splitter position as a test variable. The smoother
curve allows for more accurate interpolation around the crucial transition points. Figure [2.30
describes the naming and location of the 7 cuts (C1 to C7) and expresses the same data from
previous example in a higher resolution format. Figure [2.31] displays the same data as in Figure
[2.26] Figure [2.27 and Figure 2.28, but with more trough points resulting in higher resolution
and smoother curves.

2.4.5 Standard Analytical and Data Presentation Techniques

This section describes the basic analytical methods followed by the data presentation methods
that are typically applied in the mineral sands industry to describe and measure spiral separa-
tion performance. The detail of some of the terms is described in previous sections and some
details will be discussed in the chapters to follow. Table acts as a short description of the
acronyms and abbreviations that are used in the section to follow. In the previous sections a
theoretical case was used to illustrate the principals, while in the following sections real spiral
data is used. The mass attributes, as demonstrated in Figure [2.32] from Table [2.2] are plotted
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Particle amount C1 Cc2 C3 c4 C5 Cc6 c7 Total
Black Hi 5 11 11 6 5 2 0 40
White Lo 0 0 3 8 8 20 21 60
Fractional Yield% 5 11 14 14 13 22 21 100
Cumulative Yield% 5 16 30 44 57 79 100 NA

Fractional Recovery% C1 C2 C3 c4 C5 C6 c7 Total
Black Hi 13 28 28 15 13 5 0 100
White Lo 0 0 5 13 13 33 35 100

Cumulative Recovery% C1 C2 Cc3 c4 Cc5 Cc6 c7

Black Hi 13 40 68 83 95 100 100
White Lo 0 0 5 18 32 65 100
Fractional Grade% C1 Cc2 C3 c4 C5 Cc6 c7

Black Hi 100 100 79 43 38 9 0
White Lo 0 0 21 57 62 91 100
Total 100 100 100 100 100 100 100

Cumulative Grade% C1 C2 C3 C4 C5 C6 C7

Black Hi 100 100 90 75 67 51 40
White Lo 0 0 10 25 33 49 60
Total 100 100 100 100 100 100 100

Figure 2.30: Yield, recovery, grade and efficiency for mouth-organ example.
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Figure 2.31: Yield, recovery, grade and efficiency data for seven mouth-organ cuts.
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Solids

Sand 45um) Slimes (-45pum)

Figure 2.32: Diagram of the mass attributes from Table . (Note the bars above are not to scale
and for explanation purposes only.)

60

50 .......

T R . it i i - i

) S [JWater

20 |—‘ M Solids

O T ——— e
0 i —| — E E l
2 3 4 5

Figure 2.33: Distribution of water and solids across the spiral trough. (Number 1 to 7 on x-axis
represent mouth-organ sampler mass cuts. Note the change in the x-axis)

Mass %

in Figure 2.33] Figure 2.34 and Figure [2.35] show how they vary across the spiral trough as
sampled by means of a mouth organ sample cutter.

Table 2.2: Standard terms for mass attributes used in the discussions to follow.
Term  Description
% Solids Mass percentage of dry solids in mass of liquid (water) and dry solids combined.
Includes THM, FLT and slimes and excludes water.
% Sand ~ Dry mass percentage of particles larger than 45 pm in all solid particles.
% Slimes Dry mass percentage of particles finer than 45 um in all solid particles.
o Dry mass percentage of total heavy minerals (density greater than 2.98 g / cm?)
o THM . .
in all sand particles greater than 45 pm.
% FLT Dry mass percentage of sand particles that floated on heavy liquid
(density less than 2.98 g / cm?) in all sand particles greater than 45 pm.

Figure demonstrates how spiral feed is fractionated and demonstrates the three steps
of sample analysis. The first step is to remove the water from the solids by decanting clear
water after slimes have settled, and drying the mass to remove all moisture. The second step
represents wet, screening of the dried material on a 45 um screen. The sand portion is dried
again and a sink-float analysis is done on a representative portion of the sand fraction as step
three. This mass fractionation or sample analysis divides the spiral into four mass streams,
namely water, slimes, THM and FLT. The yield, recovery, grade and separation efficiency of
each of these mass streams are shown in Figure [2.36] Figure [2.37 and Figure 2.3

Figure [2.36] presents the mass data from Figure 2.33] Figure 2.34] and Figure [2.35 in a
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Figure 2.34: Distribution of sand and slimes across the spiral trough. (Number 1 to 7 on x-axis
represent mouth-organ sampler mass cuts. Note the change in the x-axis)
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Figure 2.35: Distribution of THM and FLT across the spiral trough. (Number 1 to 7 on x-axis
represent mouth-organ sampler mass cuts. Note the change in the x-axis)
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Figure 2.36: Cumulative recovery of the four mass streams across the spiral trough. (THM
head grade = 13.5 %, solids concentration 35 %, slimes content 3 %, HC1 spiral)

cumulative recovery form, each mass stream plotted separately. In this case test-work data is
utilised with actual mass data instead of the mono-mineral particles and theoretical separation
as demonstrated and discussed in previous sections. From the number of data points presented
it can be seen that a mouth-organ spiral trough cutter was utilised. The x-axis can be seen
according to the spiral trough with the high-density particles accumulating on the left and
low-density particles accumulating on the right. The THM curve indicates that most of the
high-density particles are recovered on the inside of the spiral trough. The FLT curve shows
a mass recovery line close to the zero separation line which is expected since the FLT mass
represents 85 % of the solids in the feed. Water recovery and slimes recovery are similar since
the slimes (ultra-fine clay particles) are in suspension in the water. The bulk of the water
accumulates on the outside of the spiral trough. The cumulative recovery graph, as depicted in
Figure [2.36], forms the basis of the other two graphs in Figure [2.37 and Figure [2.38] It uses the
same mass data but plots it differently to reveal other aspects of spiral separation performance.

Figure demonstrates how the grade of the concentrate varies with mass yield. The 20 %
yield point, for example, produces a product with a 49.5 % THM, 49.5% FLT and 1% Slimes.
20 % of the water is recovered at the same time into this mixture. The concentrate grade at
100 % mass recovery is the same as the feed grade.

All the data that was on the left hand side of the zero separation line in Figure [2.36] are
presented as positive in Figure [2.38] All the lines on the right hand side of the zero separation
line in Figure [2.30] are presented as negative in Figure [2.38 In this way Equation [2.6]is applied
consistently. For most efficient separation of THM from FLT the mass yield is around 13 %
to concentrate. This is the point where the combination of THM grade and THM recovery
is most suitable. Mass yield less than this point results in significant recovery losses in THM
while mass yield greater than this point results in significant decreases in THM grade.

Note that the lines used in Figure [2.36] Figure [2.37] and Figure [2.38| are not an exact fit
between the test-work data points. The lines are the closest fit of the "enhanced Holland-Batt
equation" that is discussed in Chapter [l The data from Figure [2.36] is used to best fit the
equation for the four mass streams. Figure 2.37 and Figure [2.38] utilise the curve data from
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Figure 2.37: Cumulative grade of the four mass streams across the spiral trough. (THM head
grade = 13.5 %, solids concentration 35 %, slimes content 3 %, HC1 spiral)
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Figure 2.38: Separation efficiency of the four mass streams across the spiral trough. (THM
head grade = 13.5 %, solids concentration 35 %, slimes content 3 %, HC1 spiral)
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In the next section the above-mentioned analysis methods and data presentation methods
are used to demonstrate the influence of different factors.

2.5 Factors Influencing Spiral Separation Performance

The following section uses terms and principles discussed in the previous sections to explain
how the different factors influences spiral separation performance and what can be done to
control or limit the negative effect. Table lists the different factors and divides them into
three distinct categories. These factors are discussed in detail in this section.

Table 2.3: Parameters that influence spiral separation performance.

Feed Material Design Parameters Operating Parameters
Characteristics

Particle density distribution Profile (trough design) Water viscosity (slimes conc.)
Particle size distribution Trough diameter Solids concentration

Particle shape distribution Number of turns Throughput

Included in above 3 parameters Trough pitch Trough cleanliness (housekeeping)
Slimes content (below 45 pm) Intermediate splitters / cutters Throughput consistency
Oversize content (above 1 mm) Flow modifiers / repulpers Solids concentration consistency
Mineral assemblage Height above feed point Final splitter position

Near density mineral content Feed distribution Auxiliary splitter position
Milled or natural material Materials of manufacture

Liberation of valuable mineral Wash water addition points

THM grade

Abrasiveness

2.5.1 Feed Material Characteristics

Particle Density

In consideration of the different force equations discussed earlier, particle density played an
important role. Gravitational, centrifugal and frictional forces are influenced by particle density.
Density difference between particles to be separated is considered as the main driving force
for effective separation. In the case where the density difference between high-density and
low-density particles are too small, spiral separation efficiency would be uneconomically low.
Typically density differences should be greater than 1.0 g/cm?. In other words, a particle with
a density below 3.0g/cm?® and a particle with a density above 4.0g/cm? should be able to
separate reasonably well using a spiral. The greater the density difference between the low-
and high-density populations the greater the separation efficiency would be.

The particle density distribution is a description of the range and quantity of particle den-
sities. This provides information on the entire particle population. In the coal industry it is
called a washability curve, and presents the data on a cumulative mass and relative density
plot. This information is valuable since other important parameters mentioned in column 1 of
Table 2.3 can be derived from it.

The near density mineral content is the amount of material that is close to the separation
density of the separator and hinders separation through particle crowding in the separation
zone. The force balance on these intermediate density particles places them in the separation
zone, which hinders low-density particles moving to the outer zone and high-density particles
moving to the inner zone. These particles can consist of intermediate density, or poorly liberated
particles that consist of a number of minerals in a single particle.

Another important parameter that can be derived from the particle density distribution is
the total heavy mineral content (THM) and valuable mineral content (VHM). The THM is
defined by the mass percentage of particles with a density greater than 2.98 g/cm?.
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Figure 2.39: Varying degrees of liberation and association for the same bulk mineral composi-
tion.

VHM on the other hand is defined by the mass percentage of particles of economic value.
In many cases these particles have a density greater than 4.0 g/cm?. The fraction of THM in
the feed determines the most suitable spiral trough design, since spirals are designed based on
ranges of THM content in the feed material.

The liberation of valuable mineral can also be determined by the particle density distribu-
tion curve. If the liberation of the high-density mineral from the low-density mineral is poor,
there will be a considerable fraction of intermediate density particles that will limit separation
efficiencies noticeably. Figure illustrates the impact that mineral association has on parti-
cle density. In the case where only 50 % of the particles are liberated with a 50 % association, it
implies a particle density that is the average of the two mineral densities. These intermediate
density particles cause considerable problems during spiral separation through particle crowd-
ing, but will also result in poor mineral recoveries due to poor liberation and not just lower
separation efficiencies.

The process to determine a complete particle density distribution for fine particles (less
than 300 um) at higher densities (greater than 2.98g/cm?) is challenging and is discussed in
some of the next sections of this document. The most common method of density separation
practised in the heavy mineral industry is a sink-float method using the organic liquid tetra-
bromo-ethane (TBE), with a homogeneous liquid density of 2.98¢g/cm?®. The float fraction
(FLT), which contains most of the particles with a density less than 2.98 ¢/cm?, remains on the
surface of the organic liquid. The sink fraction (THM), which contains most of the particles
with a density greater than 2.98 g/cm?, settles and is tapped off. This sink fraction is also
known as total heavy minerals or THM. In most cases the float particles consist out of a single
mineral, quartz, while the particles in the THM can contain a range of minerals within a single
particle, ranging from a density as low as 3.2¢g/cm?® and as high as 5.0 g/cm?.

Figure illustrates the steps in a typical sink-float process of separating higher density
particles from low-density particles. This process is regarded as the industry standard and
almost all literature referenced in this text used this analytical method as the basis for spiral
separation data. If the sink-float analysis is done in a controlled and consistent manner, it
could be considered to approximate ideal separation. In other words, little to no misplacement
occurs in this measurement method.

Particle Size

When considering the different force equations, particle size also plays an important role. All
of the force equations are impacted by particle size. Both gravitational force and centrifugal
force on the particle is influenced by the particle diameter to the third power.

35
© University of Pretoria



b

UNIVERSITEIT VAN PRETORIA

CHAPTER 2. SPIRAL CONCENTRAT 6 e ey EREESAI 2.5. PERFORMANCE FACTORS

Figure 2.40: The sink-float process to separate high-density particles from low-density particles.
(British Geological Society 2014))

Particle size distribution is a description of the range and quantity of different particle sizes.
The particle size distribution provides information about the entire particle population. The
narrower the particle size distribution, the better spiral separation would be, since there will be
less of a particle size effect, and particle density separation will be dominant. This is preferred.

Ultra-fine particles less than 10 pum, also referred to as slimes, cannot be separated on the
spiral since they remain captured in the fluid flow. Over-sized particles (greater than 500 pm),
irrespective of their density, are rejected towards the outside of the spiral due to secondary flow.
The particle size distribution also assists in the selection of the correct spiral trough to maximise
separation efficiency based on historical data. The oversize particles and slimes particles form
part of the particle size distribution, but are separated during sample analysis. The most
common method to determine particle size distributions is screening on multiple screens or
laboratory sieves. This method is fairly quick and considered as the industry standard. Figure
demonstrates a typical laboratory sieve shaker used to determine particle size distributions.

Particle Shape

The drag force, which is similar in magnitude to the gravity and centrifugal forces, is most
significantly impacted by particle shape. Elongated or flat particles are pushed to the outer
zone through the secondary flow pattern irrespective of their high density. It is therefore
important to understand the particle shape distribution of the feed material.

There are many different equations for quantifying shape in literature, but the one most
commonly used is the particle perimeter comparison to a circle. If the particle is a perfect
sphere it would have a shape factor of 12.4. Elongated particles have shape factors greater
than 30. Figure illustrates the application of Equation [2.7] It is termed a factor since it is
dimensionless.

particle perimeter on cross section®

particle shape factor = (2.7)

particle cross-sectional area
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Figure 2.41: A laboratory sieve shaker to determine particle size distribution. (Fritsh 2014))

Particle Perimeter = 141 mm
Particle Area = 902 mm?

Particle shape factor = (141)2 /902 = 22.0

Particle Perimeter =75 mm

Particle Area = 452 mm?

Particle shape factor = (75)2/ 452 =12.4

Figure 2.42: Particle perimeter, particle area and particle shape.
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Crushed and milled material have a significantly different particle shape distribution com-
pared to naturally occurring beach sands, for example. A good understanding of the feed
material with regards to shape can aid the explanation if spiral separation efficiencies are not
as expected.

Other Ore Characteristics

Particle abrasiveness is determined by the hardness and sharp edges of the particles. The
major impact that high particle abrasiveness can have is not necessarily poorer separation due
to potentially higher drag but rather higher wear on the spiral and the equipment (pumps and
pipes) that feed the spiral. This can have a significant impact on the operational cost if not
identified at the early stages of material characterisation

When considering the impact that ore characteristics has on spiral separation it is important
to note there is very little that can be done to manipulate the feed characteristics to more
favourable separation conditions. In most cases these parameters are fixed but a thorough
upfront characterisation and understanding of the impact it would have on spiral separation
can aid in making major investment decisions.

The following could be done to the feed material to create more favourable separation
conditions:

Ultra-fines removal: The ultra-fines concentration can be lowered by upfront desliming. The
impact that ultra-fines has on water viscosity is significant. It is therefore discussed under
operating conditions, since it can be controlled.

Coarse material removal: The removal of coarse material through upfront screening aids
spiral separation by minimizing interference in the separation zone

Fine and coarse circuit: If the feed material contains a wide particle size range it can be
considered to treat the coarse fraction and fine fraction separately to maximise density
separation by minimising particle size effects in the force balance. Different spiral trough
designs could also be considered on the coarse and fine fractions.

Recirculation streams: Careful consideration is to be given to recirculation streams in spiral
circuits. Intermediate density particles tend to remain in the separation zone or middling
stream. If the middling stream is circulated it causes build-up of intermediate density
particles that negatively impact the overall circuit efficiency. In this way the feed to the
spiral is modified negatively and the number of near density particles is increased.

Further liberation: If particles are not sufficiently liberated, the particles can be milled fur-
ther. Other spiral profile designs can be considered which are more effective on fine
particles.

2.5.2 Design Parameters

The parameters from Table [2.3] column 2, are discussed in the following paragraphs.

Spiral trough design, trough diameter, the number of turns and trough pitch are all consid-
ered under spiral geometry. As previously mentioned almost all forces that a particle experi-
enced on the trough, with the exception of gravity force, are significantly influenced by spiral
geometry. Over more than 70 years of spiral utilisation in industry there has been well over a
100 different spiral geometries and in most cases the separation efficiency of the specific design
can only be determined empirically. In many cases the success of a certain profile is limited to
a specific feed material. There is limited information available in literature to correlate a single
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spiral geometrical parameter with separation efficiency. Rather it is the combination of all the
spiral geometrical parameters that produces a certain separation result.

Intermediate splitters, repulpers, flow modifiers and wash water addition points were previ-
ously discussed under spiral auxiliary components. During spiral performance characterisation
there are so many operating parameters to be considered that the impact of repulpers and
intermediate splitters on spiral separation efficiency is not thoroughly investigated by the ben-
eficiation industry and therefore not well documented in literature. The spiral suppliers would
most likely have investigated these effects thoroughly, but would have kept the data in-house
as far as possible.

Height above feed point and feedbox design are important to consider since it relates to a
hydrostatic pressure and inlet flow velocity. The inlet flow velocity needs to correspond closely
to the steady state velocity on the spiral itself to initiate particle separation as soon as possible
to limit the number of turns and the resultant column height. The spiral manufacturer usually
specifies the height between the distributor discharge and the spiral start inlet. The feedbox
design allows for some height variation, since although the distributor discharge points are all
at the same height, the entry points on multiple spiral starts differ with up to 300 mm (top
and bottom start on a four-start spiral).

The equal feed distribution to multiple spiral starts from a single inlet pipe is crucial to
ensure overall circuit efficiency. In some spiral banks there is up to 36 spiral starts that are
fed from a single inlet pipe. If the feed distributor is not properly designed and installed some
spiral starts will receive more than their design tonnage while other spiral starts will be starved.
The solids concentration in the feed to spirals also varies as a result of poor distribution, which
in turn leads to poor spiral separation performance.

In the selection of materials of manufacture one needs to consider wear resistance, a suit-
able friction coefficient for particles to separate, suitable strength, weight of the final product,
corrosion resistance and a suitable method of construction.

2.5.3 Operating Parameters

The parameters from Table [2.3] column 3, are discussed in the following paragraphs. The three
major operating parameters that are usually considered in the mineral processing industries
using spirals are dry tonnage per spiral start or throughput, slurry feed density or solids concen-
tration and water viscosity, which has a strong relationship with slimes content. Throughput
is important since it determines the production capacity of the processing plant that directly
links to capital cost and profitability of the installation. Solids concentration influences how
the feed is presented onto the spiral trough and is typically controlled by the addition of pro-
cess water to cyclone underflow in a density correction tank. Water viscosity can be controlled
upfront, prior to spiral separation, by removing water that contains slimes and adding clean
process water to dilute the slimes content to acceptable levels. The following headings discuss
these three parameters with regards to their impact on spiral separation performance using the
recovery-grade relationship as basis.

Throughput

A specific spiral profile has a well-defined separation volume in which medium flows and par-
ticles interact with each other. This separation volume determines how many particles can be
processed in a period of time. If this volume is exceeded it would hinder the effective separa-
tion of particles due to increased particle-particle interaction. The force equations discussed
previously assume that each particle can move to its radial equilibrium position during the
time period that it spends on the spiral trough. If the separation volume is too small, most
of the particles will not have sufficient time to reach their radial equilibrium positions, which
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would result in poor separation performance. Figure illustrates this effect with all other
operating conditions kept constant. An increase in throughput results in more than 10 % THM
recovery decrease at 20 % mass yield to concentrate. The effect of increased throughput can be
countered slightly by decreasing the solids concentration in creating more separation volume.
However physical limitations will be breached and slurry spilling over the side of the spiral
trough can occur, for example.
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Figure 2.43: Influence of feed rate on spiral separation performance (THM recovery). (THM
head grade = 13.5 %, solids concentration 40 %, slimes content 3 %, HC1 spiral)

Solids Concentration

As discussed previously in Section [2.2.2] the water on the spiral trough creates the ’space’
in which the particles can move to their respective equilibrium radial positions. High solids
concentration increases particle-particle interaction, which will increase the residence time re-
quired for effective separation. Low solids concentration will create additional turbulence, but
the effect of lower than design solids concentration is significantly less compared with higher
than design solids concentration. Figure illustrates the effect of solids concentration (%
solids by mass, wet basis) for similar operating conditions. A limited measurable difference can
be seen for the 3 % variation in solids concentration.

Water Viscosity (slimes content)

Water viscosity is not usually measured during spiral performance analyses, and slimes content
(by mass %, dry basis) can easily be determined through conventional wet screening on 45 pm.
Slimes content has the effect of increasing the medium viscosity, thereby increasing the drag
force on particles while moving through the medium and causing particles to take longer to
reach their equilibrium radial positions on the trough. The negative influence of high medium
viscosity cannot be overstated, and the THM recovery decreases rapidly after a certain threshold
of slimes content is exceeded. Figure [2.45|illustrates the detrimental effect of increased slimes
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Figure 2.44: Influence of solids concentration on spiral separation performance (THM recovery).
(THM head grade = 13.5 %, throughput 5.5t /h, slimes content 3 %, HC1 spiral)

content while the other operating conditions remained constant. THM recovery variation is
more than 65 % at 20 % yield to concentrate for a 26 % variation in slimes content.

2.6 Summary

At the end of this chapter there should be a clear understanding of what a spiral is, of the basic
separation mechanism and of the terms that are used in the discussions to follow. The history,
scale, benefits and disadvantages of the application of spirals in the mineral industry were
discussed to support the relevance of this study and provide a perspective of where it fits into
the larger mineral processing environment. The typical measurement and data presentation
methods applied on spirals were demonstrated to set a baseline. The measurement methods
are further expanded upon in the chapters to follow to demonstrate the contribution of this
study. The factors influencing spiral separation performance were briefly discussed, building
the platform to present the test-work results from this study.
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Figure 2.45: Influence of slimes content on spiral separation performance (THM recovery).
(THM head grade = 15 %, throughput 1.5t /h, solids concentration 35 %, MG4B spiral)
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Chapter 3

Research Definition

3.1 Problem Statement

The current method of analysing spiral separation performance that is used in industry is
insufficient to determine the most suitable spiral trough design for a specific feed material and
operational application.

Over the last 20 years there has been significant improvement and specialisation of spiral
design from various manufacturers. However, over the same period there has been very little
improvement in the analysis methods that are applied to compare spirals with each other. The
need to compare spirals usually arises from a spiral replacement requirement or the implemen-
tation of a new mineral processing facility, each involving large capital cost.

The standard sink-float (THM) analysis has been applied to analyse spiral products for
the last 50 years. The risk of applying this rudimentary method is that unique beneficiation
benefits or weaknesses of a specific spiral may not be identified. It is well known that a spiral
separates on size and density, yet spiral products are not analysed in this manner. The reason
for this is that physical separation of a particle population consisting of billions of particles
based on density for analytical purposes remains a challenge.

Traditional sink-float analyses in organic mediums of varying densities are unable and/or
unsafe to reach high densities above 3.0 g/cm?® due to the toxicity of these fluids. Mass fraction-
ation using other density separation devices, such as small shaking tables or elutriators, intro-
duces secondary separation inefficiencies that are unwanted for any analytical method. Due to
these limitations almost all literature reports only two particle density categories, namely less
than 2.98 g/cm?® (FLT) and greater than 2.98 g/cm® (THM), for the heavy minerals industry.

If a more detailed analysis method can be developed that incorporates particle size and
particle density, and that is cost and time effective, it will aid the mineral processing industry
in making better decisions regarding spiral selection.

3.2 Research Purpose

This study aimed to develop and validate an enhanced material characterisation method as an
improvement on the current industry standard characterisation method and as an alternative
to physical separation of spiral product particles.

A secondary aim of the study was to develop an enhanced data presentation method to
improve the presentation of spiral test-work data in general. The combination of the two
methods, "enhanced material characterisation" and "enhanced data presentation" is termed
"enhanced analysis", which is the title of this study.
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3.3 Research Objectives

In the development of the enhanced material characterisation method the following objectives
had to be met:

e Evaluate the consistency of the individual steps in the standard characterisation method
on the spiral products.

e Define the steps of an enhanced material characterisation method and explain how it
improves standard characterisation.

e Validate the steps of the enhanced material characterisation method by evaluating the
impact on particle population attributes at each step. The definition of the requirements
that need to be considered in the enhanced method’s application is a natural result from
the validation process.

e Demonstrate the value of the enhanced material characterisation method by applying it
on the feed material to the spirals as well as on the spiral products.

In the development of the enhanced data presentation method the following objectives had to
be met:

e Demonstrate the standard data presentation method and explain the current shortcom-
ings.

e Explain the improvements made to develop an enhanced data presentation method.

e Demonstrate the value of the enhanced data presentation method by application to the
test-work data.

3.4 Research Significance

Differences in spiral separation performance under similar operational conditions while process-
ing similar feed material might seem insignificant. However, in the long term these differences
cause a cumulative effect that can have a significant impact (negative or positive) on min-
eral recovery and overall business profitability, depending on the spiral profile design that was
selected. A consistent 1% recovery change in zircon for a medium sized operation can eas-
ily equate to a revenue change of ZAR4 000000 per annum, which could easily pay for spiral
replacement if the correct spiral was selected in the first place.

The result of this research can equip operating personnel to confidently select the most
suitable spiral based on their specific feed material characteristics and operating window. This
research can also assist process design teams in the selection of the correct spiral early in
the project life cycle, which can save a significant amount of time and money in plant design
costs. This spiral selection is achieved by the application of an enhanced analysis method that
demonstrates the separation performance differences more clearly.

3.5 Research Scope

This study focused on six main scope areas. Feed material makes reference to the type of
material and commodity. Only two spiral profile designs were considered on which the test-work
data have direct application. Only typical operating conditions were evaluated and standard
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spiral performance quantification methods were used. Qemscan® was selected as the analytical
tool for enhanced material characterisation. The Holland-Batt equation was selected as the
basis for the structure in which the data was interrogated and presented.

3.5.1 Feed Material

The material under investigation was heavy mineral sand with natural particle size and particle
density distribution. No other materials typically processed with spirals, such as fine coal,
chromite and iron ore were considered in this study. A heavy mineral sample implies that
limited to no particle crushing or liberation was applied to the material. The particle shape
is therefore generally well rounded. The slimes content, made up of clay below 10 pm, was of
natural origin and was only slightly increased or decreased from its natural content for test-
work purposes. Two distinct feed material types with vastly different geological backgrounds
were utilised in the investigation. The first sample originated from the south-west coast of
Madagascar and the other sample from the west coast of South Africa. Both locations were
not close to the shoreline itself, but a few kilometres inland.

3.5.2 Selected Spiral Profiles

Two spirals from a single spiral manufacturer were selected for this investigation. The first spiral
(MG4) is an older version that is installed in many operational heavy mineral sands processing
plants. The second unit (HC1) is a newer generation spiral with higher processing capacity,
which implies more throughput capacity for similar plant footprint. This is typically considered
during spiral replacement to increase throughput capacity for the same footprint. Both of these
spirals are primary processing units, which are typically installed in a "rougher" application
where large volumes of quartz are separated from small volumes of heavy mineral. Heavy
mineral content ranged between 5% and 15%. No secondary or tertiary processing, "cleaner"
or "scavenger" duties, were considered in this investigation. Both of these spirals were fairly
new, which implies that limited to no wear had occurred on the spiral trough surface. Spiral
wear, especially irregular wear, can have a significant impact on separation performance.

3.5.3 Operating Conditions

The three main operating parameters of throughput, solids concentration and slimes content
were considered. Feed grade was varied in only a few instances. The operating window was
selected within the typical ranges of processing plant variation for the mentioned parameters.
Spiral separation performance at extreme operating conditions was not evaluated. Other pa-
rameters such as auxiliary splitter position, and feed stability in terms of rapid changes in
throughput and/or solids concentration were also not considered.

3.5.4 Spiral Separation Performance Quantification

Standard separation performance quantification methods as available in literature were utilised
in the investigation. The methods as discussed in section utilised the four basic separation
attributes of yield, recovery, grade and efficiency. The yield-recovery relationship, yield-grade
relationship and yield-efficiency relationship were the typical methods of presenting the data to
quantify spiral performance. Alternative data presentation was not considered or developed.
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3.5.5 Material Characterisation Method

This investigation focused on the development and validation of a characterisation method to
quantify particle density and particle size simultaneously. Qemscan®, utilising quantitative
electron microscopy, was the analytical tool applied to quantify particle properties and not
just bulk mineralogical or chemical attributes. This tool was mainly selected due to its avail-
ability within this specific research domain. Other analytical methods having similar particle
quantification capabilities were not evaluated due to availability restrictions.

3.5.6 Data Presentation Method

Holland-Batt, well-known spiral separation performance researcher, proposed a mathematical
expression (Holland-Batt [1990), which is a combination of a linear and a power law equation,
to describe the relationship between mass yield and specific component recovery. This expres-
sion was based on large amounts of experimental data from various literature sources, which
implies that the expression describes typical or natural spiral separation performance. For the
purpose of this investigation the decision was made that this expression would be suitable to
be applied to the experimental data to present a continuous mathematical expression rather
than interpolation between test-work data points. The test-work result presentation demon-
strated the validity of the data fit as well. The advantage of this approach was that a series of
discontinuous data points could be presented by a simple continuous mathematical expression.
The parameters of the equation could be more effectively compared since it represented the
data over the entire mass yield spectrum as opposed to comparison at specific mass-yield-to-
concentrate points. This consistent method assisted in identifying test-work "noise" due to
slight analytical or test-work errors.

3.6 Research Assumptions

3.6.1 Particle Shape Quantification

Particle shape plays a significant role in the equilibrium position on the spiral trough. Elongated
particles or thin plate particles will behave very differently to well-rounded particles of similar
density and volume. For this investigation naturally occurring heavy mineral sand samples
were utilised. From the particle analyses that were conducted on these samples the majority
of the particles were found to be well rounded with limited shape differences. For the purpose
of this study the assumption was made that particle shape does not have a significant impact
on separation performance and could therefore be ignored. The validity of this assumption
was evaluated in the particle analysis method applied and is only applicable on specific feed
material. If crushed material, highly irregular material or weathered material was used as feed
material to the spiral this assumption would not be valid. The impact of this assumption was
a more simplified particle analysis process. Particle shape is a multi-dimensional attribute and
there is no general consensus in literature regarding a single metric that can be used for particle
shape.

3.7 Definition of Key Terms

The following terms were discussed in Chapter 2| but are repeated here in case the reader
skipped Chapter [2| based on familiarity with spiral concentration.
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' Middling

Concentrate

Figure 3.1: Spiral trough with particle separation presentation (not to scale). (@ = high-density
particle, o = low-density particle, m = water concentration)

3.7.1 Spiral trough

The surface on which separation occurs is referred to as the trough. The trough slope angle and
the spiral slope angle are results of years of spiral development from manufacturing companies.
The point at which the material exits the spiral trough is termed the trough exit point. At this
point the position of the splitters determines how the particle mass on the trough is divided.

3.7.2 Yield

The dry mass to the concentrate is termed the mass yield (or yield) to concentrate. If the con-
centrate splitter was to be opened more, the yield to concentrate will change without changing
any of the operating parameters of throughput, solids concentration or slimes content. The
mass yield or dry mass percentage is typically sub-divided into three process streams called
concentrate, middling and tailing that are presented in Figure [3.1]

3.7.3 Total Heavy Mineral Content (THM)

THM (Total heavy mineral content) is an industry term used to indicate the mass of material
with a density greater than 2.98 ¢/cm3. This density is chosen since it is the density of the
organic medium tetra-bromo-ethane (TBE), which is readily available, and the bulk of the
particles in mineral sands are quartz with a density of 2.63g/cm3. The mass of THM is
determined by a sink-float analysis, in which 200 to 300 g of sand sample is mixed with TBE
in a glass funnel with a tap at the bottom. The material is allowed to segregate due to
density differences and the sink mass fraction is extracted by draining the settled fraction.
The quartz particles remain floating and are removed by ladling them from the surface of the
medium. This process is not particle size dependant although fine heavy mineral particles would
be trapped in large quantities of float fraction (usually quartz). This analytical process has
separation inefficiencies of its own, but has proven to be the most suitable for spiral performance
quantification in the heavy mineral sands industry in the past. The float fraction is referred to
as FLT.

3.7.4 Throughput

Spiral throughput refers to the mass of dry solids being fed to a unit process in a period of
time, usually expressed in tons per hour (t/h). A spiral cannot process dry solids, and water
act as the carrier medium at roughly 60 %-70 % by mass.
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3.7.5 Solids Concentration

The solids concentration is expressed as the mass percentage of dry mass in total mass of water
and solids, in other words, solids concentration or % solids is expressed on a wet basis.

3.7.6 Slimes Content

The slimes mass fraction is defined as the mass of material less than 45 um, since that is the
screen aperture size, which still allows for reasonable wet screening times. The typical Dgg
(90 % of mass passing this aperture size) of the slimes fraction is usually around 30 pm. Slimes
content is therefore expressed as the mass percentage of material finer than 45 pm in the total
solid mass.

3.7.7 Particle Class

This term is used to group particles with similar size and density attributes in this investigation.
Each particle class will have its own size and density distribution. The mass of a class is
determined by a size range and a density range. For example, all particles smaller than 150 pm
and larger than 100 pm with density greater than 3.0 g/cm?® and less than 4.0 g/cm? reports to
this specific particle class. The class will be presented by the mass of particles that complies
with the size and density criteria.
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Chapter 4

Qemscan® as Material Characterisation
Technique

This chapter focuses on material characterisation in heavy mineral sands and how Qemscan®
is applied using its particle size and particle density quantification capabilities.

4.1 Introduction

In the processing of typical heavy mineral particles (between 50 pm and 500 pm in diameter)
their physical attributes are used to separate valuable minerals from gangue. The main particle
attributes that are exploited are size, density, magnetic susceptibility and electrical resistiv-
ity. The products from separation processes are typically analysed by means of chemical or
mineralogical assaying to determine grade and recovery of a certain element or mineral to the
product.

In the characterisation of typical heavy mineral particles the same particle attributes are
used, but on a smaller scale with higher separation efficiencies. Examples are a sieve shaker
at specific sieve apertures to characterise size separation, TBE sink-float to characterise grav-
ity separation, electromagnetic lift magnet to characterise magnetic separation at increasing
magnetic field intensities, and small high tension roll to characterise electrostatic separation
at increasing electrical potentials. The general approach is to characterise a process through
the measurement of the particle properties that are exploited during separation. For example,
spiral products can be fractionated magnetically by means of a lift type electromagnet, but it
is not ideal since there is no magnetic property being exploited during spiral separation. A
better particle measurement would be one that measures or fractionates particles into different
size-density classes.

This physical separation or fractionation of process products has the following two main
advantages. The first is that the concentration of similar type particles will increase, making
further analyses more effective. For example, if the concentration of a certain particle class is
below 1 % and only a thousand particles are analysed, only 10 particles can possibly be analysed,
which makes the description of that particle class less accurate. If the particle concentration
could be upgraded to 10 % by some fractionation method it will increase the analysis accuracy
significantly. The second benefit is that physical fractionation provides an indication of the
particles’ process separability, linking it to potential product qualities and recoveries, decreasing
the processing risk. The result of the fractionation process is a physical particle population
or mass that can be analysed or fractionated further by utilising a different particle attribute.
For example, a typical run-of-mine sample can be screened on 1 mm and 0.045 mm, followed by
sink-float. The sink fraction can be magnetically fractionated and the non-magnetic fraction
can be separated on electrical conductivity to perform a high level simulation of a typical heavy
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mineral separation process.

The physical fractionation of process products has the following two main disadvantages.
The first is, there are limitations and separation inefficiencies in the fractionation method.
For example, a standard TBE sink-float method will be suitable to separate quartz particles
(2.63g/cm?) from pure zircon particles (4.63 g/cm?) based on the large density difference be-
tween the particles. Separating quartz particles from lower density garnet particles (3.40 g/cm?)
will cause separation inefficiencies or misplacement in the typical sink-float process - garnet par-
ticles will be trapped in the float fraction containing the quartz particles. Furthermore, the
homogeneous mediums associated with higher density fractionation are either too toxic and/or
too expensive for large numbers of analyses. The second disadvantage is that accurate physical
fractionation requires skilled operators and specialised equipment with significant time and cost
associated.

It is within these constraints that material characterisation by means of quantitative electron
microscopy can make a significant contribution. Although quantitative electron microscopy
does not separate the particles into physical fractions, the information gathered per particle is
available to separate particles mathematically into different classes based on different particle
attributes.

Since the spiral separates on particle size and particle density, these are the two main
attributes that are discussed in further detail in the sections to follow. Particle shape is not
considered in detail in this study based on the assumption discussed previously in Section [3.6.1]

4.2 Quantitative Electron Microscopy

In the field of quantitative electron microscopy there are various analysis systems such as
Micro CT (Micro Computed Tomography), MLA (Mineral Liberation Analyser), Qemscan®
(Quantitative Evaluation of Minerals by SCANning Electron Microscopy), CCSEM (Computer
Controlled Scanning Electron Microscopy) and PTA (Particle Texture Analysis) to name a
few. Each one of these analysis systems are owned by a different company with different
detector numbers and detector types, with different proprietary software classes performing the
automated data acquisition. Each system has its unique application with associated strength
in one area and weakness in another area. (FEI [2014)

The analysis system that was utilised in this study, due to its availability in the specific re-
search domain, was Qemscan®, referred to in the rest of the document as Qemscan®. The other
analysis systems were not considered nor compared in this study due to availability, time and
cost constraints. Qemscan® is a fully automated analysis system that produces mineralogical
data from inorganic materials such as rocks and minerals. The data acquisition has been proven
to be fast, statistically reliable and highly repeatable (FEI[2014). The specific Qemscan® sys-
tem that was utilised had four light-element energy-dispersive X-ray spectra (EDX) detectors.
These detectors capture the elemental composition at each of the measurement points on a
predetermined grid size. The back-scattered electron (BSE) images provide information on
textural properties such as particle size and particle shape. Figure illustrates the process
by which Qemscan® data is generated.

4.3 Particle Size and Density Quantification

The way mineral particles are presented to Qemscan® is to split a small number of particles,
usually 2 to 5g and mixing it with a resin. This mixture solidifies, setting the particles in a
fixed matrix called a sample block, usually a round disc 30 mm in diameter and 10 to 15 mm
thick. Figure illustrates the sample block at the beginning of the process. The top layer
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Figure 4.1: Process description of Qemscan® analysis. (Ayala [2009)

of the sample block, usually 50-70 pm in thickness, is removed and levelled through polishing
(also termed polished block). This exposes the particles” internal composition.

Qemscan® integrated analysis system has the capability to characterise the individual par-
ticles exposed on the surface of a polished block. The combination of the EDX and BSE infor-
mation reconstitutes the physical particle digitally, presenting a picture of the particles with
each individual particle containing all the associated analytical information. These particles
can be sorted digitally and classified according to different mineralogical or textural attributes
(Ayala . Figure illustrates an example where the particles are digitally arranged in a
'washing line’ after analysis, since they were not set in that orderly fashion in the preparation
of the sample block. No classification was performed on the particles presented in Figure
and particles are presented in the sequence in which they were analysed.

4.4 Analysis Modes

Qemscan® can analyse a population of particles set in a resin mixture in different analysis modes
with different data outputs depending on the information and detail required. It is important
for the user to understand each analysis mode’s application to leverage the analytical strength
while being aware of the analytical weakness.

4.4.1 Bulk Modal Analysis (BMA)

This analysis performs several line scans across the polished block surface. The textural data
is ignored and the BSE image is only utilised to direct the measurement point on the particle
surface as the line of EDX analysis moves across the polished block. This analysis will give
the highest quality of compositional information. It is fast since there is no image processing
required and the operator can increase or decrease the number of line scans across the block.
Figure [4.3] illustrates this analysis mode.
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Figure 4.2: Particle map from Qemscan® particle mineral analysis. (Each colour represents a

different mineral phase.)

Figure 4.3: Demonstration of Qemscan® bulk mineral analysis (BMA) procedure. (Ayala 2009)
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Figure 4.4: Demonstration of Qemscan® particle mineral analysis (PMA) procedure. (Ayala
2009)

4.4.2 Centroid Analysis

This analysis utilises the BSE image as the primary analysis image in which the different
particles are considered as separate entities. The EDX measurement point is focused on the
centre of each particle where it performs a single compositional analysis and assigns the analysed
composition to the entire particle. This analysis is fast and provides high quality textural data
(particle size and shape) since a large population can be analysed in a short period of time. If
large numbers of multi-phase mineral particles are present this compositional variance will be
ignored. Mineral association and liberation information is not available.

4.4.3 Particle Map Analysis (PMA)

This analysis uses the BSE image to identify the boundaries of each of the individual particles.
A certain number of particles are selected based on a raster scan pattern. The particle is
analysed through an EDX measurement point per pixel (can be set by user, usually 5pum by
5pm). Image analysis reconstructs the particle matching the compositional analysis per pixel
within the particle. This analysis supplies the largest amount of information per particle,
including mineral association, liberation and textural information (FEI[2014). It also takes the
longest depending on the number of particles to be analysed. Figure [4.4]illustrates this analysis
mode and Figure presents a typical output.

4.5 Application and Validation

From 2003 Intellection Pty Ltd. developed, marketed and sold Qemscan® technology solu-
tions. Qemscan® technology is now owned and marketed by FEI Company. From the start of
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Qemscan® application in mineral processing industries various people could identify the benefit
of using this technique in metallurgical studies, not just for accurate mineral quantification but
also utilising the particle attributes to better understand separation performance. With the
improvement in analytical methods there was also an improvement in the understanding of min-
eral resources and their process performance. The true profitability of a mineral resource can
only be quantified if the economically valuable mineral and its variation are fully understood
in the context of how it will behave in the separation process (Sutherland and Gottlieb 1997)).
The literature review in this investigation did not focus on the application of Qemscan® as
mineral quantification tool in mineral processing, but rather on the application of the particle
size and particle density quantification capability of Qemscan®.

4.5.1 Particle Size Analysis

A particle surface area from the sample block analysis is converted to a particle volume with
effective particle diameter through stereological correction equations built into the proprietary
software of the integrated Qemscan® analysis system. The general rule of thumb is that if a
sufficient number of particles is analysed, a representative estimate of the actual particle size
distribution of the material being evaluated will be obtained (Ayala 2009).

Since particle size is a normal output from Qemscan® analysis, several metallurgical stud-
ies have utilised this information to better understand the separation performance of different
ores. Lotter (2003) utilised the particle size data output from Qemscan® to better under-
stand flotation performance of nickel ore linked with the other mineral attribute outputs from
Qemscan®, such as mineral liberation to the surface of the particle. Geo-metallurgical inves-
tigations by Philander and Rozendaal (2014) mentioned the importance of including particle
size as part of an in-situ property for better quantifying process performance of mineral sands.
Pascoe, Power, and Simpson (2007) utilised the particle size output from Qemscan® for im-
proved understanding of the Mozley laboratory mineral separator in the separation of chromite
ores.

In all of the studies, with the exception of the work from Pascoe, Power, and Simpson (2007)),
Qemscan® particle size output was utilised without a validation attempt on the accuracy of
the particle size output. The underlining assumption was that Qemscan® size distribution
did compare with the actual size distribution. Pascoe, Power, and Simpson (2007) performed
a theoretical evaluation considering the probability of intersecting perfect spheres of different
sizes during the preparation of the sample block. They also did a high level comparison between
Qemscan® and the Malvern laser sizer using fine chromite ore that indicated agreement. The
conclusion from the validation test-work from Pascoe, Power, and Simpson (2007) on this
specific material is that Qemscan® can be used for size distribution if a sufficient number of
grains are analysed. It was further noted that if the same method used to produce a separation
model is used to analyse the independent sample, the separation model predictions should be
valid.

4.5.2 Density Analysis

Particle density is used in the specie identification protocol (SIP-file) to convert particle volume
to particle mass. The particle mass is important since it would influence recovery and grade of
all the minerals under investigation. Accurate quantification of particle mass is also one of the
major benefits of automated microscopy (Qemscan®) over grain counting (light microscopy).
Particle densities used in the Qemscan® SIP-file are predominantly sourced from literature
sources on minerals and crystal structures. The chemical composition from the EDX analysis
is converted to a mineral phase through the SIP-file. The SIP assigns a density to the mineral
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phase at the specific analysis point. The particle density is a weighted sum of all the mineral
phase densities analysed on the surface. No specific literature sources could be identified where
the particle density output from Qemscan® was compared with actual density measurements
on particle populations or individual particles.

4.6 Summary on literature review

The application of the mineral quantification capability of Qemscan® within the mineral pro-
cessing industry is well established, to such an extent that automated mineralogy has become
the standard for mineral quantification. The specific application of particle size and particle
density outputs from Qemscan® in describing and understanding mineral processing perfor-
mance was less common, but there were a number of references in the literature. The validation
of the particle size and particle density output from Qemscan® was virtually non-existent in
the literature. This investigation could contribute to literature through the validation attempts
as well as the application to spiral separation performance data.
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Chapter 5

Research Design

This chapter provides an overview of the research effort. Chapters[l]to[5|provide the background
to the research and the remaining chapters are presented in the structure demonstrated in Figure
b.1l Figure [5.4] and Figure illustrate the detail of the standard and enhanced material
characterisation. The research approach involved evaluating the response of two materials
on two spirals in a controlled test-work environment. The spiral products from test-work
were characterised with standard and the newly developed enhanced methods to illustrate the
benefit of more detailed characterisation approach. The test-work data were presented with the
Holland-Batt equation which was improved through minor adjustments. The end result was a
new, enhanced spiral performance analysis method, which can be compared with the enhanced
approach. The following sections elaborate on the detail of the research approach.

(o) (+)
Material

selection
Testwork Standard Enhanced
e  — Material — Material
Methods ... N
Characterisation Characterisation
Spiral
selection I I

Enhanced Data Presentation (D

\ v

Standard Enhanced
Performance Performance
Analysis Analysis
10 12

Figure 5.1: Research approach applied in the project. (Grey circles refer to the chapters in which it

is discussed.)

5.1 Material Selection

Material 1 originated from the southwest coast of Madagascar. The deposit is approximately
15km east of the coast line. This deposit was being evaluated as part of a feasibility study
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during the material selection period. As part of the feasibility study a pilot plant was operated
that was used to produce a bulk concentrate by means of spiral separation for further mineral
processing in South Africa (Grobler |2007)). During excavation of the feed material for the pilot
plant a bulk sample of approximately 500 kg was taken by means of shovels and loaded into
bulk bags that were transported back to South Africa for test-work. The sample contained
roughly 2 % moisture. The following procedure was applied to the bulk sample as part of feed
preparation prior to any test-work. The bulk sample, around 500 kg, was dried in large drying
pans at temperatures below 150 °C to enable splitting and dry screening. The oversize material,
greater than 1 mm, was removed by screening the total sample. This fraction was insignificant,
consisting of mostly organic material. This sample is considered to be representative of the
material from that specific block within the ore body since an entire block of undisturbed
in-situ material was removed.

Material 2 originated from the west coast of South Africa. The deposit is approximately
bkm east of the coast line. This deposit was being evaluated as part of process optimisation
at an existing heavy mineral sands operation, the Namakwa Sands west primary concentration
plant. Feed to the plant is prepared through a trommel screen (8 mm aperture), linear screen
(I mm aperture) and desliming cyclone to remove a portion of the slime. The feed is distributed
to multiple spiral starts through a slurry distributor. One of the slurry starts was disconnected
and used to fill several buckets totalling roughly 500 kg of dry mass. The sand and slime was
left to settle where-after clean water was decanted. The wet sample, containing roughly 30 %
moisture was transported to Pretoria where it was prepared in the same manner as Material
1. There was no oversize (+1mm) material in the sample. This sample was considered to be
representative of the material that was fed to the spiral plant on that specific day since the
total feed stream to a spiral start was sampled for a period and no solids were discarded prior
to transportation.

5.2 Spiral Selection

Two spirals from a single spiral manufacturer were selected for this investigation. Spiral A
was a newer generation spiral with higher processing capacity, which implies more throughput
capacity for a similar plant footprint. Spiral B was an older version and installed in many
operational heavy mineral sands processing plants. Refer to Table for a summary of the
two spiral profiles utilised.

Table 5.1: Spiral profile information.

Spiral Name Description Supplier Design Design Solids
Ref Feed Rate Concentration
(dry t/h)
A HC1  High capacity Mineral Technologies ) 35-40%
B MG4  Medium grade Mineral Technologies 2.2 30-35%

The design information was sourced from the supplier and is illustrated in Figure and
Figure 5.3 These two figures illustrate the optimal feed conditions for typical feed materials
and are dependent on THM feed grade as well as the different types of mineral that are to be
separated. A general rule is that throughput and solids concentration (pulp density) need to
decrease when the material is more ’difficult’ to separate.

The reason for the selection of Spiral A on Material 1 was a new plant design (feasibility
study) with the smallest possible footprint for mobility considerations. The reason for the
selection of Spiral A and Spiral B on Material 2 was based on a project that considered the
possible replacement of the old worn out MG4 spirals with higher capacity HC1 spirals in an
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Figure 5.2: Recommended operating window as a function of pulp density and feed rate for
spiral A. (Mineral Technologies [2014))
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Figure 5.3: Recommended operating window as a function of pulp density and feed rate for
spiral B. (Mineral Technologies 2014)

existing operation, which could assist with potential plant expansion later on. There are many
more considerations when replacing low capacity spirals with high capacity spirals, but for the
purpose of this investigation it was spiral separation performance.

5.3 Test-work Methods

Spiral test-work involved the evaluation of the two different spiral profiles (A and B) and the
two materials (1 and 2), which produced three sets of test-work data (Material 1 on Spiral A,
Material 2 on Spiral A and Material 2 on Spiral B). The test-work equipment was configured to
control three operating parameters namely throughput, solids concentration and slimes content.
The results of the individual tests were classified in terms performance (high, medium, low).
The three selections (material and profile) and three performance brackets produced nine test-
work groups as numbered 1 to 9 in Table [5.2. The equipment configuration and sampling
techniques that were applied are discussed in the Section [6.1] and Section [6.2
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Table 5.2: Summary of test groupings and average operating parameters.

Group Perfor- Feed Spiral Nr. of Ave. feed Average Average Average
nr. mance material profile tests rate (t/h) %solids %slimes %THM

1 High 1 A 3 4.40 39.5 2.6 14.0
2 Med 1 A 8 5.71 44.4 3.3 13.7
3 Low 1 A 3 6.93 50.6 3.7 13.8
4 High 2 A ) 5.60 36.4 4.1 11.7
) Med 2 A 4 5.01 35.4 4.8 11.1
6 Low 2 A 2 5.35 34.1 7.1 10.9
7 High 2 B 3 1.87 36.7 4.5 12.3
8 Med 2 B ) 2.03 37.1 5.8 10.5
9 Low 2 B 6 2.17 35.4 6.5 10.9
% Solids ‘ Representative %Slimes %THM
sample
) A A
Standard sample characterlsation
Spiral _)l Solids Sample Slimes Sink-float Method
sample Concentration Splitting content analysis
{ 63 0 6.5 5.7_]

Figure 5.4: Description of standard sample characterisation. (Numbered block has reference to
specific section in which it was discussed.)

5.4 Standard Material Characterisation Methods

The solids concentration (%Solids), slimes content (%Slimes) and total heavy mineral content
(%THM) were determined using standard methods well known in industry. The characterisa-
tion process and the applied methods are presented schematically in Figure[5.4. Water was first
separated from the sand-slime mixture to determine solids concentration. This was followed by
separating the sand from the slimes to determine slimes content. Finally the high-density par-
ticles were separated from the low-density ones to determine the THM content. Representative
solid material samples were split out during the process. Splitting procedures are critical in
heavy minerals due to the large density differences that cause segregation and various sizes of
rotary splitters were used in all cases. The reproducibility of the combination of these methods
had to be demonstrated to provide confidence in the standard characterisation step. Details
on the reproducibility and on the individual methods are provided in Chapter 6 in the sections
indicated in Figure [5.4]

5.5 Enhanced Material Characterisation Methods

During enhanced characterisation rich data sets of material properties were created. Figure
.5 shows the different methods involved in this step. These methods are introduced briefly
here and discussed in detail in Chapter[7] The input to the enhanced material characterisation
step is the sink and float mass fractions produced with the standard methods. These samples
were split carefully to isolate small, representative particle populations for further characteri-
sation. The particles were then set in resin and polished to produce polished blocks ready for
Qemscan® analysis. The data set produced by the Qemscan® describes the size and density
of the analysed population of particles. Details of the methods are presented in Chapter [7] in
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Figure 5.5: Description of enhanced material characterisation. (Numbered block has reference to

specific section in which it was discussed.)

the sections indicated in Figure Other important aspects, including how to ensure rep-
resentative analyses and comparison of Qemscan® result with that of other characterisation
techniques, are also addressed in Chapter [7] The requirements to ensure representative particle
attribute outputs, over and above sample preparation, are to be adhered to so as to ensure
minimum introduction of analysis artefacts. The confidence in the particle size output data
from Qemscan® is demonstrated in the comparison with conventional screening. The confi-
dence in the particle density output data from Qemscan® is demonstrated in the comparison
with conventional density analysis. The combination of particle size and density output from
Qemscan® allowed for setting up different particle classes as required by the user.

5.6 Enhanced Data Presentation

Once data sets had been prepared with the standard and enhanced characterisation methods, it
was necessary to present the data in a manner that would clearly demonstrate the underlying
nature and behaviour of the material on the different spirals. The Holland-Batt equation
was selected to present the data. Some improvements were done to the equation as part
of the investigation to increase the accuracy and speed of the fit to data sets. The enhanced
equation showed a simple and accurate fit of the data that represented the relationship between
cumulative recovery of different particle classes and cumulative yield to concentrate on the
spiral profiles tested. The enhanced data presentation method was applied to both the data
from the standard product characterisation as well as the data from the enhanced product
characterisation, which are discussed in Chapters [I0] and [12]

5.7 Standard Performance Analysis

The standard performance analysis utilised the data extracted from standard industry charac-
terisation, which is the sink-float data. This data was plotted in relation with the four main
separation attributes of yield, recovery, grade and separation efficiency. From these relation-
ships spiral separation performance conclusions could be derived. This is discussed in more

detail in Chapter

5.8 Enhanced Performance Analysis

The enhanced performance analysis involved taking the rich data sets of material properties that
was extracted from the sink and float fractions and plotting it in the same manner using the four
main separation attributes of yield, recovery, grade and separation efficiency. The difference
was that more performance data became available that described the spiral performance on a

61
© University of Pretoria



b

UNIVERSITEIT VAN PRETORIA

CHAPTER 5. RESEARCH DESIGN 6 e T o HANCED PERFORMANCE ANALYSIS

level not done previously. The large step change in performance data is described in Chapter
with a comparison between the standard and enhanced performance analysis approaches.
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Chapter 6

Standard Methods

Various references were made to standard methods in the previous chapter (research design).
This chapter focuses on the detailed description of how each of these methods was executed.

6.1 Spiral Test-work

A closed-loop circulation configuration was used in which a sand and water mixture was pumped
to a two-way distributor. The one line from the distributor was fed to the spiral while the second
line was returned to the sump. The size of the orifice in the return line determined the flow
rate to the spiral. The pump was fitted with a variable speed drive to provide an additional
control parameter. The return line from the distributor was injected into the sump in a manner
that provided sufficient agitation of the slurry at the pump’s suction point. The pipe bends
and distributor were carefully designed to limit solids segregation as far as possible. Refer to
Figure for a flow diagram of the physical apparatus.

Solids concentration was controlled by the systematic addition of sand to the sand-water
mixture. Both throughput and solids concentration were measured by sampling the entire
spiral trough for approximately 6 seconds. The total slurry mass was measured, the water de-
canted and returned to the sump. The moist sand was weighed with a moisture assumption
to approximate the dry solids throughput prior to sampling to ensure that the throughput and
solids concentration were within the target operating ranges. After calculation the sample used
for feed rate approximation was returned to the sump and 5minutes were allowed for pump
stabilisation to reach a steady state condition. This was significantly longer than the sump’s
residence time of 1minute. The actual throughput and solids concentration were determined
by the material that was sampled for product characterisation. The approximated and actual
measured values for throughput and solids concentration correlated well. The medium viscosity
was increased by the addition of concentrated slimes (ultra-fines, smaller than 45 pm). Medium
viscosity was decreased by the removal of slimes rich water and replacing it with equal vol-
umes of clean water. "In process" slimes content was measured by means of medium density
determination.

During the prolonged circulation of slurry in a closed-loop configuration two artificial effects
might have been introduced. The first was a slurry temperature increase due to friction and the
second was that the particles were scrubbed through the pump impeller action that could have
increased the slimes content. Temperature was not specifically measured but the test was not
allowed to run for longer than 30 minutes before samples were taken and fresh (cold) material
and water was added again. Slimes content was measured prior to sampling to ensure that the
target slimes content was correct.

During test-work the above mentioned spirals were easily interchanged in the same test-work
configuration shown in Figure [6.I] With the interchangeable orifice in the slurry feed line and
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Figure 6.1: Spiral test-work apparatus.
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the variable speed drive on the slurry pump higher and lower tonnages could be easily achieved
to test the two spirals within the required operating window.

6.2 Spiral Product Sampling Method

Each spiral was fitted with a mouthorgan splitter to divide the spiral trough into seven cuts.
The material continuously flowed through the seven stream sampler and returned to the sump.
Refer to Figure for detail on the flow through the sampler. During sampling all seven cuts
were sampled simultaneously through a pneumatic cylinder pushing the diverter plates across,
causing the material to divert into sample containers instead of returning to the sump. Care
was taken not to exceed the residence time on the spiral during sampling because it would have
compromised sample integrity. When a sample is removed out of the circulating loop the steady
state condition is compromised and the feed composition to the spiral could change. Feed rates
were calculated using the actual sample taking period.

Material residence time is calculated based on the number of turns, the trough diameter and
the average slurry speed. The spiral under consideration has 7turns with a 600 mm diameter
and an average slurry speed of 1 m/s (determined by direct measurement of residence time of
specific spiral profile). Refer to Equation .

, _ average distance _ 7turns X m X 0.6 m 135 (6.1)
average speed lm/s

6.3 Solids Concentration Determination

To measure solids concentration the sample was first weighed in its wet, "as sampled", state
to determine its "wet mass". It was allowed to settle out to allow for the decanting of clear
water without any slimes loss. Siphoning was done on samples with low solids concentration.
Addition of small amounts of flocculent assisted with speeding up the settling process. The
flocculent did not influence the solids concentration or slimes content and the flocculated slimes
material was not used for other test-work. The total solid mass in the wet sample was dried in
a convection oven at 150 °C to remove all moisture. The sample was weighed in its dry state
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to determine its "dry mass". The "dry mass" divided by the "wet mass" was termed solids
concentration. No sample splitting was performed on the sample in its wet state and the total
"as sampled" mass was handled in this manner.

6.4 Sample Splitting

The term sample splitting is used to describe the process in which a representative sub-sample
is divided or cut from a larger sample. The equipment that was used for this process is
called a rotary divider. Each size rotary divider has a maximum and minimum allowable
feed sample size. The rotary divider also has a minimum number of revolutions (60) that
it has to turn for the sub-sample to be representative. All the rotary dividers (Dickie and
Stockler units) that were used in this investigation are fitted with turret orifice feeders as
opposed to the normal vibrating chute feeders. Heavy minerals tend to segregate on a vibrating
chute introducing possible bias during the splitting operation. The splitting procedure for
heavy mineral samples is crucial since the density differences between particles are significant,
which leads to segregation in any splitting device. This must be minimized through laboratory
equipment selection. The feed samples used in the spiral test-work apparatus to supply the
circulating loop were also split with a large rotary divider.

6.5 Slimes Content Determination

After drying, the material tended to lump together because of the slimes. The sample was
therefore screened on a 1 mm screen to de-lump the material prior to splitting. A portion of
the total "dry mass" was split through two rotary sample dividers to produce a 400 to 500 g
sample that was wet screened on 45 um aperture. The sample was manually scrubbed on the
45 nm screen until the water draining from the screen was clear. The plus 45 pm mass fraction
was retained and the minus 45 pm mass fraction was discarded. The plus 45 pm mass fraction
was dried and weighed to determine the "dry sand mass". The "minus 45 pm mass fraction"
(calculated by difference) divided by the "dry mass" prior to screening was termed the slimes
content.

6.6 Sink-float Analysis

The sand fraction from which all the slimes material was liberated and removed was processed
by means of a sink-float funnel containing TBE. The detail of the sink-float test is discussed in
Chapter , page . The dried sand fraction was fractionated into THM (total heavy minerals)
and FLT (float) masses. The sink-float funnel had a feed mass limitation of 250 g. The sample
was split in two and recombined after sink-float fractionation. Both fractions were cleaned from
any organic liquid residue and dried. The dry "sink mass" divided by the dry sand mass fed to
the sink-float funnel was termed the THM content. In the case where the THM content was
below 1%, more mass was split (700 - 800 g) for the sink-float fractionation. The sink fractions
of three sink-float funnel separations were combined which produced sufficient material for
further fractionations.
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6.7 Evaluation of Method Consistency

6.7.1 Background

During measurement of spiral separation performance the influence of a combination of oper-
ating parameters had to be considered. These parameters had to be well controlled to ensure
steady state separation conditions. Steady state conditions were required to make reasonable
conclusions about spiral separation performance. To demonstrate that the test-work apparatus
could deliver reproducible results many of the sampling sets were done in triplicate. These
three tests were evaluated on four critical aspects, namely solid mass distribution, THM distri-
bution, water distribution and slimes distribution across the spiral trough. All of them had to
be the same within a reasonable degree of variation. At the same time the solids concentration,
throughput, slimes content and THM content, back calculated from the products had to match
the feed sample attributes closely.

6.7.2 Results

Table summarises the feed conditions from the three tests that were repeated. Figures to
present the variability in the four critical mass components of solids content, THM content,
slimes content and water content. The raw data for these figures are presented in Appendix 2
to 6.

The weighted sum of the measurement differences is given in Table and expressed by
Equation [6.2] The purpose of this table is to quantify the variability between the tests with
a single number. The distribution of the mass component (x;) of each test across the seven
spiral fractions is subtracted from the average (z) of the three tests. The absolute differences
are multiplied by the mass (x;) it represents. For example, the dry mass distribution difference
between Test 3 and the average (Test 1 to 3) for Cut 7 is 1.01 (29.26 - 28.25). This difference is
multiplied by the 28 % of mass it represents of the total, contributing to more than half (0.29)
of the total difference of 0.43 in Table [6.2]

T4
sum of weighted differences = Z % (6.2)
i=1

0

Table 6.1: Operating parameters of repeatability tests.
Test Feed Rate (t/h) %Solids %Slimes %THM

1 4.34 38.76 2.42 14.23
2 4.50 39.70 2.63 14.19
3 4.37 39.94 2.77 13.55

Table 6.2: Weighted sum of measurement differences (test value versus average).

Mass Test 1 Test 2 Test 3
Component vs. Ave vs. Ave vs. Ave
Measurement
Dry mass 0.33 0.23 0.43
THM 0.23 0.21 0.19
Slimes 0.74 0.30 0.47
Water 0.57 0.57 0.04
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Figure 6.2: Solids content distribution across the spiral trough for repeated tests.
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Figure 6.3: THM content distribution across the spiral trough for repeated tests.
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Figure 6.5: Water content distribution across spiral trough for repeated tests.
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6.7.3 Discussion

The three repeat tests showed a high degree of consistency for all four mass attributes. Keep
in mind that the consistency of these mass attributes not only reflects the test-work apparatus,
but also the sample preparation and characterisation that was performed after samples were
taken. These sample analyses included wet and dry weighing, sample drying, sample splitting,
wet screening to determine slimes content and sink-float analysis. Table [6.2] provides the sum-
mary of the weighted measurement differences between the test value and average test value
demonstrated in the four figures. From Table it can be seen that THM showed the highest
consistency and slimes the lowest consistency, but with an overall high level of consistency in
the repeat tests.

During spiral separation the slimes distributed homogenously through the water to form
part of the separating medium rather than the solids. The implication of this behaviour was
that the water and the slimes had similar mass percentage distribution across the spiral trough.
This can be clearly seen when comparing Figure|6.4|and Figure[6.5 The slimes content determi-
nation of samples containing small amounts of slimes and large volumes of water is notoriously
difficult. Special attention was given to retain slimes within these samples and achieve con-
sistent analysis results. Flocculation and removing water through siphoning was used. These
consistent results gave the necessary confidence in the ability of the test-work apparatus and
in the sample preparation methods to accurately measure spiral separation performance with
limited artefacts.
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Chapter 7

Enhanced Material Characterisation
Methods

The ’enhanced methods’ presented here did not replace the standard methods discussed in
Chapter [6], but aimed to provide characterisation information in addition to the THM and FLT
fractions produced by the standard methods. This relationship is illustrated in Figure In
this chapter the detail of the different methods and their validation results are presented and
discussed.

7.1 Micro Splitting

The term 'micro splitting’ is used to describe the process in which a representative sub-sample
(1 to 2g) is divided or cut from a sample weighing less than 10g. The equipment that was used
for this process is called a micro rotary riffler (or micro rotary divider). Figure shows the
unit that was utilised in this investigation. All the samples that were prepared for Qemscan®
analysis were representatively divided by means of micro splitting. This is a standard splitting
method for typical mineral analysis laboratories, but it is discussed under enhanced methods
as the first critical step.

7.1.1 Consistency Evaluation

Since the micro splitting procedure played such a crucial role in this investigation it was neces-
sary to confirm splitting consistency. This test was done by comparing the chemical composition

Figure 7.1: Rotary micro riffler. (Quantachrome [2014))
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of the different sub-samples produced by a series of rotary dividers including the rotary micro
riffler. As preparation for the chemical analysis with the sub-samples were crushed
to fine powder, which limited the bias in the chemical analysis itself. Differences in the assays
of the sub-samples were attributed to splitting accuracy.

7.1.2 Consistency Results

Table presents the chemical assays of five different sub-samples that were produced through
a series of rotary dividers. Note that not all the elements are indicated in the table. The assays
show a high level of consistency with a low level of variability considering that there were over
30 different minerals present in the samples. Table presents a similar comparison used in
Table [6.2] calculated with Equation [6.2] The results from these tables provided the necessary
confidence in the sample splitting method that was used as the basis of the other enhanced
methods.

Table 7.1: Chemical assays of six sub-samples from rotary dividers. (C.V. = coefficient of
variation)

Si0, AlL,O, Fe,0, TiO, CaO MgO ZrO, CeO, Th LOI  Tot
% % % % % % % % % % %
Split 1 4.59 2.67 40.6 42.2 0.1 0.58 4.29 0.76 2417 1.74  100.85
Split 2 4.86 2.7 41.38  42.56 0.09 0.59 4.07 0.78 2471 0.21 100.55
Split 3 4.69 2.8 40.46  41.11 0.1 0.58 4.4 0.8 2586 1.88 100.26
Split 4 4.71 2.8 39.89 42.31 0.1 0.58 3.8 0.8 2538 1.83 100.27
Split 5 4.67 2.81 40.37  41.24 0.09 0.57 4.37 0.83 2561 1.84 100.24
Split 6 4.73 2.9 40.06 41.31 0.08 0.57 4.48 0.82 2585 1.81 100.32
Avg. 4.71 2.78 40.46  41.79 0.09 0.58 4.24 0.80 2526 1.55  100.42
Std. Dev. 0.09 0.08 0.52 0.64 0.01 0.01 0.25 0.03 68 0.66 0.24
C.V. 0.019 0.03 0.013 0.015 0.087 0.013 0.06 0.032 0.027 0.425  0.002

Table 7.2: Weighted sum of measurement differences (split value versus average).

Mass Splitl Split2 Split3 Split4 Splits Split6
Component vs. Ave vs. Ave vs. Ave vs. Ave vs. Ave vs. Ave
Measurement

Splitting 0.25 0.75 0.31 0.49 0.29 0.39

7.2 Sample Block Preparation

Qemscan® analysis required that the particles be set in resin. A small representative sample
of less than 2 g was mixed with a liquid resin having a viscosity similar to that of toothpaste.
This resin had to be sufficiently viscous to limit particle segregation but liquid enough to allow
air bubbles to comfortably escape from the mixture. The ratio of resin to particles was equally
important to ensure a high density of particles within the resin. Carbon was mixed into the resin
to limit contact between mineral particles. The resin mixture was placed in a small cylindrical
mould and left to dry. This solidified resin-impregnated disc, also referred to as a sample block,
had a typical diameter of 30 mm and was 15 mm thick. Once solidified completely, the top layer
of the block was polished away to expose cross sections of the particles. The thickness of the
layer that was to be removed had to match the thickness of half of the average sized particle
(roughly 60 pm).

From the above description it can be seen that the block preparation method is sensitive to
operator influence. An unskilled operator can introduce many sample analysis errors through
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inconsistent preparation. The operator that was responsible for the block preparation in this
investigation was highly skilled and had more than 15 years of experience. The operator skill had
been proven with regards to reproducing mineralogical assays. The difference, however, with
this investigation was that particle texture properties, namely particle size and particle shape,
were now measured as well, which required an even higher standard of sample preparation
consistency. Two critical questions had to be answered regarding sample block preparation.
The first was to determine the influence of block preparation on Qemscan® analysis accuracy.
The second was to determine the influence of the number of particles analysed on Qemscan®
analysis accuracy. These two questions are answered in the next two sections.

7.2.1 Block Preparation Consistency

The micro splitting method produced three representative samples. Each sample was prepared
with the same block preparation method described above. The material that was selected for
this comparison was a total heavy mineral sample that contained the whole spectrum of different
mineral particles. (THM from Cut 5 in Test 3 was selected. Refer to Appendix ) Three
particle property distributions were compared. The first was the particle density distribution,
the second was the particle size distribution and the third was the particle shape distribution.
Particle density was determined by Qemscan® particle composition analysis and is discussed in
section [7.3.2] Particle size and shape was determined by Qemscan® software and are discussed
in Section and Section[7.3:3] The Qemscan® particle size distributions of the three blocks
are presented in Figure [7.2a] These three distributions had a high degree of correlation. More
variation was detected at the coarser size fractions.

Table 7.3: Weighted sum of measurement differences for different sample blocks.

Mass Blockl Block2 Block3
Component vs. Ave vs. Ave vs. Ave
Measurement
Size 0.34 0.45 0.42
Density 0.56 0.70 0.94
Shape 0.53 0.58 0.55

Qemscan® particle density distributions of the three blocks are presented in Figure [7.2H]
These three distributions had a high degree of correlation. Some variation could be detected
at the lower density fractions. The greatest variability was 5% between Block 1 and 3 at a
Qemscan® particle density between 3.3 and 3.4 g/cm?

Qemscan® particle shape factor distributions of the three blocks are presented in Figure
[7.2d These three distributions had a high degree of correlation. Some variation could be
detected at the higher shape factors. The greatest variability was 3.5 % between Block 2 and 3
at a Qemscan® particle shape factor of 19. Note that particle shape factor was not considered
in the rest of the investigation and was only used as textural comparison other than particle
size to validate preparation consistency.

The indicated variation gives the accuracy window in which these results should be inter-
preted. The greatest variation detected is 5% on cumulative mass for the particle density
distribution at a specific interval. Table [7.3| quantifies the variation and demonstrates that
density distribution had the greatest variation. This variation is a combination of the sample
preparation method as well as the block analysis, since the comparison was done on analysis
results. Although this method is not new to mineralogical analysis techniques, its consistency
had to be validated for textural properties (particle size and shape), since these properties
are critical outputs of the enhanced characterisation method. The high level of compositional
(density) and textural (size and shape) correlation in the three sample blocks gave confidence
in the sample preparation method as part of enhanced characterisation.
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Figure 7.2: Comparison of different sample blocks. (Sample = THM, test 3, cut 5, 3215 particles
analysed)
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7.2.2 Particle Population Size

A minimum number of particles is required to accurately represent larger particle populations.
A single sample block was analysed at increasing numbers of particles, 1000, 2501, 4922 and
9849. These four analyses were compared to determine the minimum particle number to accu-
rately measure the three mentioned particle property distributions (size, density, shape). The
sample used for this evaluation was THM from Cut 1 in Test 3; refer to Appendix [A] for more
specific sample attributes.

Figure presents the cumulative size distributions of the four particle populations. All
the lines correlated well with the exception of the 1000 particle line that showed a minor break
away towards the coarser particle sizes. The same trend was observed in the block preparation
data, which indicates a weakness in Qemscan® to analyse over a wide particle size range. If
there are a significant number of particles above 300 pm, it should be considered to screen these
particles out, prepare a separate block and analyse them separately.

Table 7.4: Weighted sum of measurement differences for different particle population sizes.
Mass Component 4922 vs. 2501 vs. 1000 vs.

Measurement 9849 9849 9849
Size 0.13 0.42 0.46
Density 0.18 0.48 0.63
Shape 0.16 0.30 0.51

Figure presents the cumulative density distributions of the four particle populations.
All the lines show a high degree of correlation. Particle density is derived from particle composi-
tion, an internal particle property, and would be less sensitive to particle population size. Figure
presents the cumulative particle shape factor distributions of the four particle populations.
All the lines show a high degree of correlation, although less than the density distribution and
more than size distribution.

Table [7.4] summarises the weighted measurement differences per particle class with the
largest population as reference. The values do not have physical meaning and are used for rela-
tive comparison. From this table it could be seen that all three particle property distributions
are influenced with density slightly more affected. From Table [7.4] the decreasing number of
particles that were analysed indicated that the most significant drop in consistency occurred be-
tween 4922 and 2501 particles. The ideal will be to analyse close to 5000 particles but definitely
more than 2500 particles. The limitation on the amount of particles analysed is analysis time.
A balance between short analysis times and consistent analysis results are therefore required.
A standard of more than 2500 particles was chosen for this study with the typical number of
analysed particles around 3800 to 4000. Although the variation in particle population size in
Table [7.4] was less than for block preparation in Table [7.3] it still provided a guideline for the
particle population size required not to introduce additional analytical bias. All these errors
are cumulative in nature and where possible, it should be minimised. The variation in the
block preparation procedure was double that of particle population variation for small pop-
ulations when comparing values in Table [7.3] and Table [7.4] This illustrates the importance
of accurate physical sample preparation procedures. Qemscan® program selections and data
processing parameters, such as particle population size, grid size, and counts per second can all
be easily modified and repeated to increase the quality of the data, but sample block quality is
determined by its once-off preparation (splitting, mixing, setting and polishing).
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Figure 7.3: Comparison of different particle population sizes.
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7.3 Qemscan® Analysis

Qemscan® is an automated mineralogical analyser commonly used in the mineral processing
industry to determine mineral composition. In this study Qemscan® was however utilised as
a particle analyser, linking textural (size and shape) and compositional (mineral and density)
data to individual particles. The sample block presented a two dimensional view (cross section)
of the particles to Qemscan®. From this cross section Qemscan® produced a two-dimensional
compositional image, see Figure page , (from reflected light, backscattered electrons and
energy dispersive x-ray) that is converted to a numerical list of three-dimensional particles that
is used for calculations and interpretations. Qemscan® software does consider the stereological
effect in the assignment of a diameter to the particle (Intellection 2009). There are numerous
articles discussing the theory behind stereological corrections (gay2004; Gay and Keith 2001]).
It is, however, not the purpose of this investigation to validate Qemscan® two-dimensional
to three-dimensional conversion, neither to demonstrate the statistical basis of the process.
This investigation validated Qemscan® particle characterisation output with comparison to
other methods and used this data to develop and validate an enhanced analysis method to
better understand spiral separation performance. The next three sections briefly explain the
method of quantifying particle properties such as size, density and shape. Particle shape was
not applied in the interpretation of the spiral separation performance results but it was utilised
in the validation of Qemscan® particle characterisation results. The apparatus used in this
study is described in Table [7.5]

Table 7.5: Particulars of the Qemscan® apparatus used in this study.

Product Qemscan® 4300 on Zeiss Evo 50 SEM platform.
Detector type Bruker Xflash

X-ray data resolution 5pm point spacing

Accelerating voltage 25kV

Specimen current 5nA

7.3.1 Particle Size

A combination of reflected light and backscattered electrons in the Qemscan® analysis chamber
provides the particle outlines due to their contrast with the carbon-resin mixture in which it
was set. These two dimensional images (surface area and surface shape) contain sufficient infor-
mation to assign a particle diameter to each individual particle with the assistance of processing
software within Qemscan®. The outcome from this process is a list of unique particles each
with its assigned diameter. Stereological relationships contained within the software convert
the area of the particle into particle volume. The mass of the particle is dependent on the
density of the particle, which is discussed next.

7.3.2 Particle Density

Qemscan® measures particle density by dividing the intersected particle surface into a user-
defined grid pattern (for this study a 5 x 5pm grid was selected). The elemental composition
of each grid block is determined by energy dispersive x-ray captured by Qemscan® detectors.
The elemental composition is converted to mineralogical composition by a specie identification
protocol (SIP) file. Each mineralogical composition will have its matching density in the soft-
ware system. The final density of the particle is the weighted average of all the individual grid
block analyses. Once the particle density is known the particle volume can be converted to
particle mass. The outcome from this process is a list of unique particles, each with its assigned
particle diameter, density and mass.
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7.3.3 Particle Shape

During particle size determination the surface of the particle become available. The perimeter,
longest axis and shortest axis of the particle surface are also available. From surface perimeter
and surface area a basic particle shape factor, explained by Equation[2.7, page[36] is determined.

7.4 Qemscan® Analysis Requirements

Since the particle attributes of size and density from Qemscan® were used in the study and
not just the total mineral composition, it required a detailed look at all the parameters that
could possibly influence particle characterisation integrity. A list of requirements were devel-
oped that enables the user to minimize artefacts from Qemscan® application in this enhanced
characterisation method.

7.4.1 Sample Block Preparation Consistency

As discussed in Section the reproducibility of the particle characterisation output data
from the same head sample is paramount. The block preparation method will also include
the bias from the micro splitting method and might need to be evaluated separately. The
evaluation method used in this study can be applied as a guideline to ensure that the total
sample preparation bias is measured and minimized as far as possible.

7.4.2 Particle Population Size Selection

As discussed in Section the selection of the number of particles to be analysed needs
consideration. Smaller particle populations will allow for faster analysis times with insignificant
compositional variances. However, when particle characterisation outputs from Qemscan® are
pursued it will require the user to select a minimum of 2500 particles to be analysed to ensure
consistency in Qemscan® output.

7.4.3 SIP-file Development

The SIP-file (specie identification protocol) is the term used in Qemscan® terminology to
describe the relationship between mineral data and analysed elemental data. This relationship
is used to convert the raw output from electron detectors to mineral output. It is therefore
important that this relationship is correct to ensure the correct mineral data output and correct
interpretation. The SIP-file is developed and validated with other analytical methods such as
X-ray diffraction, X-ray fluorescence, induced coupled plasma (ICP) and iron titration. These
analytical methods were previously performed to confirm the accuracy of the SIP-file that was
used in this study, and this validation data does not form part of this study. Without a tried
and proven SIP-file, the outputs from Qemscan® are subject to error. The accuracy of the
SIP-file can be measured with a correlation analysis done on the back calculated chemistry
from the mineralogy (after SIP conversion) and the chemical assay from XRF or ICP. If the
correlation is poor it implies that the SIP-file is inadequate and unable to convert the EDX
spectrum to the correct mineralogical composition. A SIP-file might be accurate for one type
of mineralogy (location dependant) and inadequate for another. For this reason SIP-files are
developed and refined for specific deposits. New deposits are usually analysed with generic
SIP-files before the detail development can commence.
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Figure 7.4: Visual presentation of particle de-clustering. (Particle cluster caused by setting par-
ticles in resin (a) and particles de-clustered after processing with Qemscan® touching particles
pre-processor (b).)

7.4.4 De-clustering of Particles

The textural data from Qemscan® need to be ’corrected’ to characterise particle size. The
discrepancy occurs during the sample preparation process. During setting of thousands of
particles in resin there are many instances of particles that are touching each other. Qemscan®
would not recognize that these particles are not individual particles and see it as a single large
particle with an abnormally large particle diameter and irregular shape with a weighted mineral
density of all the particles present in the particle cluster, as shown in Figure [7.4]

To overcome this problem the particle information firstly had to be processed and saved
in the particle manager (Qemscan® software) after ripping the clusters apart "digitally" as
far as possible so that the analysis represents single particles. The de-clustering process can
increase the number of analysed particles from 2000 up to 3500 particles, thus increasing the
particle population significantly. Excessive de-clustering will alter the true size distribution and
create small artefacts. These artificial particles can be filtered out. The particle shape trends
of the population before and after the de-clustering process assist the operator in selecting the
correct settings. There is also an option to identify touching particles that are suspect in the
sense that they might not be reflecting the true nature of the sample but rather a preparation
artefact. These particles could be selected and removed from the population. An example
of this phenomenon can be seen in Figure where the red and yellow particles are closely
touching. The chances of these two particles being naturally cemented as indicated is highly
improbable, and it could therefore also be excluded from the particle population during the
de-clustering and correction process. After the correction process, that was de-clustering and
raw particle-by-particle data export, the "picture" output is converted to a numerical output
- a list of approximately 3500 particles, each particle with its unique mass, diameter, density
and shape factor.

The number of touching particles can be reduced through the addition of carbon in the
resin during the sample block preparation step, but this will also limit the number of particles
that are exposed on the surface of the sample block.

7.4.5 Mineral Density Confirmation

Qemscan® software requires the user to specify the densities of the primary mineral phases as
contained in the SIP-file. These densities are used to convert an analysed particle surface to
particle mass. It was therefore important that the correct densities are used as supported by
various sources in literature (Webmineral [2014; Mindat|2014)) to ensure that the mass conversion
was done correctly and that the particle density calculation was accurate.
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7.4.6 Exclusion of Ultra-fine particles

During sample block polishing some particle fragments are physically ripped off from larger
particles, but remains behind in the resin of the polished block and are also analysed. Since
all the samples were wet screened at 45 pm and subjected to sink-float analysis with TBE it is
highly unlikely that there would be particles smaller than 45 um. This artefact increases the
ultra-fine particle population. To overcome this problem, Qemscan® software allows the user
to specify a particle size threshold below which particles will not be analysed and excluded from
the particle population, or the particles can be removed afterwards. In this study all particles
smaller than 45 pm were ignored and excluded from the particle population. The effect of this
artificial fine particle population is demonstrated in the next section.

7.5 Qemscan® Particle Size Validation

7.5.1 Method Background

A Qemscan® size distribution was compared with one determined with the standard screening
method to validate Qemscan® particle size measurement. Standard screening utilises 150 to
200 g of sample on a sieve shaker using standard Tyler series screens (200 mm diameter) and
separates the sample into sized mass fractions. The laboratory sieve shaker unit, discussed in
Section [2.5.1] was utilised to determine the particle size distribution. The screen measures the
smallest particle dimension, where a slightly elongated particle would pass vertically through a
square hole if sufficient time was given to reach that specific orientation.

7.5.2 Validation Results and Discussion

Figure[7.5illustrates two particle size measurement methods, standard screening and Qemscan®
analysis, performed on a THM sample from Material 1. Other heavy mineral sample types such
as final products (ilmenite, zircon, rutile), quartz and different magnetic fractions were also
evaluated in a similar manner. The particles were de-clustered as described in Section [7.4.4]
A sufficient number of particles were analysed (2899 particles) to exceed the minimum number
of particles (2500). Mineral densities within SIP-file were evaluated and confirmed on all the
mineral species with a compositional percentage greater than 0.5% in the different samples
evaluated. The SIP-file was confirmed with a high degree of correlation between chemical assay
and calculated assay from Qemscan® mineralogy. Sample block consistency was checked and
confirmed as discussed in Section[7.2.1] Note that the fine particle population was not removed
and its influence is demonstrated and discussed.

In Figure the screen distribution shows the sharpest gradient. Qemscan® distribution
and screen distribution intersected close to the Dy value. Qemscan® distribution indicated a
larger fine particle population with 10 % minus 75 pm, while the screen showed no minus 75 pm
particles. Qemscan® distribution also indicated a larger coarse particle population with 10 %
plus 210 pm, while the screen showed only 3 % plus 210 pm particles. These trends were similar
for the other samples evaluated.

Considering the fine particle population in Qemscan® distribution: setting spheres with
equal diameters in resin and cutting them at various diameters, depending on the depth from
the surface, it would produce a population of spheres with diameters smaller than the original
spheres. The size distribution that was produced would be finer than the original population
of equal sized spheres since in most cases the sphere would not be cut at its maximum possible
diameter as indicated in Figure [7.6al This effect is commonly referred to as the iceberg effect.
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Figure 7.5: THM particle size distribution comparison between Qemscan® and screening.
(Sample = Total heavy mineral, Qemscan® on 2899 particles)

The effect was more prominent in high-density resin mixtures, since the second layer of particles
would just start to be intersected before the top layer of particles was intersected in the middle.

A second aspect to consider is that during sample block polishing some smaller particles
are physically ripped off from large particles but remain behind in the resin of the polished
block and are also analysed. Most of the samples analysed by Qemscan® indicated up to
4% minus 45 pm, which was highly unlikely since the sample was de-slimed at 45 pm and fine
particles would also remain behind in the heavy liquid medium that was used to do the sink-
float analysis prior to sample block preparation. These particle fragments artificially increase
the finer particle population, but had little effect in terms of shifting the PSD finer because
the mass percentage contribution of these particles is small. The above mentioned two reasons
caused Qemscan® Dy to be significantly smaller than screening Dyg.

Screening, on the other hand, allows bigger dimension particles to go through the square
wire mesh, especially with egg or elongated particle shapes, while that is not the case with
Qemscan®. Qemscan® assigns a particle diameter based on equivalent spherical diameter.
Figure illustrates this difference in particle size due to particle shape. This caused a larger
Dy, value for Qemscan®. The larger Dgy and smaller Dy, value resulted in a less steep slope for
Qemscan® distribution compared to screen distribution. The two lines are crossing somewhere
between D4y to Dgy in almost all the samples that were evaluated. The more rounded the
particles are, the less the Dgg will differ although there will always be smaller particles because
of the sample preparation method.

In the case of quartz particles that are more irregular with sharper edges, Qemscan® can
have a finer size distribution for coarser particle populations than screening. Figure demon-
strates the effect of particle shape on screen diameter and Qemscan® diameter. The more
irregular and sharp the particles are the less the differences with larger particles. Figure [7.7]
demonstrates how Qemscan® correlated better with coarse particle populations for sharp edged
particles. The iceberg effect is still applicable causing Qemscan® to show an increased finer
particle population. The iceberg effect will also be more prominent with sharp edged particles
as opposed to rounded particles.

The effect of particle shape was further investigated by identifying a sample with little to no
shape variation, which was a spherical ferrosilicon sample with narrow size distribution. Figure
demonstrates the particle size distribution of this spherical ferrosilicon sample as measured
by Qemscan® and screening. The large difference in the fine particle population (15 % difference
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Figure 7.6: Qemscan® size distribution errors due to different factors.
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Figure 7.7: Quartz particle size distribution comparison between Qemscan® and screening.
(Sample = Quartz, Qemscan® on 2870 particles)
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in the minus 751um) and relatively small difference in the coarser particle population confirm
the arguments in the previous paragraphs. The different intersection depths in the spheres
produced finer particles that explained the finer population. Since the particles analysed were
almost perfect spheres the screen did not ’allow’ larger egg-shaped particles through (there was
none) creating a similar coarse particle population to Qemscan®.

The bottom size of the ferrosilicon sample was known to be 75 nm. This correction was made
to the Qemscan® distribution by removing the artificial fine particle population. Figure [7.8b
illustrates the same distribution from Figure[7.8a] but without the particles smaller than 75 pm.
This correction resulted in a close correlation between Qemscan® and screen size distribution,
as shown by Figure [7.8d

Since particle shape plays an important role in the explanation of particle size distribution
differences between screening and Qemscan®, particle shape factor distribution was drawn up to
illustrate the shape differences. Figure demonstrates the differences in particle shape factor
distribution of the different materials used to compare the sizing methods. Clear differences
are visible.

The effect of particle shape on Qemscan® and screen size distribution was further investi-
gated by considering a larger population of heavy mineral and quartz samples. The aim of this
evaluation was to determine if there is a consistent particle shape relationship that would dif-
ferentiate the heavy mineral particles (more rounded) and quartz particles (more sharp edged)
from each other. Before the data was plotted the fine particle population (artificial small par-
ticles) was removed. Figure demonstrates the results of this comparison and is plotted in
similar manner as in Figure [7.8d

Data points above the correlation line imply that Qemscan® size is larger than screening
size. Points below the line indicate that Qemscan® size is smaller than screening size.

A clear distinction between the heavy mineral samples and quartz samples can be seen in
Figure This difference is primarily explained at the hand of particle shape differences as
illustrated in Figure where the quartz particles are shown to be less rounded than compared
to heavy mineral particles.

For heavy mineral particles the screen analysis showed a finer particle size distribution
compared to Qemscan®. This effect is easily explained by the fact that most heavy mineral
particles were closer to 'egg shapes’ as opposed to 'rounded balls’. This egg shape would be
measured by the screen on its shortest diameter passing vertically through a square hole while
Qemscan® would intersect the egg shaped particles at different angles that would present larger
particles. Refer to Figure [7.6D]

For the quartz mineral particles the screen analysis showed a coarser particle size distribution
compared to Qemscan®. This effect is easily explained by the fact that most quartz mineral
particles were less rounded with sharp edges. These sharp edges would hinder the particle to go
through square wire mesh. Qemscan® measured the intersected particle and the sharp edges
will be less prominent in the calculation of the particle diameter. Refer to Figure [7.6c]

A close correlation between screening and Qemscan® size analysis could be achieved if
the controlling parameters were well understood. The first influence of particle shape was
addressed by using highly spherical ferrosilicon particles. The second influence of artificially
fine particles was addressed by simply removing them from Qemscan® population since the
sample was screened beforehand to remove any small particles. The conclusion from this size
analysis method comparison and shape effect investigation is that Qemscan® size distribution
did reflect a true particle property distribution and not just an analytical artefact. Qemscan®
sensitivity for wide particle size ranges should be noted especially for particles larger than
300 pm. Qemscan® particle size distribution accuracy can be improved by screening into two
size fractions and preparing a fine and coarse sample block for Qemscan® analysis.
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Figure 7.8: Ferrosilicon particle size distribution comparison: Qemscan® vs screening. (Sample
= Spherical ferrosilicon, Qemscan® on 2625 particles)
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7.6 Qemscan® Density Validation

7.6.1 Method Background

The density of individual particles could not be measured during this investigation and only
particle classes were measured. The density of a particle class was measured by means of alcohol
displacement in a small volumetric flask. Particle classes with different densities were produced
by final product samples, such as zircon, rutile, and ilmenite as well as various gravity fractions
using shaking table. These samples were measured as a whole through alcohol displacement
and compared with Qemscan® density that was derived from the weighted average of all the
measured individual particles. The alcohol test for determining density is well known and
showed a reasonable degree of repeatability. There was also a significant difference in the
population size being measured between the two methods. Qemscan® density was determined
by the analysis of 2500 to 3000 particles equating to 2 to 3mg of sample, while the density
measurement makes use of between 50 and 100g. This is more than 3 orders of magnitude
difference in mass.

Another method that was used to evaluate the consistency of Qemscan® density measure-
ment was to fractionate a sample by means of a spiral to vary the mass split and density in
each individual split. The density of each mass fraction was measured separately by means of
alcohol displacement and Qemscan® . The weighted sum of all the density fractionated samples
for a specific test had to correlate back to the head sample density for all the spiral tests since
the same head sample was used in each case.

Particle porosity is an attribute that can cause discrepancy between alcohol displacement
and Qemscan® density. Alcohol displacement is a wet method and displaces any air that is
entrapped in the pores, cracks or crevices of the particles, while Qemscan® assumes a crys-
talline particle with the density of the analysed mineral. Qemscan® also analyses the inside
of the particle and any surface porosity effects are ignored. The assumption was made in this
investigation that particle porosity effects can be neglected based on the nature of the material
that was used. The mineral sand sample was crystalline with limited to no porosity effects.
If the Qemscan® density method is applied to a porous material, this effect needs to be well
quantified beforehand.

7.6.2 Results and Discussion

Figure demonstrates the correlation between Qemscan® density of particle classes as
weighted averages of all analysed particle densities and the measured particle density by means
of alcohol displacement

Table 7.6: Comparison between Qemscan® and wet density measurement. (Back calculated
head feed density for various gravity fractionated samples. C.V. = coefficient of variation)

Measured Density Qemscan® Density

g/cm’ g/cm?
Test 1 4.13 4.23
Test 2 4.27 4.21
Test 3 4.34 4.20
Test 4 4.26 4.21
Test 5 4.29 4.21
Avg. 4.26 4.21
Std. Dev. 0.08 0.01
C.V. 0.018 0.0026
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Figure 7.11: Comparison between Qemscan® and wet density measurement for various samples.
(All Qemscan® samples were analysed with more than 2500 particles, 11 different product
samples; 35 gravity fraction samples.)

The tests in Table [7.6] were gravity separation tests utilising the same head sample. The
values in column 2 were measured with alcohol displacement measurement. The results in
column 3 were back calculated from Qemscan® measurement. The numbers should be similar
since the same head sample was used in each case.

Although the particle density could not be directly compared and validated, the comparison
of measured particle classes density and Qemscan® weighted particle density did contribute to
the investigation. Figure indicates that the densities are comparable although it could be
improved by carefully investigating the assigned mineral densities used in Qemscan® software.
The consistency of Qemscan® density measurement was significantly better compared to the
alcohol displacement density measurement as seen in Table [7.6]

The values from Qemscan® were comparable for the different head samples, while the other
density measurement method showed a higher degree of variance. The density attribute is
important since this number is used to convert the volume estimate to particle mass. If the
densities were not comparable it would be advised to update Qemscan® software databases
before any other analysis work continued. It could be concluded from this investigation that
the density numbers from Qemscan® did correspond with actual measurements and could be
applied in the characterisation of this specific material under investigation.
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Chapter 8

Data Presentation Methods

The purpose of this chapter is to explain the data presentation method that was improved and
applied in this study as well as the rationale behind it. The same separation attributes of yield,
recovery, grade and separation efficiency were used in the same format as discussed in previous
chapters.

8.1 Ideal Equation Fit

One of the standard methods to present data is using a straight line connecting test-work data
points. Any test-work error will force the data trend into a specific direction, which is not
desirable. The ideal when plotting test-work data is to have a mathematical equation that can
be accurately and consistently fitted to test-work data points to describe the phenomenon that
is being investigated. There are many equations that can be used to fit series of data points,
but these may not be consistent over the different test-work conditions that were applied in the
investigation. Its area of applicability may be very small and will require recalibration once
the operating area has shifted. This is typically the nature of an empirical model. The ideal
equation is one that describes the physical performance or separation behaviour of the process
under investigation. This implies a model of a more fundamental nature. Such a relationship
needs to be supported by large amounts of test-work data and/or fundamental analysis before
it can be accepted as an equation suitable to fit test-work data.

8.2 Holland-Batt Spline Function

Holland-Batt (1990) proposed a combination of two simple equations to fit spiral recovery data
in 1990. A simple power law equation and a linear equation were combined and it was referred
to as a double-spline function (Equation . This function could be fitted effortlessly to all
the yield-recovery data from this writer’s test-work as well as spiral test-work data from other
researchers. All of the test-work data from this investigation could also be fitted reasonably
well using this function. The benefit of this relationship is that it provides structure to the data
within which outliers can be easily identified, investigated and explained. It furthermore gives a
continuous relationship over the entire yield range. Once a continuous expression was available
for the yield-recovery relationship, the yield-grade and yield-efficiency relationships could also
be calculated and plotted continuously over the entire yield range. Figure provides an
illustration of the Holland-Batt equation fitted on the yield-recovery data from one of the tests
in this investigation.
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Figure 8.1: Double-spline Holland-Batt equation fitted to test-work data.
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r — min (ay, 100 (%)b) (8.1)

SR =

8.3 Enhanced Holland-Batt

Although the Holland-Batt double-spline shows reasonable fits to test-work data, the fit can
be improved. This is especially true at the transition point from the linear section to the
power law section, as illustrated in Figure [8.1, Four improvements were made to the Holland-
Batt equation to streamline the entire equation fitting process with regards to accuracy and
calculation speed. These improvements are a polynomial fit for the transition zone, Excel Visual
Basic programming for user friendly application of equation, automated fitting of parameters
to test-work data using Excel Solver and plotting low-density lines. These improvements are
discussed in the following sections.

8.3.1 Polynomial Fit for Transition Zone

The yield-recovery curve can be divided into three zones, namely the grade zone, the transition
zone and the decay zone, as illustrated in Figure [8.2a] The grade zone is primarily defined
by the number of high-density particles that are concentrated at the inner side of the spiral
trough and is described by the straight line portion of the spline. An increase in the number of
high-density particles would result in a decrease in the gradient of the straight line and a greater
part of the spline would be presented by the straight line. The decay zone that is described
by the power law is the result of higher density particles remaining in the bulk of low-density
particles demonstrating a steady decrease in concentration. The decay zone is influenced by the
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Table 8.1: Enhanced Holland-Batt triple-spline formulae and parameter limits for high-density
material fractions.

Spline Segment Formula Parameter Limits

Linear min(y) = ay 1 <a< 100

Polynomial Tool(y) = dsy® + doy* + diy +dy 0 <c < [a(lOO(b’l))]bfll
for 0 <y < 50

0 < ¢ < 100 — [a(100¢—)]51
for 50 < y < 100
Power Law Ppow () = 100(3%5)" 0.001 < b < 1

sum of all the factors that could inhibit movement of high-density particles into the grade zone.
Influencing factors may include increased throughput, increased solids concentration, increased
viscosity (slimes content) and increased concentration of medium density particles. Since these
two zones are completely different in nature and in the separation mechanism involved, there
is naturally a transition zone between them. The gradient of the curve in the transition zone
would be less than that of linear segment, but greater than the gradient of the power law. The
suggested enhancement to the Holland-Batt equation is to fit a third order-polynomial function
between the linear and power law functions.

The gradient of the polynomial function must match the gradient of the linear segment on
the left side and match the gradient of the power law on the right side. This way there would
always be a smooth transition between the two main separation zones. This enhancement
results in a triple-spline that is made up by a linear segment, a polynomial segment and a
power law segment. The width of the transition zone can be varied to improve the quality of
fit.

The data points surrounding the transition point in Figure are enlarged in Figure [8.2b
to demonstrate the different equations used to determine the most suitable parameters to fit the
triple spline to test-work data points. The coefficients of the third order-polynomial equation
are solved using the relationships with the linear and power law segments. The result of all the
calculations is summarised with Equation [8.2]

Considering Figure [8.2D] the triple spline for the high-density particles is a combination of
the three curves. The three parameters that describe the triple spline for high-density fractions
are a, b and c¢. The formulae for the three segments and the limits of the parameters are
provided in Table

Parameter ’a’ describes the gradient of the linear segment that always starts from the origin
(0,0). This part is primarily influenced by the grade of the particle class it represents. The
higher the grade of the particle class the lower the gradient. This parameter is constrained at
the y-axis and the gradient is rarely greater than 100 (based on experience) and cannot be less
than 1. If the gradient is 1, no separation occurs with regards to the particle class it represents.
If the gradient is less than one it is described by the low-density triple spline, with its origin at
(100, 100). This is discussed in Section [8.3.4]

Parameter b’ is the coefficient of the power law. This part of the spline is primarily influ-
enced by the decaying nature of high-density particles that are distributed among other particle
classes towards the outer edge of the spiral. The higher the coefficient the more the dilution of
the particle class into the bulk material and the lower the separation efficiency. This parameter
is constrained at the recovery = 100 % line, which is close to 0.001, and at the zero separation
line, which equates to a value of less than 1. This curve always ends in the (100,100) point
where 100 % of the particle class is recovered in 100 % of the mass. From a recovery point of
view this parameter has the strongest influence on the high-density spline.

Parameter ’¢’ is the half distance of the transition zone. The transition zone is the portion
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Figure 8.2: Enhanced Holland-Batt triple spline for high-density material.
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of the spline that is described by neither the linear segment nor the power law segment, but
rather by the third-order polynomial. The purpose of the curve is to ensure a smooth transition
between the linear and power law segments. The higher this parameter the larger portion of the
spline is described by the polynomial segment. The parameter is constrained so that it cannot
exceed the value of y...ss and cannot be zero or less than zero. If ¢ is larger than y.,..ss the spline
does not contain a linear segment and does not pass through the origin for y-values smaller
than 50. For y values greater than 50, ¢ may not exceed the value of 100 — ¥..0ss Since then
the power law segment is absent and the spline function does not pass through the (100, 100)
point.

Tlin (ycross) - Tpow (ycross)
_1
Ycross = [CL (100[}71)] ot
The four unknown parameters dy, di, do and ds in rp01(y) can be solved for the conditions where

Tin(y) and rpow(y) join rpa(y) exactly. With reference to Figure [8.2bl the first joining point
(y1, 71) is where the values and gradients of 7, (y) and r,01(y) are equal:

At point (yq,71) : Tiin (Y1) = Tpol (Y1)

dT in dT o , ,
and dgl; (y1) = d;l(yl) (or (Y1) = Tpol(yl))

At the second joining point (ys, 72) the values and gradients of 7o (y) and rp(y) are equal:

At point (yq,72) : Tpow (Y2) = Tpol (Y2)
d?" ow d?“ 0.
and dl;/ (y2) = d; 1 (12) (or T;ow(yQ) = T;ol(yQ))

These two conditions result in four unknowns (dy, di, ds and d3) and four equations as illustrated
below:
r(y1) = dsy; + doyi + diyy + do = ay

T’(yl) = Sdgyf + 2d2y1 + d1 =a

b
r(y2) = dsys + doys + diyo + do = 100 (%)

v (y) = 3dsy? + 2doys + dy = 1000 Dy Y

This is a system of linear equations in d; that can be solved by matrix algebra. The four
equations expressed in matrix notation are presented below:

yvi v v 1] [ds ay

3y 2y; 1 0| |do a

v e 1| |di| | 100 ()"

3y; 2y» 1 0] Ldo 10001=0)py P
Yd=r

The system can be solved by using the matrix inverse as follows:

d=Y'r
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Figure 8.3: Permissible separation envelope for high-density line (indicated in grey).

Combining all the information, Equation [8.2]supplies the three curves for the high-density triple
spline.

rlin(y) = ay, it 0 S y < (ycross - C)
T(y) = rpol(y) = 3y3 + d2y2 + dly + dOa lf (ycross - C) S ) < (ycross + C) (82)
oo () = 100 (%5)" if (Yeross + ¢) < y < 100

8.3.2 [Excel Visual Basic Programming

The combination of the three spline sections and the simultaneous adjustment of the different
parameters involve a large number of calculations in Microsoft Excel. All these calculations
were programmed in a Visual Basic module in Excel. The result is a user-defined function that
is selected and only three parameters are specified. The first parameter is the gradient of the
straight line (parameter 'a’), the second is the exponent of the power law (parameter ’b’) and the
third is the half-width of the transition zone (parameter ’c’). All the calculations are done in the
background, which makes it user friendly and keeps the data sheets dealing with large volumes
of data neat and clear. The Visual Basic programming for the high-density line can be seen
in Appendix page [I59] The limiting conditions for the permissible envelope of separation
were also considered and programmed to ensure a robust function over the entire range of
possibilities. An error message guides the user if spline parameter values are specified that cause
it to go outside the permissible separation envelope. The permissible envelope is limited on the
right side by the zero separation line that intersects the origin and the (100,100) point. The
envelope is further limited on the left side by the theoretical grade line (recovery = gigge X yield)
as well as the recovery = 100 horizontal line. Figure 8.3 shows this envelope.
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Table 8.2: Enhanced Holland-Batt triple-spline formulae and parameter limits for low-density
material fractions.

Spline Segment Formula Parameter Limits
Linear ria(y*) = ay* 1 <a <100
Polynomial Ty’ = ds(y*)® + do(y* ) + di(y*) +dy 0<c< [a(lOO(b’l))]ﬁ

for 0 < y* < 50
0 < ¢ < 100 — [a(100¢—1)]1
for 50 < y* < 100

Power Law 7o () = 100(45)° 0.001 <b< 1

pow

8.3.3 Automated Fitting with Excel Solver

Selecting the three spline parameters (’a’, b’ and ’¢’) for the three spline sections to yield the
best fit to test-work data can take thousands of iterations and may be counter intuitive to the
user. Different users can also have different parameter selection results on the same test-work
data set. Therefore the Excel Solver facility was programmed in Excel Visual Basic to select
the set of parameters that would produce the best fit to test-work data by minimizing the
differences between the triple spline and the test-work data points. Equation provides the
function that should be minimised in the Excel Solver by changing parameter b’ first followed
by parameter ’a’ and ’¢’ for the fitting of the high-density spline (7 data points available for
fitting). For the low-density spline, parameter 'a’ is changed first, followed by 'b" and ’¢’. The
parameter limits, demonstrated in Table and Table [8.2] should be added to the constraint
list of Excel Solver. This curve fitting process takes only a few seconds after initiating the
Solver programme and many data fits could be done in a short period of time.

7

sum of squared errors = Z (7 (actual) — Ti (spline))2 (8.3)
i=1

8.3.4 Plotting Low-density Lines

In almost all relevant literature references (Henderson and MacHunter [2003; Richards and
Palmer 1997; Holland-Batt |1995) only the high-density lines are plotted and the low-density
lines (FLT) are omitted and as a result not fitted. The position and consistency of the low-
density lines were crucial for this investigation since it represented the bulk of the mass on the
spiral (80% plus) and a small movement in these lines would result in a significant influence
on mass yield. The Holland-Batt equation was further enhanced to accommodate low-density
lines. The power law had to be mirrored to the (100,100) point as the new origin for the
power law to function correctly. The only two differences compared with the calculations of the
high-density line is that (y) becomes (y*) and (r) becomes (r*). The two mirror equations are
shown by Equation . The recovery mirror equation is applicable to all three sections (linear,
power law, polynomial) of the low-density spline. The mirror equations are also applied to the
boundary conditions. The result of this replacement can be seen in Table

Yield * =100 —
Mirror { Y Y (8.4)
Recovery r* =100 —r

As expected the low-density fit is dominated by the grade zone, with the grade zone of the
low-density particles located on the outside of the spiral. Figure demonstrates the different
spline sections for a low-density line and Figure [8.4b] supplies the detail of the different lines
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in the transition zone. The permissible separation envelope for the low-density line is also
significantly smaller, see Figure [8.5] since it represents the bulk of the mass on the spiral.

The parameter descriptions for the low-density spline in comparison with the high-density
spline parameters are as follows: Parameter ’a’ still describes the gradient of the linear part of
the spline, but starts from the (100, 100) point. This part is primarily influenced by the grade
of the low-density particle class it represents. This parameter is constrained at the yield = 100
line and the gradient is rarely greater than 100 and cannot be less than 1. From a recovery
point of view this parameter has the strongest influence on the low-density spline.

Parameter ’b’ still describes the power law coefficient. This parameter is constrained at the
recovery = 0 line, which is close to 'd” value of 0.001 and at the zero separation line, which
equates to a 'b’-value of just less 1. This curve always ends in the (0,0) point where 0% of the
particle class is recovered in 0% of the mass.

Parameter ¢’ still describes the half distance of the transition zone, same as for the high-
density spline. The parameter is constrained that it cannot exceed the value of ...ss and cannot
be zero or less than zero. The same boundary conditions apply as with the high-density spline.

The result of all the calculations is summarised with Equation [8.5| The Visual Basic pro-
gramming for a low-density line can be seen in Appendix [C.2] page [I61

i (y) = ay*, if 0 < y* < (Yoross — €)
T'(y) = rf)ol(y*) = dS(y*)3 + dQ(y*)z + di (y*) +do, it (ycross - C) <yt < (ycross + C) (85)
* b .
Fhow(y™) =100 (&), if (Yeross +€) < y* < 100

8.4 Summary

The following list is a summary of the main points from this chapter.

e This data presentation method (curve fitting) is robust and is supported by large amounts
of curve fits on test-work data from many other researches as well as the test-work data
from this investigation.

e The mathematical equations used are simple with only three parameters (a, b, and c).
These triple spline parameters can also be correlated well to spiral separation behavior
(grade, decay and transition).

e The enhancements made to the Holland-Batt equation in this study have considerable
benefits when dealing with large amounts of data, and they also improved the accuracy
and calculation speed of the fitting process. This enhanced method is applied in the
presentation of the test-work data in the chapters to follow.
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Figure 8.4: Enhanced Holland-Batt triple spline for low-density material.
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Figure 8.5: Permissible separation envelope for low-density line (indicated in grey).
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Chapter 9

Feed Material Characterisation

Feed material characterisation aims to improve understanding of the material to be processed,
in this case by the spiral. If the different feed materials are well characterised, it will be
beneficial in understanding and explaining separation behaviour differences that are observed.
This chapter aims to illustrate the information that is typically made available after standard
feed characterisation techniques were applied (first part) and then to compare that with the
information that is made available after enhanced feed characterisation techniques were applied
(second part)The significant character difference between the two feed materials used in this
investigation is demonstrated in this chapter.

9.1 Standard Feed Characterisation

Usually a sink-float analysis is performed on the feed material followed by a chemical analysis
of the sink (THM) fraction. The elements from the chemical analysis are usually assigned
to specific minerals based on historical data from the specific deposit. For example 5% of the
titanium is assigned to rutile while the rest is assigned to ilmenite. All the zirconium is assigned
to zircon. A more thorough standard feed characterisation will consider a mineralogical analysis
on the sink fraction followed by a particle size distribution on the sink and float fractions. Table
9.1| presents the data from standard characterisation methods applied to material 1 and 2.

Table 9.1: Standard characterisation of the two feed materials.
Material 1 Material 2

Particle size:

D5 of the sink fraction pm 140 120

D5 of the float fraction pm 200 220
Mineralogical composition:

Slimes content mass% 3.5 6.1

Total heavy mineral content mass% 13.9 12.6

9.1.1 Particle Density (sink-float)

The sink-float analysis of the two materials gave similar THM values. The method discussed
in Section 2.5.1] page [34 was used. Material 1 has 13.9% heavy minerals and Material 2
has 12.6 %. There are however significant differences between the minerals present and their
respective densities. Table illustrates the density differences between the two materials.
The mass weighted density indicates significant overall density differences between the two
materials. From this analysis a significant separation behaviour difference is expected since
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the density difference between the THM and FLT (quartz) gives an indication of the level of
interference in the transition zone of the spiral trough. The greater the density difference the
less the interference. Therefore it is expected that Material 1 will separate more efficiently than
Material 2.

Table 9.2: Density differences between materials 1 and 2 based on mineralogical composition.
Material 1 THM Mass % Density Material 2 THM Mass % Density

Zircon 4.0 4.63 Zircon 6.3 4.63
Rutile 2.2 4.15 Rutile 5.7 4.15
Leucoxene 6.7 3.85 Leucoxene 1.3 3.85
Ilmenite 47.8 4.37 Ilmenite 20.1 4.37
Altered ilmenite 174 4.30 Ti-Hematite 3.3 4.60
Goethite 14.6 3.60 Garnet 17.8 3.95
Iron oxides 4.6 4.60 Clinopyroxene 34.4 3.25
Monazite 1.6 4.80 Others 11.2 3.55
Others 1.2 3.55

Weighted density 4.22 Weighted density 3.82
Total THM content 13.9 Total THM content 12.6

9.1.2 Particle Size

Standard screen analyses were conducted on the sink (THM) and float (FLT) fractions. The
method as discussed in Section on page [35| was applied. Figure[d.I]and Figure[9.2illustrate
the particle size distribution of Material 1 and Material 2. The D5y difference between the
THM and FLT fractions for Material 1 is around 60 pm. For Material 2 this difference is more
pronounced at 100 pm. It is expected that a smaller size difference between the low-density and
high-density material would improve separation between the two fractions on the spiral trough,
since the influence of particle size will be less pronounced while particle density will be more
pronounced.

The fraction of particles larger than 300 pm also differs significantly for the two material
types. Material 1 contains almost no +250 pm in the THM fraction and contains around 10 %
+300 pm for the FLT fraction. Material 2 contains around 12 % +250 pm in the THM fraction
and contains around 22 % +300pm for the FLT fraction. It is expected that the increased
coarse fraction (+300pum) would hinder effective separation since the coarse particles tend to
be circulated back to the concentrate band by secondary fluid flow.

9.2 Enhanced Feed Characterisation

9.2.1 Material 1 and Material 2

To visually illustrate the benefit of characterising feed material by means of Qemscan® particle
size and density classes, Material 1 and Material 2 were divided into a 9x9 set of size-density
particle classes. This is illustrated in Figure|9.3|and Figure [9.4]

9.2.2 Materials Differences

The following major feed materials differences could be identified comparing Figure [9.3] and
Figure (9.4}
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Figure 9.1: Particle size distributions of Material 1 THM and FLT fractions.
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Figure 9.2: Particle size distributions of Material 2 THM and FLT fractions.

100
© University of Pretoria



UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA}  ENHANCED CHARACTERISATION

CHAPTER 9. FEED MATERIAL CHA i SR

300-1000
250-300
225-250
200-225
175-200
150-175
125-150
Particle size class 100-125
(um) 0-100 e © b:.\b ,\%,b

»
Mass% in size-desnity class

Particle density class (g/cm?)

Figure 9.3: Qemscan® size-density data for Material 1 THM.
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Figure 9.4: Qemscan® size-density data for Material 2 THM.
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1. Material 2 contains a significant mass percentage of lower density (3.25-3.75) particles
while Material 1 contains only a small percentage of material in that class.

2. The high-density particles in Material 2 is mostly concentrated in the 0-100 pm class,
while the high-density particles form Material 1 is distributed to the larger particle size
classes.

3. Material 2 contains little mass in the larger particle size classes while Material 1 contains
more material in the larger particle classes.

4. The presence of mass in the 300-1000 pm class could be seen for Material 2 and signif-
icantly less mass for Material 1. This correlated with the particle size distributions in
Figure [9.1 and Figure [0.2]

From this simple and quick analysis the feed material difference could be clearly demonstrated
before any separation test-work was conducted. This information is valuable in explaining
separation behaviour differences in the two chapters to follow.

9.3 Summary

The following summarises the feed material characterisation chapter:

e A more detailed feed characterisation, in addition to the standard feed characterisation,
using mineralogical analysis of the THM fraction and screening of both the THM and
FLT fractions will aid significantly in understanding the material differences.

e A single Qemscan® analysis conducted on the THM and FLT fractions clearly demon-
strated the feed material differences in terms of particle size and particle density.
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Chapter 10

Standard Analysis of Spiral Separation
Performance

This chapter presents the results and discussion of standard product characterisation required
for spiral separation performance analysis for the three test-work data sets (Table , page
produced in this investigation. It considers only two density classes (THM and FLT) that
resulted from the standard sink-float analysis. The enhanced Holland-Batt triple spline, as
discussed in Chapter 8] was fitted to the test-work data. For each test-work data set a summary
table depicting the operating conditions is shown, followed by six figures that illustrate the
three separation attributes for the THM and FLT fractions separately. A discussion follows
after each data set. The chapter closes with a summary of the most important observations
and conclusions.

10.1 Influence of Operating Parameters

10.1.1 Spiral A, Material 1

Table demonstrates the operating conditions during sampling for all the tests conducted
on Spiral A with Material 1. The fourteen tests were divided into three performance groups.
Group 1 (3 tests - black lines in figures to follow) was higher performance, Group 2 (8 tests
- grey lines in figures to follow) medium performance and Group 3 (3 tests - dotted lines in
figures to follow) lower performance based on the separation attributes of yield, recovery, grade
and efficiency that are illustrated in Figure These performance groups are relative to each
other and have no other test-work references. The THM and FLT density classes that resulted
from the standard sink-float analyses are plotted separately. The background to these specific
plotted relationships is discussed in Section on separation attributes, page [22]

Figure illustrates the high degree of repeatability in the three different groups. The
tests in each performance group had similar operating conditions. The curves that were fit-
ted through the test-work data points are based on the enhanced Holland-Batt triple spline
described in Chapter [8l The model fit showed a high degree of fitting accuracy.

In Figure [10.1a Group 1 had a 5% higher THM recovery when compared to Group 2. The
reason for this was lower throughput (4.4 versus 5.7t /h), lower percentage solids (39.5 % versus
44.4 %) and lower percentage slimes (2.6 % versus 3.3 %). Group 3 had almost a 5 % lower THM
recovery when compared to Group 2. The reason for this was higher throughput (6.9 versus
5.7t/h), higher percentage solids (50.6 % versus 44.4 %) and higher percentage slimes (3.7 %
versus 3.3%). It was difficult to estimate which of the three operating conditions between
throughput, percentage solids and percentage slimes played the most significant role in the
increased and decreased recovery to concentrate for similar mass to concentrate. More test
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Figure 10.1: Spiral performance for different tests for Spiral A, Material 1.
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Table 10.1: Operating conditions for Spiral A, Material 1 tests.
Performance Test Feed Rate %Solids %Slimes %THM

Group Nr (t/h)
1 4.34 38.76 2.42 14.23
1 - HIGH 2 4.50 39.70 2.63 14.19
3 4.37 39.94 2.77 13.55
Avg. 4.40 39.47 2.61 13.99
4 5.52 43.01 4.21 13.77
5 5.87 43.79 3.14 13.76
6 5.88 43.64 2.64 13.74
2 - MEDIUM 7 5.39 46.15 2.81 14.28
8 5.92 44.52 3.67 13.63
9 5.52 45.87 3.08 13.83
10 5.93 43.65 3.85 13.30
11 5.67 44.23 2.80 13.67
Avg. 5.71 44.36 3.28 13.75
12 6.79 49.56 3.56 13.91
3 - LOW 13 7.13 51.77 3.67 13.41
14 6.89 50.33 3.87 14.03
Avg. 6.93 50.95 3.70 13.78

work will be required on single parameter changes to determine the separate contribution of a
specific operating parameter. The feed grades (THM) of the different spiral tests were similar.

In Figure the lines seem to be on top of each other and the difference seems insignif-
icant. The enhanced Holland-Batt equation fitted the test-work data points quite accurately.
The FLT fraction represented on average 86 % of the mass and a slight movement in this line
implied a significant grade difference in the concentrate. The higher efficiency tests in Group
1 were to the right while the lower efficiency tests in Group 3 were to the left. This implied
that more of the quartz in the Group 3 FLT reported earlier in the heavy mineral concentrate
compared to the Group 1 FLT which is detrimental to concentrate grade. Figure and
Figure confirm the lower THM grade and higher FLT grade in the poorer performing
Group 3 tests, and the higher THM grade and lower FLT grade in the better performing Group
1 tests.

Figure and Figure indicate the separation efficiency that is a combination of
recovery, grade and yield to concentrate. The highest efficiency is around the 14 % mass yield
to concentrate, which is similar to the THM grade in the feed.

The overall recovery of Spiral A with Material 1 was not satisfactory considering that this
was a rougher spiral duty and the recovery under the best test conditions (Group 1) was poor.
Only 80 % of the THM could be recovered with a 20 % mass yield to concentrate.

10.1.2 Spiral A, Material 2

Table demonstrates the operating conditions during sampling for all the tests conducted
on Spiral A with Material 2. The eleven tests were divided into three performance groupings.
Group 4 (5 tests - black lines) was higher performance, Group 5 (4 tests - grey lines) medium
performance and Group 6 (2 tests - dotted lines) lower performance based on the separation
attributes of yield, recovery, grade and efficiency that are illustrated in Figure [10.2 These
performance groupings are relative to each other and have no other test-work references. The
THM and FLT density classes that resulted from the standard sink-float analysis were plotted
separately. Table also illustrates that for this data set there were no repeat tests done at

105
© University of Pretoria



poat

UNIVERSITEIT VAN PRETORIA

CHAPTER 10. STANDARD PERFORN 6 e ey EREESAI 10.1. OPERATING PARAMETERS

similar operating conditions but rather that a spectrum of operating parameters was evaluated.
The background to these specific plotted relationships is discussed in Section [2.4.1] page [22]

Table 10.2: Operating conditions for Spiral A, Material 2 tests.
Performance Test Feed Rate %Solids %Slimes %THM

Group Nr (t/h)
15 4.86 35.74 4.37 10.39
16 5.33 33.81 3.35 14.86
4 - HIGH 17 5.74 36.50 3.71 11.33
18 6.47 38.94 4.18 10.80
19 2.58 37.12 4.65 11.26
Avg. 5.60 36.42 4.05 11.73
20 5.25 33.38 2.85 11.52
21 2.66 37.23 5.13 11.11
5 - MEDIUM 22 5.71 35.54 5.68 10.94
23 5.42 35.55 5.37 10.85
Avg. 2.51 35.42 4.76 11.11
24 5.17 33.26 6.63 9.83
6 - LOW 25 9.52 34.93 7.63 11.90
Avg. 5.35 34.09 7.13 10.86

In Figure it is clear that variability in operating conditions produced a range of spiral
separation performances. Figure shows a gradual change in THM recovery with the
exception of test 25 (the last test), which shows significantly poorer performance. This can be
directly related to the higher slimes content (7.6 %). The operating differences between tests 15
to 25 were not significant in terms of feed rate and solids concentration changes. The gradual
increase of slimes content was considered to be the main parameter negatively influencing spiral
separation performance.

The fit of the enhanced Holland-Batt equation was acceptable for the first few data points,
but was unsatisfactory for the data points to the right of the Figure [10.2] graphs. The reason
for this poor fit was the density distribution within the THM material itself. The THM is a
single particle class containing particles with densities ranging from 3.0 to 5.0 g/cm?. There is
a natural density distribution across the spiral trough with the high-density particles (within
THM) on the inside of the spiral and the lower density particles (within THM) on the outside
of the spiral. When plotting the THM yield-recovery relationship the average particle density
reaction will be fitted using the enhanced Holland-Batt triple spline. This relationship will be
different for lower density particles and therefore not falling on the same line, but rather below
the line as illustrated for the data points to the right in Figure [10.2a] If there are significant
amounts of low-density particles within the THM fraction, these particles will be on a different
yield-recovery line than the high-density particles. This is a further motivation for a more
detailed density fractionation when evaluating spiral separation performance.

The other significant difference that Test 16 showed in comparison with the other tests was
a different grade performance in Figure and Figure [10.2ff This was expected since the
THM feed grade in the sample was higher compared to the other tests (14.8 % versus 11 %).
In this test the THM grade was artificially increased by the addition of material with higher
THM content.

The overall recovery of Spiral A with Material 2 was not satisfactory considering that this
is a rougher spiral duty and the recovery under the best test conditions (Group 4) was poorer
than the poorest performing group (Group 3) with Material 1. Only 50 % of the THM could
be recovered with a mass yield to concentrate of 20 %. This gave the indication that material
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Figure 10.2: Spiral performance for different tests for Spiral A, Material 2.
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type played a significant role in spiral separation performance since the operating conditions
were not significantly different between Material 1 tests and Material 2 tests.

10.1.3 Spiral B, Material 2

Table demonstrates the operating conditions during sampling for all the tests conducted
on Spiral B with Material 2. The fourteen tests were divided into three performance groupings.
Group 7 (3 tests - black lines) was higher performance, Group 8 (5 tests - grey lines) medium
performance and Group 9 (6 tests) lower performance based on the separation attributes of
yield, recovery, grade and efficiency, which are illustrated in Figure [I0.3] These performance
groupings are relative to each other and have no other test-work references. The THM and FLT
density classes that resulted from the standard sink-float analysis are plotted separately. Table
18 also illustrates that for this data set there were no repeat tests done at similar operating
conditions, but rather that a spectrum of operating parameters was evaluated. The background
to these specific plotted relationships is discussed in Section [2.4.1] page

Table 10.3: Operating conditions for Spiral B, Material 2 tests.
Performance Test Feed Rate %Solids %Slimes %THM

Group Nr (t/h)
26 2.07 38.44 4.22 11.30
7 - HIGH 27 1.38 36.10 5.00 11.27
28 2.15 35.64 4.26 14.39
Avg. 1.87 36.73 4.49 12.32
29 1.97 34.57 5.38 9.60
30 1.99 41.55 4.71 11.65
8 - MEDIUM 31 2.02 32.49 6.90 7.61
32 2.33 37.54 5.60 11.85
33 1.86 39.54 6.26 11.87
Avg. 2.03 37.14 D.77 10.51
34 1.83 34.74 7.05 12.10
35 2.15 36.27 6.12 11.82
36 2.20 34.37 5.64 5.99
9 - LOW 37 2.34 35.03 6.57 11.40
38 2.29 37.51 6.51 12.00
39 2.20 34.19 7.07 12.04
Avg. 2.17 35.35 6.49 10.89

In Figure it is clear that the variability in the operating conditions produced a range of
spiral separation performances for Spiral B. The variability with regards to feed rate and solids
concentration could be seen in all three the test groups. Slimes content was again identified as
the parameter with the strongest influence on spiral separation performance for this material
and spiral profile. It was observed that higher feed rates and higher pulp densities can be
tolerated if the slimes content was low. Once the slimes content was more than 5%, increased
feed rate and percentage solids negatively impacted on spiral separation performance. The
other side was also true, where higher slimes content could be tolerated if the feed rate and
percentage solids were below design feed conditions.

THM feed grade did not influence spiral separation efficiency, but the difference in feed
grade can be clearly seen in Figure and Figure [10.31] as well as the gradients of the initial
part of the graph in Figure and Figure [10.3D]

The overall recovery of Spiral B with Material 2 was better compared to Spiral A with
Material 2. The THM recovery was still low and only 80 % of the THM could be recovered
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Figure 10.3: Spiral performance for different tests for Spiral B, Material 2.
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with a mass yield to concentrate of 20 %. This gives an indication that the spiral trough played a
significant role in separation performance, since the operating conditions were not significantly
different between Spiral A and B other than that the design throughput tonnages differed.

10.2 Summary
The following is a summary of the main points from this chapter.

e The two feed materials and two spiral profiles differed vastly from each other and could be
clearly seen in the spiral separation performance depicted by the figures in this chapter.

e From an operating parameter point of view, slimes content was identified as a strong
influence especially once it exceeded some critical value.

e THM grade variances (within the tested ranges) seemed to have limited to no influence
on performance.

e Material 1 and 2 performed vastly different on the same Spiral A, which illustrates the
importance of understanding the influence of material type on a spiral trough.

e Spiral A and B performed vastly different with the same material (Type 2), which illus-
trates the importance of matching a specific spiral profile to a specific feed material.

e The enhanced Holland-Batt equation provided consistency in the test-work data with
reasonably good fits across all the test-work points although the fitting of the data points
associated with the outside of the spiral showed some concern.

e The poor fits to the right of the figures are explained as a result of plotting a particle
population with wide density distribution as a single line instead of multiple lines.

e In all the tests none of the results gave satisfactory THM recoveries for the materials
tested.
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Chapter 11

Enhanced Product Characterisation

Chapter illustrated and discussed the results of standard product characterisation, where
the spiral trough was divided in 7 products and characterised by means of sink-float analysis.
This information was presented using the three combinations of the 4 separation attributes
yield, grade, efficiency and recovery. This chapter illustrates the benefit of enhanced product
characterisation over standard product characterisation by comparison. The sink and float
fractions are further characterised using Qemscan®, which is the reason for the term enhanced
characterisation. The chapter starts with a motivation for enhanced characterisation. The spiral
separation performance results based on enhanced characterisation are discussed in Chapter[12]

11.1 Motivation

Particle size and particle density variation across the spiral trough are presented in Figure [11.1]
Figure and Figure Figure and Figure illustrate the data obtained from
screening the different mouth-organ samples taken across the spiral trough. The THM and
FLT particle size distribution data is presented separately since the size distribution differed
significantly. Only a single spiral test (Test1) is presented since the data from the other spiral
tests showed similar trends. Refer to Appendix for more data.

The particle density distribution data in Figure was obtained from Qemscan®. In
this case the sample was not physically separated into different density fractions, but it was
calculated from the minerals as identified on the particle cross sections from the polished block
as discussed in Section page b5 Refer to Appendix for the data.

It can be seen from Figure Figure and Figure that there is a significant
variation of both particle size and particle density across the spiral trough during separation.
The Dsp value in the THM particle class differed with more than 40 pm between the inner
and outer sections of the spiral trough. The Dsq value in the FLT particle class differed with
more than 80 pm between the inner and outer sections of the spiral trough. The pso value in
THM particle class differed with more than 0.7 g/cm® between the inner and outer sections
of the spiral trough. This implied that the THM particle class and FLT particle class had a
significant variability in terms of particle size and particle density. If the THM particle class
was to be combined, as with standard characterisation, this variation would not be visible
and only the ’averaged’ spiral separation performance would be measured. The combination
of the different size and density particle classes could hide certain operating inefficiencies or
advantages of spiral separation performance for a specific material composition on a specific
spiral trough. This particle size variation for a certain particle density class was also identified
by (bazin2014), providing additional supporting evidence to the importance of quantifying
particle size and density simultaneously.

The basis of the enhanced characterisation was to separate the FLT and THM into different
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Figure 11.1: THM particle size distribution variation across spiral trough. (Cut 1 to Cut 7
represent the different samples from the mouth-organ sampler, Material 1, Spiral A)
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Figure 11.2: FLT particle size distribution variation across spiral trough.

100 E—
AN
90
80
XR70
[}
& ——-CUT 1
=60
'g CUT 2
7 50
E £ CUT 3
340 |
° -0—-CUT 4
30
CUT 5
20
7 ~x~CUT 6
{
10 -
+/;:4§"'A —+-CUT7
PO T et s e i L M

250 275 3.00 325 350 375 4.00 425 450 475 5.00
Particle density (g/cm?)

Figure 11.3: THM particle density distribution variation across spiral trough. (Cut 1 to Cut 7
represent the different samples from the mouth-organ sampler, Material 1, Spiral A)
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Table 11.1: Naming convention for standard characterisation.

Density Range (g/cm?)
0.0 - 3.0 (Lo) 3.0 - 6.0 (Hi)
Size Range 0 - 1000 FLT THM

Table 11.2: Material 1 average sand composition (mass%) based on standard characterisation.

Density Range (g/cm?)
0.0- 3.0 (Lo) 3.0- 6.0 (Hi)
Size Range (pm) 0 - 1000 86.2 13.8

size and density classes by means of a simple analytical method to measure this particle size and
particle density variation across the trough during spiral separation. This information would
enable the evaluator to select the most suitable spiral trough for application on a specific feed
material.

The standard method is neither able to supply the particle size and density information
required to make informed decisions on matching a spiral with specific feed material, nor to
explain the reasons for poor or good spiral separation performance. Enhanced product char-
acterisation using Qemscan® provides a simple and cost effective solution to this information

gap.

11.2 Standard vs Enhanced

After illustrating the significant size and density variations within the THM and FLT fractions
for the different spiral products, the next section compares the data output from the standard
and enhanced methods to demonstrate the additional valuable information from the enhanced
method.

11.2.1 Material 1 Products

The standard method had two density classes and one size class which resulted in two mass
classes as seen in Table[I1.1l These two classes were termed THM and FLT based on a sink-float
fractionation as applied and discussed in previous chapters. Material 1 contained an average
of 86.2% mass in the FLT class and 13.8 % in the THM class shown in Table Only the
sand fraction was considered in this evaluation since the slimes formed part of the separation
medium and not the particles.

Figure demonstrates the mass distribution from Table in a cylinder graph. These
cylinders were broken down into seven mass fractions by means of spiral separation. This
fractionation produced Figure[11.5] which illustrates the mass and density variation across the
spiral trough in Cut 1 to Cut 7. Figure plots the data of spiral performance using the
standard characterisation method applied. The three dimensional plot allows for particle class
on the x-axis, spiral trough position on the y-axis and mass percentage on the z-axis. The
dark coloured cylinders represent the higher density classes and the light coloured cylinders
represent the lower density classes.

The enhanced method divides the material into nine size-density classes instead of the
normal two (THM and FLT). The material below density of 3.0 g/cm?®, mainly FLT, was divided
into three size classes. The material above density of 3.0 g/cm?, mainly THM, was divided into
six size-density classes. Each one of the particle classes are assigned a specific name, which
is used in the results in the rest of the chapter. In Table the size and density ranges of
each of the nine particle classes are illustrated as well as the assigned labels of each class are
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Figure 11.4: Material 1 particle density distribution using standard characterisation. (Lo
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Figure 11.5: Material 1 particle density distribution across spiral trough using standard char-

acterisation. (Cuts 1 to 7 represent the different mouth-organ sampler cuts, Lo: <3g/cm™3,
Md = 3-4g/cm?, Hi: >4g/cm?)

114
© University of Pretoria



poat

UNIVERSITEIT VAN PRETORIA

CHAPTER 11. ENHANCED PRODUC‘% UNIVERSITY. OF PRETORIA 11.2. STANDARD VS ENHANCED

YUNIBESITHI YA PRETORIA

indicated. The first part of the name refers to the size of the class (Fine, Med, Crs), the second
part of the name refers to the density of the class (Lo, Md, Hi). Table illustrates the mass
percentage distribution of the feed material into the different particle classes. The sum of the
mass percentages in the "Lo" density class should correspond to the FLT mass and the sum
of the mass percentages in the "Md" and "Hi" classes should correspond to the THM mass.
These numbers would not be exactly the same, since the sink-float fractionation was not an
exact separation and there were still some high-density particles trapped in the floats. Since
Qemscan® analysed the particles in the FLT fraction, the correction could be made causing
some mass percentage increase in the back calculated THM value. This mass increase would be
more in the lower density ranges between 3.0 and 3.5 g/cm? since these medium density particles
were more easily entrapped in the FLT fraction during sink-float fractionation. Compare Table
1.2l with back calculated values in Table 11.4l

The feed material was characterised on a 9x9 particle class, refer to Figure (9.3 on page[101],
while the product was characterised on a 3x3 particle class. It should be noted that since the
enhanced characterisation does not involve any physical fractionation, the number of size and
density classes can be selected and the material divided accordingly. This investigation selected
a 3x3 particle class based on the following reasons:

1. To demonstrate the enhanced characterisation technique the number of particle classes
were minimised for simplicity.

2. Valuable heavy minerals are typically above a density of 4.0 gcm?® and non-valuable heavy
minerals between 3.0 and 4.0 g/cm?, therefore the 3 density classes (Lo, Md, Hi) were a
good balance between simplicity and additional information worth.

3. The majority of the heavy mineral particles are below 200 pm, which motivates this
particle size boundary.

4. Heavy mineral particles below 100 pm have generally lower recoveries, although there are
usually significant amounts present. It made sense to track this population as well.

5. Particle classes with little to no mass make the fitting of the test-work data from spiral
separation inaccurate and troublesome.

Other mineral sands deposits or commodities will have different particle size and density class
boundaries. These should be considered when defining the particle classes. The selection of a
square matrix is helpful when plotting data, but it is not a requirement. If there is a specific
size density class of significant mass that needs to be tracked separately, it can be done with
minimal effort. It should also be noted that the particle class that is selected will have its own
size and density distribution, and the average size and density of the material in a specific class
might differ significantly from the midpoint of the particle class. For example, the "MedHi’
class in Table contains 7% mass in a density range between 4.0 and 6.0 g/cm?. The actual
average density of the class will be close to 4.5 g/cm? instead of the midpoint density, 5.0 g/cm?,
of the particle class. It was for this reason that bar charts were used in presenting the data
instead of continuous surface graphs.

The mass percentage distribution of the nine particle classes in the feed from Table [I1.4] is
plotted to produce Figure [I1.6] Similar to Figure [I1.5] the mass percentages can be further
divided as it was fractionated with the spiral. Figure [11.7a] presents all the mass percentages
across the spiral trough for the nine different size-density classes. Figure [11.7b| presents the
same data, but without the three low-density particle classes to increase the resolution in the
medium- and high-density particle classes.
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Table 11.3: Naming convention for enhanced characterisation. (Med = medium size, Crs =
coarse size, Lo = low density, Md = medium density, Hi = high density)
Density Range (g/cm?)
0.0-30 3.0-40 4.0-6.0
0- 100 FineLo FineMd FineHi
Size Range (pm) 100 -200 | MedLo MedMd MedHi
200 -1000 | CrsLo  CrsMd  CrsHi

Table 11.4: Material 1 average sand composition (mass%) based on enhanced characterisation.

Density Range (g/cm?)
00-30 3.0-40 40-6.0
0- 100 13.3 0.8 2.5
Size Range (pm) 100 -200 42.8 2.0 7.5
200 -1000 28.8 0.8 1.9
Sum 0 -1000 85.0 15.0

/// // o O FinelLo
p % s O MedLo
45 - (s

’/ // //,/'/
/ Yy CCrsLo
B / // y

40 Yy FineMd
/ S ST M
35 - L /// j— edMd
30 e Crso
. L/ ///' ‘MC<5|S4Hi m FineHi
o> 25 - / ~ e | .
3 L _ FineHi = MedHi
= 20 - i"ﬁ- CrsMd m CrsHi
15 ’ MedMd
’_ FineMd
10 A i CrsLo
5 % ~ MedLo
0 FinelLo
Feed

Figure 11.6: Material 1 particle density distribution using enhanced characterisation. (Lo:
<3g/ecm™3, Md = 3-4g/cm?, Hi: >4g/cm?)

Table 11.5: Legend for the result presentation.

Particle Class Lo Md Hi

FineSize X X X

Medium Size X X X

Coarse Size X X X
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(b) High-density classes only.

Figure 11.7: Material 1 particle size-density distribution across spiral trough using enhanced

material characterisation. (Cuts 1 to 7 represent the different mouth-organ sampler cuts. Refer
to Table for a density and size definition of particle class labels.)
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Table 11.6: Material 2 average sand composition (mass%) based on standard characterisation.

Density Range (g/cm?)
0.0-3.0 (Lo) 3.0- 6.0 (Hi)
Size Range (pm) 0 - 1000 88.8 11.2

Table 11.7: Material 2 average sand composition (mass%) based on enhanced characterisation.

Density Range (g/cm?)
00-3.0 3.0-40 4.0-6.0

0 - 100 3.1 2.0 2.1
Size Range (pm) 100 -200 22.1 5.7 2.8
200 -1000 58.0 3.7 0.5

Sum 0 -1000 83.2 16.8

For the purpose of presenting the results in the next sections of this chapter, the legend in
Table is used to indicate which one of the nine particle classes is presented in a specific
figure. This legend corresponds with Table and Table [11.4] If three crosses are indicated
in the legend it implies that it represents the combination of the three particle classes. The
same would apply for six crosses. If only one cross is indicated, only that specific particle class
is presented in the graph.

11.2.2 Material 2 Products

For Material 2 the same tables were populated as for Material 1. The same size-density classes
were also utilised for ease of comparison. The back-calculated mass percentage of the "Md"
and "Hi" particle classes combined were higher than the THM value. Material 2 contained
predominantly medium density particles in the THM which were more easily entrapped in the
float fraction during the sink-float fractionation. Therefore the Qemscan® correction of the
value was higher compared to Material 1.

The data in Table is presented in graphical form in Figure[I1.8] An example of how the
spiral fractionated these two density classes across the spiral trough is shown in Figure [11.9,
Table is represented in graphical form in Figure [11.10, The spiral fractionated the particle
class masses from Figure [11.10]into the masses presented in Figure [11.11

In Chapter [12] the standard and enhanced characterisation are compared with one another
for different operating conditions. The cylinder graphs presented earlier would make the com-
parison of different spiral tests too complicated. Therefore, the cumulative yield versus cumu-
lative particle class recovery was used to demonstrate the differences between the standard and
enhanced product characterisation methods. A single spiral test (Test 28) is presented in Figure
[I1.12 to illustrate the structure for the next chapter. Figure illustrates the single THM
particle class from sink-float analysis, while Figure illustrates the six particle classes
that make up the THM.

The standard characterisation method (sink-float) application on Material 1 and Material
2 indicates that Material 1 had a slightly higher THM content (13.8 %) compared to Material
2 (11.2%). Material 2 had poorer separation performance on Spiral A compared to Material 1.
A possible conclusion from the standard result could be that Spiral A’s separation performance
was sensitive to THM grade.

The enhanced characterisation method (Qemscan® classification) applied to Material 1 and
Material 2 indicated a significant difference in the intermediate density fraction (between 3.0
and 4.0 g/cm?) and medium particle size class in the FLT fraction (between 100 tm and 200 pm).
The Material 1 THM fraction had less than 25 % medium density particles, while the Material
2 THM fraction contained more than 67 % of medium density particles. The Material 1 FLT
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Figure 11.8: Material 2 particle density distribution using standard characterisation. (Sink-float
analysis data corrected after Qemscan® analysis - back calculated.)

Cut7

Figure 11.9: Material 2 particle density distribution across spiral trough using standard char-

acterisation. (Cuts 1 to 7 represent the different mouth-organ sampler cuts, Lo: <3g/cm™3,
Md = 3-4g/cm?, Hi: >4g/cm?)
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Figure 11.10: Material 2 particle density distribution using enhanced characterisation. (Lo:
<3g/cm™3, Md = 3-4g/cm?, Hi: >4g/cm?)
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Figure 11.11: Material 2 particle size-density distribution across spiral trough using enhanced

material characterisation. (Cuts 1 to 7 represent the different mouth-organ sampler cuts. Refer
to Table for a density and size definition of particle class labels.)
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(b) Enhanced characterisation.

Figure 11.12: Comparison of THM recovery visualisation between standard and enhanced char-

acterisation.
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(b) Enhanced characterisation.

Figure 11.13: Comparison of FLT recovery visualisation between standard and enhanced char-

acterisation.
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fraction had more than 40 % medium-sized particles and around30 % coarse-sized particles.
The Material 2 FLT fraction had less than 20 % medium-sized particles and more than 60 %
coarse-sized particles.

These two material differences would have a significant impact on the spiral separation
performance. If these critical particle size and density parameters were not measured and
understood in the light of the particle size and density fractionation that occurred on the
spiral, it would result in the wrong conclusions. The enhanced characterisation data is plotted
as cylinder graphs in Figure [I1.6] and Figure [I1.I0] These figures illustrate how the nine
size-density classes varied across the spiral trough for the two material types. This same
information is plotted on cumulative recovery graphs. Figure[I1.12]illustrates the wide variation
in cumulative recovery for the six different size-density particle classes when compared to the
single THM line. Figure illustrates the wide variation in cumulative recovery for the three
different size particle classes when compared to the single FLT line.

11.3 Summary
The following is a summary of the main points from this chapter.

e The importance of enhanced product characterisation was demonstrated by the wide
separation spectrum of the nine different particle classes contained within the THM and
FLT particle classes obtained from only standard characterisation.

e Materials 1 and 2 that were expected to separate similarly based on the standard analysis,
separated very differently. This observation corresponded well with the expectations from
the enhanced feed material characterisation in Chapter [9]

e The selection of the boundaries and the number of particle classes were dependant on the
material and would need to be considered carefully when another material is evaluated.

e The enhanced product characterisation method is critical to ensure that the correct con-
clusions are made with regards to spiral separation performance for specific material.
The greater the size and density range of the material under investigation, the greater
the need for enhanced product characterisation. In other words, if there are only two
minerals present with narrow particle size ranges, enhanced product characterisation will
produce similar conclusions to the standard product characterisation.

e The particle class yield-recovery relationship was selected to illustrate the advantages
of the enhanced product characterisation in Chapter [I2] when the different operating
conditions are compared with each other.
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Chapter 12

Enhanced Analysis of Spiral Separation
Performance

This chapter is divided in three sections. FEach section illustrates and discusses the spiral
separation performance for a spiral profile-material combination using enhanced product char-
acterisation data. The focus is on the influence of operating conditions and relating those to
the spiral separation performance. This chapter has a similar structure to Chapter which
discussed the influence of operating parameters but used the data from standard product char-
acterisation. For ease of comparison, the operating parameters and summary of the standard
product characterisation are repeated from Chapter [I0] The line formatting remains the same
from Chapter The size and density definition of the particle classes are the same as discussed
in Chapter [11}

12.1 Influence of Operating Parameters

12.1.1 Spiral A, Material 1

Figure illustrates the FLT cumulative recovery for all the operating conditions evaluated
on Spiral A, Material 1 using standard product characterisation. All the data from standard
product characterisation are indicated with a grey background on the figures. Figure [12.2
illustrates the three different particle classes that make up the FLT fraction, as extracted from
enhanced product characterisation. Table presents the summarised operating conditions
for this section.

Table 12.1: Summarised operating conditions for Spiral A, Material 1 tests.
Performance Group Test Nr  Feed Rate (t/h) %Solids %Slimes %THM

1 - HIGH 1-3 4.40 39.47 2.61 13.99
2 - MEDIUM 4-11 0.71 44.36 3.28 13.75
3 - LOW 12-14 6.93 50.55 3.70 13.78

The three particle classes for the FLT fraction do not show significant variation across the
spiral trough. The fine class (less than 100 pm) in Figureshows a slightly poorer separation,
with its line being closer to the zero separation line compared to the two coarser classes. The
slight variation with operating condition changes is consistent with the variation picked up
from the standard characterisation. The coarse particle class demonstrates the best separation
efficiency being the furthest from the zero separation line. Figure illustrates the THM
cumulative recovery for all the operating conditions evaluated on Spiral A and Material 1 using
standard product characterisation. In Figure [12.4] the six graphs illustrate the six different
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Figure 12.1: Spiral A, Material 1 low-density particle class recoveries. (Standard characterisa-
tion for different operating conditions. 85.0 % of mass)

particle classes separately that made up the THM fraction as extracted from enhanced product
characterisation. Operating conditions are indicated in Table

The standard product characterisation of the THM fraction divided the data into three
groups of low, medium and high performance as illustrated in Figure[12.3] This same grouping
was applied to the enhanced product characterisation to compare and determine if the per-
formance classification was still similar. The enhanced product characterisation on Spiral A,
Material 1 shows a similar performance ranking when compared to the standard product char-
acterisation, illustrated in Figure[I2.4] The best performing tests, Group 1 in Figure[12.3] show
a THM recovery around 80 % at 20 % mass yield to concentrate for the standard product char-
acterisation. The fine-high-density (FineHi) and medium-high-density (MedHi) particle classes
show a THM recovery just below 90 % in the enhanced product characterisation, as indicated
by Group 1 in Figure and Figure . A 90 % recovery might be acceptable in a cer-
tain process application, but not an 80 % recovery. This illustrates that the enhanced product
characterisation demonstrates the true recovery of the valuable particle (high density, suitable
size range) portion within the THM, as opposed to the standard product characterisation that
demonstrate only an average recovery on the total THM fraction.

The fit of the enhanced Holland-Batt equation on the test-work data points shows a high
level of consistency. In the two cases where the masses of the particle classes were low, below 1 %
for FineMd and CrsMd in Figure [12.4] the fit was less consistent with some of the actual test-
work data points not lying on the enhanced Holland-Batt lines. If the particle class contained
only a small mass, represented by only a few particles during analysis, the potential for error
was greater.

12.1.2 Spiral A, Material 2

Figure illustrates the cumulative FLT recovery for all the operating conditions evaluated
on Spiral A, Material 2 using standard product characterisation. Figure (a), (b) and
(c) illustrate the three different particle classes separately that made up the FLT fraction
extracted from enhanced product characterisation. The operating conditions from Chapter [I0]
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(b) Medium-sized particles. Average content 42.8 %.
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(c) Coarse particles. Average content 28.8 %.

Figure 12.2: Comparison of Spiral A, Material 1 low-density particle class recoveries. (Legend

from Figure applies)
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Figure 12.3: Spiral A, Material 1 high and medium density particle class recovery combined.
(Standard characterisation for different operating conditions.)
are repeated in Table [12.2]

Table 12.2: Operating conditions for Spiral A, Material 2 tests.
Performance Test Feed Rate %Solids %Slimes %THM

Group Nr (t/h)
15 4.86 35.74 4.37 10.39
16 5.33 33.81 3.35 14.86
4 - HIGH 17 5.74 36.50 3.71 11.33
18 6.47 38.94 4.18 10.80
19 5.58 37.12 4.65 11.26
Avg. 5.60 36.42 4.05 11.73
20 0.25 33.38 2.85 11.52
21 5.66 37.23 5.13 11.11
5 - MEDIUM 22 5.71 35.54 5.68 10.94
23 5.42 35.55 5.37 10.85
Avg. 5.51 35.42 4.76 11.11
24 5.17 33.26 6.63 9.83
6 - LOW 25 5.52 34.93 7.63 11.90
Avg. 5.35 34.09 7.13 10.86

The three particle classes for the FLT fraction show more variation across the spiral trough
compared to Spiral A, Material 1. The fine class (less than 100 pm) shows the greatest variation
in Figure [12.6] but has the lowest mass fraction (3.1%) of the three classes. Figure [12.§]
illustrates the THM cumulative recovery for all the operating conditions evaluated on Spiral
A, Material 2 using standard product characterisation. In Figure [12.8] the six graphs illustrate
the six different particle classes separately that made up the THM fraction extracted from
enhanced product characterisation.

A trend was identified with the inconsistent fitting to the test-work data points towards the
outside of the spiral trough for the THM lines in Figure [[2.7] and the different particle classes
lines in Figure [[2.8 In almost all of the cases the test-work data points are lower than what
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(b) Fine high-density particles.
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Figure 12.4: Comparison of Spiral A, Material 1 med- and high-density particle class recoveries.

(Legend of Figure applies)
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Figure 12.5: Spiral A, Material 2 low-density particle class recoveries. (Standard characterisa-
tion for different operating conditions. 85.0 % of mass)

the enhanced Holland-Batt line indicated it to be. This inconsistency could be explained on
the basis of density differentiation in the particle class itself. For example, the MedMd particle
class had density range boundaries of greater than 3.0 g/cm? and less than 4.0 g/cm3. Even with
this enhanced classification this is still a wide density range and further density differentiation
could easily occur within this particle class.

Table demonstrates the density variation within the MedMd particle class as an exam-
ple. A difference of close to 0.2 g/cm? between the inner part of the trough (cut 1) and outer
part of the trough (cut 7) could be identified. The coarser particle classes indicated a density
difference of more than 0.3g/cm?® between the inner and outer regions of the spiral trough.
This explained why the test-work data points to the right of the curve was on a ’'lower density
Holland-Batt line’ compared to the test-work data points to the left of the curve in Figure
and Figure [12.8] The fit of the Holland-Batt equation would be most accurate if there
were limited to no density differentiation in a specific particle class across the spiral trough. A
possible solution to this problem is to divide the particle population into more density classes,
but the risk is that the mass in the particle class will become too small, which will create data
inconsistencies.

Table 12.3: Density variation within a single particle class (MedMd).
Trough Position Cut1 Cut2 Cut3 Cut4 Cutb Cut6 Cut?7
Density in g/cm3  3.65 3.57  3.58 3.53 3.47 3.48 3.46

The operating conditions that were evaluated in Group 4, 5 and 6, Figure to Figure
12.8] produced a wider range of spiral separation performance when enhanced product charac-
terisation was applied. Recovery differences of more than 30 % for a specific particle class were
identified as opposed to only 18 % of difference between the THM lines for the same operating
conditions for standard product characterisation. When comparing the six particle classes with
the one THM particle class, the recovery range at 10 % mass yield to concentrate ranged be-
tween 10 and 90 %, in Figure [12.8] while the THM ranged only between 35 and 55 % recovery,
in Figure [12.7) (standard). The enhanced product characterisation produced higher resolution
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(b) Medium-sized particles. Average content 22.1 %.
100 |
9

80

70 -

60

N

50 o3

40 |
30

2 %’

Cumulative recovery to concentrate

10 e
e X

0 ; ; ; T : :
0 10 20 30 40 50 60 70 80 90 100
Cumulative yield to concentrate

(c) Coarse particles. Average content 58.0 %.

Figure 12.6: Comparison of Spiral A, Material 2 low-density particle class recoveries. (Legend

of Figure applies)
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Figure 12.7: Spiral A, Material 2 high and medium density particle class recovery combined.
(Standard characterisation for different operating conditions. 16.8 % of mass)

data to identify performance weaknesses and strengths for specific spiral troughs separating
specific feed materials.

12.1.3 Spiral B, Material 2

Figure illustrates the FLT fraction cumulative recovery for all the operating conditions
evaluated on Spiral B, Material 2 using standard product characterisation. Figure (a), (b)
and (c) illustrate the three different particle classes that made up the FLT fraction separately,
extracted from enhanced product characterisation. The operating conditions from Chapter
are repeated in Table [12.4]

Comparing the low-density particle classes in Figure with the combined FLT class
shows that for a certain higher performing test, the fine low-density fraction behaved more
like the medium density particle class being on the left hand side of the zero separation line,
as opposed to the normal position on the right hand side of the line. This might indicate a
weakness in this spiral trough (Spiral B) to separate fine quartz from high-density particles
under certain operating conditions. More data will be required to confirm this weakness since
it was only seen with one specific test.

Figure [12.11] illustrates the THM cumulative recovery for all the operating conditions eval-
uated on Spiral B, Material 2 using standard product characterisation. In Figure [12.12] the six
graphs illustrate the six different particle classes separately that made up the THM fraction
extracted from enhanced characterisation.

The performance ranking developed on the THM class data from the standard characteri-
sation was fairly consistent with that of the enhanced characterisation, but with the following
differences to be considered. One of the tests, with lower grade of high-density particles,
performed better, Figure indicating the same principal of competing medium density
particles allowing only a certain separation volume for the high-density particle class. If the
concentration of the medium density classes was lower, there would be more space for efficient
separation of the high-density classes.

The particle class CrsHi, in Figure [12.12f] shows a significant difference with the THM
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Figure 12.8: Comparison of Spiral A, Material 2 med- and high-density particle class recoveries.

(Legend of Figure applies)
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Table 12.4: Operating conditions for Spiral B, Material 2 tests.
Performance Test Feed Rate %Solids %Slimes %THM

Group Nr (t/h)
26 2.07 38.44 4.22 11.30
7 - HIGH 27 1.38 36.10 5.00 11.27
28 2.15 35.64 4.26 14.39
Avg. 1.87 36.73 4.49 12.32
29 1.97 34.57 5.38 9.60
30 1.99 41.55 4.71 11.65
8 - MEDIUM 31 2.02 32.49 6.90 7.61
32 2.33 37.54 5.60 11.85
33 1.86 39.54 6.26 11.87
Avg. 2.03 37.14 5.77 10.51
34 1.83 34.74 7.05 12.10
35 2.15 36.27 6.12 11.82
36 2.20 34.37 5.64 5.99
9- LOW 37 2.34 35.03 6.57 11.40
38 2.29 37.51 6.51 12.00
39 2.20 34.19 7.07 12.04
Avg. 2.17 35.35 6.49 10.89
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Figure 12.9: Spiral B, Material 2 low-density particle class recoveries. (Standard characterisa-
tion for different operating conditions. 83.6 % of mass)
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Figure 12.10: Comparison of Spiral B, Material 2 low-density particle class recoveries. (Legend

from Figure applies)
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Figure 12.11: Spiral B, Material 2 high and medium density particle class recovery combined.
(Standard characterisation for different operating conditions. 16.4 % of mass)

class performance ranking. At the same time the test-work data points do not show a high
consistency fit with the enhanced Holland-Batt lines, which might indicate analysis or sampling
inaccuracies considering that the average mass of the class was below 0.5 % mass.

Spiral B showed an overall better performance on Material 2 as compared to Spiral A. There
were several tests that showed more than 90 % recovery at 10 % mass yield in the two critical
particle classes (FineHi and MedHi) for Spiral B as seen in Figure[12.12d] The medium density
particle classes showed more differentiation across the operating condition spectrum for Spiral
B compared to Spiral A, also indicating better overall separation.

This data set indicates that the higher resolution data from the enhanced characterisation
enable a better comparison with the different spiral troughs on the same feed material. The
concentration of the different particle classes had a more significant effect on spiral separa-
tion performance when the enhanced product characterisation data were compared with the
standard product characterisation data. The standard characterisation data did not have suf-
ficient resolution to accurately determine the effect of particle class concentration, since the
performance was averaged.

12.2 Summary
The following is a summary of the main points from this chapter.

e The enhanced product characterisation demonstrates a different performance ranking
for the different operating conditions compared to the performance ranking based on
standard product characterisation. This further supports the case for enhanced product
characterisation to ensure the correct decisions are made with regards to spiral selection
and trouble shooting.

e The six particle classes (medium- and high-density) gave significantly more information
on spiral separation performance than the single THM class. The well-sized, high-density
particle class (MedHi) recovery is a better indicator of true spiral performance compared
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Figure 12.12: Comparison of Spiral B, Material 2 med- and high-density particle class recover-
ies.(Legend from Figure [12.11| applies)
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to THM recovery since the THM can contain large amounts of medium density particles
that cannot be effectively separated by the spiral.

e Even with the narrow density particle classes there was still a density range that made
the fit of the Holland-Batt equation less accurate. The narrower the density range within
a particle class, the more accurate the fit will be.

e The enhanced product characterisation indicates that particle class concentration has a
more pronounced effect on spiral separation performance compared to the conclusions
from the standard product characterisation.
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Chapter 13

Closure

13.1 Summary

Enhanced feed material characterisation is required to identify material differences that will
impact spiral separation performance, since standard feed material characterisation is insuffi-
cient.

Standard spiral separation performance analysis indicates slimes content to be the most
significant influence from the operating parameters and ranges evaluated, with grade changes
having limited to no influence.

Enhanced spiral separation performance analysis illustrated the differences over the standard
spiral separation performance analysis, especially with wider particle density ranges present in
THM. Particle class concentration (grade) has a more pronounced effect, which would otherwise
not have been identified through standard analysis.

The enhanced characterisation and analysis techniques applied on both the feed and prod-
ucts of the spiral do not only supply a wealth of additional information, but is also critical to
make the right decisions with regards to spiral profile suitability to specific feed materials.

13.2 Conclusions

13.2.1 Test-work Apparatus

The test-work apparatus that was utilised in this investigation to sample the spiral under
different operating conditions demonstrated a high degree of repeatability with regards to total
mass, THM and water distribution across the trough. This was a necessary starting point to
ensure the quality of the data going forward into the different detailed analyses. The mouth-
organ sampler that was used in this study to divide the spiral trough into seven cuts was crucial
to achieve good mass data presentation across the total mass yield range. The standard sample
preparation methods that were applied showed a high degree of repeatability and consistency
with back calculation checks. Therefore, the test-work apparatus and standard methods applied
introduced limited to no measurable bias into the test-work data, providing a solid base to make
conclusions.

13.2.2 Standard Characterisation - Spirals and Materials

An increase in throughput and percentage solids caused a decrease in the separation efficiency
in a consistent incremental nature, which is in agreement with literature. Slimes content was
identified as a stronger influence. Once it has gone over some critical percentage, it influenced
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separation efficiency significantly. THM grade variances seemed to have limited to no influence
on performance.

Material type 1 and 2 performed vastly different on the same Spiral A, which illustrated
the importance of understanding the influence of a specific material on a spiral trough. Spiral
A and B performed vastly different with the same material (Type 2), which illustrated the
importance of matching a specific spiral trough to a specific feed material. In all the tests none
of the results gave satisfactory THM recoveries for the materials tested (all tests were below
90 % THM recovery with concentrate grade below 40 %).

The standard characterisation results successfully supplied the 'base case’ with which the
enhanced characterisation methods could be compared to illustrate the purpose and benefit of
this investigation.

13.2.3 Curve Fitting Consistency

The fitting of the enhanced Holland-Batt triple spline to the test-work data of all the char-
acterisation work showed a high degree of consistency. This greatly benefited the quality of
data presentation for this investigation. The enhancements that were made to the original
Holland-Batt equation improved the quality of fit to the data but also significantly improved
the ease and consistency of the fitting process through the Excel Visual Basic programmed
function. This technique, which was refined in this investigation, is a valuable contribution to
the industry since it can be applied easily on any spiral recovery-yield data.

13.2.4 Material Characterisation Method Development

The application of the mineral quantification capability of Qemscan® within the mineral pro-
cessing industry is well established, to such an extent that automated mineralogy had become
the standard in mineral quantification. The specific application of particle size and particle
density outputs from Qemscan® in describing and understanding mineral processing perfor-
mance was less common, but a number of references were found in literature. The validation
of particle size and particle density output from Qemscan® was virtually non-existent in liter-
ature. This investigation contributed to literature through the validation work, as well as the
application to spiral separation performance data.

Qemscan® sample preparation methods (sample block preparation) that were applied showed
some variation in the repeatability test-work results. Any analytical method will show some
degree of variation and the accuracy of the application of the data should be in line with the
measurement accuracy. The fractional particle size, shape and density comparisons were the
most stringent comparison method with regards to the evaluation of the size and density out-
put from Qemscan®. The different sample preparation steps that were evaluated still gave a
reasonable repeatability consistency. This work also demonstrated the importance of under-
standing the constraints and risks when preparing samples for Qemscan® analysis, specifically
for size and density outputs.

The analytical requirements with regards to the correction of the raw data are crucial if
Qemscan® results are to be successfully applied to quantify particle size and particle density
distributions. The most important requirements include the minimum number of particles to
be analysed, the removal of artificial ultra-fine particles (below 45pm) and de-clustering of
touching particles.

The particle size distribution from Qemscan®, after the analytical requirements were met,
shows a high degree of comparison with conventional screening. The influence of particle shape
is well quantified in the size analysis method comparisons. The particle density validation is
limited due to the lack of an accurate high-density fractionation alternative (fine particles above
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3.0g/cm3. This shortcoming also confirmed the importance of ensuring that particle density
data applied within Qemscan® are correct.

Validation test-work results indicates that the particle size and particle density output from
Qemscan® can be utilised for material characterisation in the density separation environment,
provided that the constraints and conditions are fully understood and applied correctly. The
most important constraint is the material type. Irregular shaped particles, highly porous parti-
cles or a wide range of particle sizes (30 to 1000 pm) would require separate validation test-work.

Qemscan® quantification of particle size and particle density offers an accurate, time- and
cost-effective alternative to physical fractionation. There is no separation inefficiency to con-
sider since all the particles are analysed. The benefit of instantly calculating different particle
classes from the same analyses data source cannot be overstated.

13.2.5 Enhanced Material Characterisation

The enhanced characterisation method demonstrates clear benefits when compared to the stan-
dard characterisation methods. The most important benefits include: (1) A clear characteri-
sation of the different feed materials upfront allows for better understanding of the separation
performance that was observed. (2) The influence of particle class concentration (grade) is
overlooked during the standard characterisation, which would lead to incorrect conclusions. (3)
The weakness of Spiral B to reject fine quartz would be overlooked if only standard characteri-
sation is considered. (4) The recovery of the valuable particle classes (correct size and density)
from the enhanced method differs significantly from the THM recovery of the standard method
since all the performances are averaged in the standard method.

The enhanced spiral separation performance analysis demonstrates significant value in the
ability to identify the most suitable spiral to match a specific feed material within the expected
operating ranges, therefore significantly reducing installation risk and improving long term
business profitability with clear indications of sustainable recovery improvement. The enhanced
characterisation method also delivers process data that can be utilised to identify strengths and
weaknesses in spiral trough designs, that can greatly assist in future spiral design work.

13.3 Recommendations

13.3.1 Modelling

The high degree of test-work data fitting accuracy that the triple spline demonstrates, opens
various opportunities for detailed spiral separation performance modelling using this simple
equation. The equation fitting method can be coupled with an enhanced characterisation
method that can describe particle classes (size-density) that will be influenced most in the
separation zone.

The development of a spiral model that can predict the separation performance of a specific
spiral trough based on a specific feed material characteristic and a selection of a combination
of operating conditions, is a natural consequence of this work. Particle classes can have a
characteristic performance on a spiral profile that can be measured once through test-work and
modelled for the remainder of the other operating conditions. This tool can potentially save a
significant amount of costly test-work.

The model parameters can be determined through testing of an artificial sample with specific
size and density attributes as feed material to a specific spiral trough to analyse the spiral
separation performance under specific operating conditions. This sample can be selected in
such a way that density fractionation can be done magnetically to simplify the sample analysis
process. Large volumes of operating data can be gathered in a time and cost effective manner.
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If the colours of the different density mineral particles are carefully chosen, the movement on
the spiral trough can be measured by means of a stationary camera. Viscosity can be adjusted
with some modifier to keep the separation medium clear. The measurement of medium viscosity
rather than percentage slimes should be considered in future spiral work.

13.3.2 Enhanced Characterisation Continued

The confirmation of mineral density within the Qemscan® database coupled with the validation
of the particle density output from Qemscan® should be investigated. Methods to measure the
actual density of small numbers of similar particles and comparing it with Qemscan® particle
population density should be evaluated. High speed cameras and sensitive scales are constantly
improving, decreasing the size of particles that can be measured. Currently 1 mm particles are
being evaluated and finer particles are also considered.

Size and magnetic fractionation followed by Qemscan® centroid analysis can potentially
remove the requirement to perform sink-float analysis prior to enhanced characterisation. For
a specific mineral sand sample screening can be done on 300 um to remove the majority of
the quartz. The minus 300 pm material can be fractionated magnetically into three fractions.
These four samples can be prepared into polished blocks and analysed by Qemscan® centroid
to provide a full size and density picture at high resolution. The four centroid analyses will
take similar Qemscan® processing time compared to a single particle mineral analysis.

Particle shape and particle size should be combined into a single parameter called particle
spiral drag. Elongated particles can be added as a particle class to determine the influence that
particle shape has on spiral separation performance.
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Glossary

pso The medium density at which 50 % of the mass of a material will sink.

concentrate The product mass stream containing valuable minerals.

cut A mass fraction on a spiral trough (cut 1 on inside, cut 7 on outside).
Dso The aperture size at which 50 % of the mass will pass through a screen.
efficiency The ability to achieve a high recovery and high grade.

FLT Dry mass percentage of sand particles that floated on heavy liquid (density less than
2.98 g/cm?) in all sand particles greater than 45 pm.

grade Concentration of particular component (usually THM) in product.
Holland-Batt Spline function (surname of researcher of spiral separation performance).

ICP-OES A chemical analysis method employing inductively coupled plasma and optical emis-
sion spectrometry.

KZN Kwa-Zulu Natal, a province of the Republic of South Africa.

Material 1 Material originated from Madagascar.
Material 2 Material originated from Namakwa Sands.
middling The mass stream between the concentrate and tailing.

mouth organ Sampling device to fractionate the spiral trough outlet stream.

particle class Group of particles with similar attributes (density and size).

particle shape factor Factor used to quantify particle shape based on the relationship be-
tween perimeter and cross-sectional area).

performance Behaviour of the spiral under different operating conditions.

PMA Particle mineral analysis (Qemscan® analysis mode).
Qemscan® Quantitative Evaluation of Minerals by SCANning electron microscopy.

recovery Mass % of a particular component (usually THM) that ends up in product.
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SIP Specie identification protocol (used in Qemscan® software).
slimes content Dry mass percentage of particles finer than 45 pm in all solid particles..

solids percentage Mass percentage of dry solids in mass of liquid (water) and dry solids
combined.

Spiral A High capacity spiral.
Spiral B Normal capacity spiral.
spline function Combination of two or more equations (functions).

start Single spiral trough feed point.

tailings The mass stream containing non-valuable minerals.

THM Dry mass percentage of total heavy minerals (density greater than 2.98 g/cm?) in all
sand particles greater than 45 pm..

throughput Dry solids flow rate (usually expressed in ton / hour).

trough Surface of the spiral on which the separation occurs.
viscosity Thickness of liquid in which separation occurs.

yield Mass% of dry material to product or concentrate.
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Part V

Appendices
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Appendix A

Spiral Test Data

This appendix presents the test configurations and some of the raw data collected during the
spiral tests.
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Table A.1: Spiral test operating parameters.

Test Identification Operating Parameters
Profile Material Group Test Feed Solids Slimes THM
Rate Content Content Content

t/ h % % %
A 1 1 1 4.34 38.76 2.42 14.23
A 1 1 2 4.50 39.70 2.63 14.19
A 1 1 3 4.37 39.94 2.77 13.55
A 1 2 4 5.52 43.01 4.21 13.77
A 1 2 5 5.87 43.79 3.14 13.76
A 1 2 6 5.88 43.64 2.64 13.74
A 1 2 7 5.39 46.15 2.81 14.28
A 1 2 8 5.92 44.52 3.67 13.63
A 1 2 9 5.52 45.87 3.08 13.83
A 1 2 10 5.93 43.65 3.85 13.30
A 1 2 11 5.67 44.23 2.80 13.67
A 1 3 12 6.79 49.56 3.56 13.91
A 1 3 13 7.13 51.77 3.67 13.41
A 1 3 14 6.89 50.33 3.87 14.03
A 2 4 15 4.86 35.74 4.37 10.39
A 2 4 16 5.33 33.81 3.35 14.86
A 2 4 17 5.74 36.50 3.71 11.33
A 2 4 18 6.47 38.94 4.18 10.80
A 2 4 19 5.58 37.12 4.65 11.26
A 2 5 20 5.25 33.38 2.85 11.52
A 2 5 21 5.66 37.23 5.13 11.11
A 2 5 22 5.71 35.54 5.68 10.94
A 2 5 23 5.42 35.55 5.37 10.85
A 2 6 24 5.17 33.26 6.63 9.83
A 2 6 25 5.52 34.93 7.63 11.90
B 2 7 26 2.07 38.44 4.22 11.30
B 2 7 27 1.38 36.10 5.00 11.27
B 2 7 28 2.15 35.64 4.26 14.39
B 2 8 29 1.97 34.57 5.38 9.60
B 2 8 30 1.99 41.55 4.71 11.65
B 2 8 31 2.02 32.49 6.90 7.61
B 2 8 32 2.33 37.54 5.60 11.85
B 2 8 33 1.86 39.54 6.26 11.87
B 2 9 34 1.83 34.74 7.05 12.10
B 2 9 35 2.15 36.27 6.12 11.82
B 2 9 36 2.20 34.37 5.64 5.99
B 2 9 37 2.34 35.03 6.57 11.40
B 2 9 38 2.29 37.51 6.51 12.00
B 2 9 39 2.20 34.19 7.07 12.04
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Table A.2: Spiral test solids distribution results.

Test Identification

Product Solid Mass Per Cut

Profile Material Group Test 1 2 3 4 5 6 7 Tot.
%o %o %o %o % % % %o

A 1 1 1 6.20 4.08 4.80 10.98 11.60 34.07 28.27 100.00
A 1 1 2 6.13 4.13 4.67 10.75 11.44 34.84 28.04 100.00
A 1 1 3 590 3.90 4.55 10.33 11.09 34.98 29.26 100.00
A 1 2 4 430 3.72 442 824 9.11 35.02 35.19 100.00
A 1 2 5 420 3.66 421 815 9.00 35.09 35.69 100.00
A 1 2 6 4.16 3.65 443 827 9.17 34.83 35.48 100.00
A 1 2 7 4.69 3.72 440 9.22 10.56 35.64 31.77 100.00
A 1 2 8 4.07 3.54 432 7.79 894 3528 36.08 100.00
A 1 2 9 455 3.59 418 840 9.76 35.07 34.46 100.00
A 1 2 10 420 362 429 784 866 34.57 36.82 100.00
A 1 2 11 448 355 4.09 859 9.74 3553 34.02 100.00
A 1 3 12 352 3.08 383 707 942 37.19 35.88 100.00
A 1 3 13 330 295 358 644 852 36.98 3823 100.00
A 1 3 14 362 3.08 366 6.71 915 3723 36.56 100.00
A 2 4 15 217 245 381 866 11.76 29.03 42.13 100.00
A 2 4 16 258 265 398 869 1092 2795 43.23 100.00
A 2 4 17 213 219 343 798 10.48 28.38 45.42 100.00
A 2 4 18 173 203 310 691 864 2742 50.17 100.00
A 2 4 19 210 2.07 344 761 967 26.63 4850 100.00
A 2 5 20 214 218 346 853 10.86 28.16 44.66 100.00
A 2 5 21 2.01 224 331 733 939 26.36 49.37 100.00
A 2 5 22 219 203 360 749 9.06 25.66 49.97 100.00
A 2 5 23 212 212 346 793 10.16 26.93 47.28 100.00
A 2 6 24 212 205 348 7.69 994 2556 49.15 100.00
A 2 6 25 250 2.08 340 733 821 21.64 54.84 100.00
B 2 7 26 3.66 158 204 730 13.00 34.77 37.66 100.00
B 2 7 27  4.06 1.71 3.13 11.07 17.81 37.49 24.72 100.00
B 2 7 28 409 169 263 7.46 1237 31.73 40.03 100.00
B 2 8 29 333 1.41 205 4.38 13.08 35.61 40.14 100.00
B 2 8 30 398 139 269 842 11.94 28.70 42.88 100.00
B 2 8 31 253 1.11 1.66 6.51 11.98 34.40 41.82 100.00
B 2 8 32 331 126 245 6.54 9.85 24.26 52.34 100.00
B 2 8 33  4.09 1.37 3.17 898 12.14 26.11 44.15 100.00
B 2 9 34 394 1.40 320 845 11.89 24.85 46.28 100.00
B 2 9 35 3.63 124 281 7.52 10.80 24.03 49.97 100.00
B 2 9 36 210 .91 1.57 6.08 10.99 32.23 46.11 100.00
B 2 9 37 3.04 113 252 6.18 939 2224 55.50 100.00
B 2 9 38 330 116 273 624 975 22.02 54.80 100.00
B 2 9 39 326 1.24 275 6.72 9.64 22.06 54.33 100.00
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Table A.3: Spiral test THM content results.

Test Identification

Product THM Content Per Cut

Profile Material Group Test 1 2 3 4 5 6 7 Tot.
% % %o %o % %o % %o

A 1 1 1 93.40 86.74 30.75 944 530 342 215 14.23
A 1 1 2 92.97 86.80 30.86 9.75 5.66 3.33 2.15 14.19
A 1 1 3 92.57 86.30 29.62 9.00 5.17 3.47 2.26 13.55
A 1 2 4 92.36 90.00 44.65 13.89 7.12 453 3.10 13.77
A 1 2 5 92.35 90.61 46.33 14.03 7.43 4.62 3.31 13.76
A 1 2 6 92.34 90.91 45.17 1359 6.93 481 3.23 13.74
A 1 2 7 93.20 89.75 41.83 12.69 7.40 5.02 3.12 14.28
A 1 2 8 92.13 90.81 44.70 14.36 7.53 4.96 3.32 13.63
A 1 2 9 93.23 89.82 40.86 12.89 7.07 5.03 3.26 13.83
A 1 2 10 92.01 90.07 36.54 1390 7.18 4.79 3.37 13.30
A 1 2 11 93.14 89.68 40.12 1244 7.15 5.14 3.18 13.67
A 1 3 12 93.23 90.78 49.56 15.72 886 6.45 4.42 1391
A 1 3 13 9290 90.84 49.02 16.27 8.78 6.46 4.51 1341
A 1 3 14 93.07 90.33 46.76 15.16 849 6.59 5.26 14.03
A 2 4 15 7799 8540 39.71 1491 765 3.20 4.68 10.39
A 2 4 16 87.72 88.93 59.98 2511 11.93 5.50 6.55 14.86
A 2 4 17 7893 83.15 49.34 19.52 9.69 4.63 4.96 11.33
A 2 4 18  75.51 85.68 51.15 21.35 10.34 4.62 5.04 10.80
A 2 4 19 77.01 86.66 45.60 19.79 9.75 451 543 11.26
A 2 5 20 7892 84.10 47.66 18.08 899 446 576 11.52
A 2 5 21 73.57 84.05 44.66 18.70 9.55 4.68 5.62 11.11
A 2 5 22 70.01 76.57 43.29 1847 930 4.50 5.83 10.94
A 2 5 23 7536 80.91 4247 1746 937 4.27 547 10.85
A 2 6 24 65.18 7030 31.36 1536 833 4.50 560 9.83
A 2 6 25 59.36 59.04 30.80 16.34 10.09 6.93 841 11.90
B 2 7 26 93.04 83.55 73.46 25.75 10.58 3.65 1.46 11.30
B 2 7 27 91.08 86.02 56.45 14.60 7.21 2.79 1.57 11.27
B 2 7 28 93.22 89.87 81.87 36.45 1296 5.11 2.43 14.39
B 2 8 29  87.53 79.04 5820 20.16 9.38 3.90 218 9.60
B 2 8 30 89.79 77.80 60.48 21.66 10.04 4.39 2.53 11.65
B 2 8 31  86.08 71.37 4444 17.01 795 234 249 7.61
B 2 8 32  91.74 8246 6821 28.03 11.28 5.37 3.55 11.85
B 2 8 33 8539 73.94 4826 2091 9.87 458 3.54 11.87
B 2 9 34  86.81 70.95 52.07 20.88 9.31 5.11 4.07 12.10
B 2 9 35 8588 77.16 57.54 2280 9.85 545 4.08 11.82
B 2 9 36  71.30 50.97 2893 1454 7.16 3.15 191 5.99
B 2 9 37  88.04 82.22 5825 2497 10.11 5.94 4.53 11.40
B 2 9 38  84.67 76.02 5847 2541 1146 6.63 4.69 12.00
B 2 9 39 8593 69.68 53.74 23.28 10.51 6.29 541 12.04
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Table A.4: Spiral test FLT content results.

Test Identification

Product FLT Content Per Cut

Profile Material Group Test 1 2 3 4 5 6 7 Tot.
% % % % % % % %

A 1 1 1 6.00 1247 68.37 89.82 93.89 95.34 91.79 83.35
A 1 1 2 6.37 1246 68.40 89.45 93.35 9542 91.11 83.18
A 1 1 3 6.76 12.84 69.41 90.18 93.88 95.20 90.91 83.68
A 1 2 4 6.64 884 54.37 84.92 91.63 92.01 89.36 82.03
A 1 2 5 6.67 842 5251 84.88 91.35 92.56 91.59 83.10
A 1 2 6 727 865 54.29 86.18 92.63 93.81 91.00 83.61
A 1 2 7 583 924 56.96 86.28 91.42 93.59 90.73 82.92
A 1 2 8 6.78 827 54.08 85.02 91.19 91.88 90.42 82.71
A 1 2 9 595 9.03 57.84 86.02 91.63 93.34 90.48 83.09
A 1 2 10 6.87 873 62.55 84.80 91.26 93.34 88.92 82.85
A 1 2 11 597 9.20 5851 86.42 92,51 93.36 90.94 83.53
A 1 3 12 520 7.82 48.60 82.62 89.27 91.51 89.05 82.52
A 1 3 13 5.63  7.57 49.39 82.03 89.25 91.43 89.04 82.92
A 1 3 14 533 794 51.27 83.00 89.47 91.21 87.75 82.10
A 2 4 15 1853 11.42 56.03 82.71 90.49 94.70 88.15 85.24
A 2 4 16 10.65 9.11 38.53 74.26 86.35 92.47 87.95 81.80
A 2 4 17 16.52 12.58 46.70 78.56 88.54 93.31 89.62 84.95
A 2 4 18  21.11 10.74 46.11 76.61 87.32 93.27 88.90 85.03
A 2 4 19  19.79 11.02 51.39 7840 88.45 93.22 87.33 84.10
A 2 5 20 18.46 12.82 50.82 80.53 89.56 94.34 89.62 85.62
A 2 5 21 23.16 13.12 5253 79.66 88.07 92.70 86.54 83.76
A 2 5 22 2390 17.22 52.08 79.26 88.48 92.66 85.86 83.38
A 2 5 23 21.49 16.12 55.03 81.00 88.90 93.53 85.52 83.78
A 2 6 24 30.07 25.06 62.04 82.88 89.88 92.57 83.93 83.54
A 2 6 25 35.19 35.32 65.51 80.40 86.99 87.11 81.61 80.48
B 2 7 26 4.96 10.68 22.76 71.22 87.50 94.93 90.53 84.48
B 2 7 27 6.52 9.74 39.87 82.74 91.35 95.75 83.79 83.72
B 2 7 28 4.64 7.57 1539 60.08 85.14 93.43 89.83 81.35
B 2 8 29 8.17 14.15 3534 73.37 87.38 94.53 88.49 85.03
B 2 8 30 7.50 15.63 35.58 75.99 &87.98 93.62 89.54 83.64
B 2 8 31 10.83 20.36 50.03 80.11 90.12 95.42 84.48 85.49
B 2 8 32 6.10 12.81 27.84 69.21 86.28 92.50 87.98 82.55
B 2 8 33 11.28 19.79 4857 76.86 87.74 9294 85.59 81.87
B 2 9 34 10.64 2141 4399 76.16 87.62 92.22 84.17 80.84
B 2 9 35 10.23 17.92 39.65 74.63 87.66 9251 86.15 82.07
B 2 9 36 20.14 33.88 58.09 82.43 90.23 94.86 89.40 88.37
B 2 9 37 8.95 1585 3749 71.48 &87.06 91.37 85.97 82.03
B 2 9 38 11.22 19.05 38.25 71.60 86.28 90.57 85.81 81.48
B 2 9 39 10.66 21.20 41.05 71.48 86.80 91.68 84.21 80.89
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Table A.5: Spiral test slimes content results.

Test Identification

Product Slimes Content Per Cut

Profile Material Group Test 1 2 3 4 5 6 7 Tot.
%o % % % %o %o %o %

A 1 1 1 0.60 0.79 088 0.74 081 124 6.06 242
A 1 1 2 0.66 074 074 080 099 124 6.74 2.63
A 1 1 3 0.67 0.8 098 0.82 096 132 684 2.77
A 1 2 4 1.01 1.16 098 1.19 125 346 7.54 4.21
A 1 2 5 098 097 1.16 1.09 123 283 511 3.14
A 1 2 6 038 044 054 023 045 138 577 2.64
A 1 2 7 097 102 1.21 103 118 1.39 6.15 2381
A 1 2 8 1.10 091 121 0.62 1.28 3.16 6.27 3.67
A 1 2 9 0.82 1.15 130 1.09 130 1.64 627 3.08
A 1 2 10 1.12 121 091 1.30 1.55 1.87 7.71 3.85
A 1 2 1 089 112 137 1.14 034 1.51 588 2.80
A 1 3 12 158 140 183 1.66 1.86 2.04 6.53 3.56
A 1 3 13 147 159 160 1.70 196 211 6.45 3.67
A 1 3 14 160 1.73 197 184 204 220 6.99 3.87
A 2 4 15 348 318 426 237 1.86 210 7.17 4.37
A 2 4 16 164 197 149 0.63 1.72 204 550 3.35
A 2 4 17 455 427 396 192 1.77 206 542 3.71
A 2 4 18 338 357 274 204 235 211 6.06 4.18
A 2 4 19 320 232 301 1.81 1.81 227 724 4.65
A 2 5 20 262 3.08 152 139 145 1.19 462 2.85
A 2 5 21 326 283 281 164 239 262 784 513
A 2 5 22 6.09 6.22 463 228 222 285 831 568
A 2 5 23 315 297 249 153 1.73 219 9.02 5.37
A 2 6 24 474 464 6.60 1.76 1.79 293 10.46 6.63
A 2 6 25 546 564 369 326 292 596 999 7.63
B 2 7 26 200 576 3.78 3.03 192 142 8.01 4.22
B 2 7 27 240 424 3.68 266 144 146 14.64 5.00
B 2 7 28 214 256 274 347 190 145 7774 4.26
B 2 8 29 429 6.81 646 647 324 156 933 5.38
B 2 8 30 272 6.57 394 235 198 1.99 794 471
B 2 8 31 3.09 827 552 287 193 224 13.03 6.90
B 2 8 32 216 473 396 276 244 214 848 5.60
B 2 8 33 333 626 3.17 223 238 248 10.87 6.26
B 2 9 34 255 7.63 394 296 3.07 267 11.76 7.05
B 2 9 35 389 492 281 257 250 204 997 6.12
B 2 9 36 856 15.15 1298 3.03 2.61 199 869 5.64
B 2 9 37 3.01 193 426 355 282 269 949 6.57
B 2 9 38 411 493 328 299 226 280 950 6.51
B 2 9 39 341 912 520 524 269 203 1038 7.07
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Table A.6: Spiral test solids concentration results.

Test Identification Product Solids Concentration Per Cut

Profile Material Group Test 1 2 3 4 5 6 7 TOTAL
% % % % % % % %

A 1 1 1 6.00 1247 68.37 89.82 93.89 95.34 91.79 83.35
A 1 1 2 6.37 1246 68.40 89.45 93.35 9542 91.11 83.18
A 1 1 3 6.76 12.84 69.41 90.18 93.88 95.20 90.91 83.68
A 1 2 4 6.64 884 54.37 84.92 91.63 92.01 89.36 82.03
A 1 2 5 6.67 842 5251 84.88 91.35 92.56 91.59 83.10
A 1 2 6 727 8.65 54.29 86.18 92.63 93.81 91.00 83.61
A 1 2 7 583 9.24 56.96 86.28 91.42 93.59 90.73 82.92
A 1 2 8 6.78 827 54.08 85.02 91.19 91.88 90.42 82.71
A 1 2 9 595 9.03 57.84 86.02 91.63 93.34 90.48 83.09
A 1 2 10 6.87 873 6255 84.80 91.26 93.34 88.92 82.85
A 1 2 11 597 9.20 5851 86.42 92.51 93.36 90.94 83.53
A 1 3 12 520 7.82 48.60 82.62 89.27 91.51 89.05 82.52
A 1 3 13 5.63 7.57 49.39 82.03 89.25 91.43 89.04 82.92
A 1 3 14 533 7.94 51.27 83.00 89.47 91.21 8&7.75 82.10
A 2 4 15 18.53 11.42 56.03 82.71 90.49 94.70 88.15 85.24
A 2 4 16 10.65 9.11 3853 74.26 86.35 92.47 87.95 81.80
A 2 4 17 16.52 12.58 46.70 78.56 88.54 93.31 89.62 84.95
A 2 4 18 21.11 10.74 46.11 76.61 87.32 93.27 88.90 85.03
A 2 4 19 19.79 11.02 51.39 78.40 88.45 93.22 87.33 84.10
A 2 5 20  18.46 12.82 50.82 80.53 89.56 94.34 89.62 85.62
A 2 5 21 23.16 13.12 5253 79.66 88.07 92.70 86.54 83.76
A 2 5 22 2390 17.22 52.08 79.26 88.48 92.66 85.86 83.38
A 2 5 23 21.49 16.12 55.03 81.00 88.90 93.53 85.52 83.78
A 2 6 24 30.07 25.06 62.04 82.88 89.88 92.57 8&83.93 83.54
A 2 6 25 35.19 3532 65.51 80.40 86.99 87.11 81.61 80.48
B 2 7 26 4.96 10.68 22.76 71.22 87.50 94.93 90.53 84.48
B 2 7 27 6.52 9.74 39.87 82.74 91.35 95.75 83.79 83.72
B 2 7 28 4.64 757 1539 60.08 85.14 93.43 89.83 81.35
B 2 8 29 8.17 14.15 35.34 73.37 87.38 94.53 88.49 85.03
B 2 8 30 7.50 15.63 35.58 75.99 8798 93.62 89.54 83.64
B 2 8 31 10.83 20.36 50.03 80.11 90.12 95.42 84.48 85.49
B 2 8 32 6.10 12.81 27.84 69.21 86.28 92.50 &87.98 82.55
B 2 8 33  11.28 19.79 48.57 76.86 87.74 92.94 85.59 81.87
B 2 9 34 10.64 21.41 4399 76.16 87.62 92.22 84.17 80.84
B 2 9 35 10.23 17.92 39.65 74.63 87.66 92.51 86.15 82.07
B 2 9 36 20.14 33.88 58.09 82.43 90.23 94.86 89.40 88.37
B 2 9 37 8.95 1585 37.49 7148 87.06 91.37 85.97 82.03
B 2 9 38 11.22 19.05 38.25 71.60 86.28 90.57 85.81 81.48
B 2 9 39 10.66 21.20 41.05 71.48 86.80 91.68 84.21 80.89
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Appendix B
Method Validation Data

This appendix presents data used to validate some of the experimental methods used. This
includes the influence of block preparation on Qemscan® property measurement results, as well
as the influence of Qemscan® particle population size.
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Table B.1: Data indicating the influence of block preparation on property measurement results.
Three blocks were analysed, and all properties were measured by Qemscan®.

Particle Size Particle Density Particle Shape Factor
1 2 3 1 2 3 1 2 3
pm % % % kg/ m3 % % % % % %

0 0.00 0.00 0.00 2.00 0.00 0.00 0.00 0.0 0.00 0.00 0.00
10 0.00 0.00 0.00 2,50 006 046 0.00 2.0 0.00 0.00 0.00
20 0.03 0.04 0.03 2.60 127 119 0.96 4.0 0.00 0.00 0.00
30 0.06 0.09 0.06 270 029 018 030 6.0 0.00 0.00 0.00
40 0.11 0.16 0.11 2.80 001 003 0.19 8.0 0.00 0.00 0.00
50 0.19 0.22 0.19 290 024 018 0.14 100 0.00 0.00 0.00
60 0.27 032 0.26 3.00 003 005 073 105 0.00 0.00 0.00
70 0.45 054 041 3.10 050 097 022 11.0 0.00 0.00 0.00
80 0.76 0.85 0.87 3.20  1.22 1.12 249 11.5 0.00 0.00 0.00
90 1.09 1.23 1.11 3.30 423 708 922 120 0.00 0.00 0.00

100 1.72 1.83 1.46 3.40 11.68 11.34 1237 125 0.00 0.00 0.00
110 2.02 2.31 2.60 3.50 15.21 17.04 13.21 13.0 0.00 0.00 0.00
120 3.50 3.35 3.51 3.60 11.00 980 759 135 0.00 0.00 0.00
130 431 4.13 3.80 3.656 252 334 298 14.0 0.00 0.00 0.80
140 497 493 5.79 3.70 091 1.46  1.32 145 146 180 1.28
150 5.98 5.59 6.15 3.75 327 120 148 150 7.75 5.06 5.70
160 6.38 7.60 6.93 3.80 091 131 229 152 431 3.07 3.26
170 6.41 848 6.70 3.85 114 139 166 154 3.79 442 5.38
180 727 T7.72 6.65 3.90 222 089 1.89 156 285 4.34 4.77
190 6.80 5.34 5.79 395 190 146 1.57 158 549 392 5.05
200 7.76 7.65 7.52 4.00 1.31 1.06 1.7 16.0 4.63 5.70 5.62
210 6.08 6.55 5.74 4.05 214 107 128 16.2 555 486 4.96
220 543 6.37 4.60 410 284 162 287 164 6.70 597 5.29
230 4.46 3.66 5.54 415 202 365 216 16,6 4.44 439 5.31
240 329 4.46 5.14 420 342 344 260 168 4.11 479 345
250 341 3.02 3.39 425 495 373 446 170 3.62 475 4.01
260 3.61 1.61 3.58 430 642 761 510 17.2 348 4.51 4.27
270 151 2.09 3.20 435 413 491 473 174 4.06 3.26 3.94
280 3.14 2.20 0.87 440 530 431 482 176 4.10 3.08 5.20
290 220 2.07 2.84 445 400 351 527 178 4.53 226 3.10
300 232 2.04 1.50 450 0.50 057 042 18.0 293 3.56 3.67
310 148 1.06 1.52 455 075 056 053 182 3.09 3.72 2.64
320 0.00 1.056 043 460 0.01 047 013 184 212 240 284
330 0.00 0.56 0.88 465 033 004 029 186 213 194 195
340 0.55 0.89 0.00 470 215 213 196 188 219 211 1.96
350 0.70 0.00 0.00 4.80 0.72 056 068 19.0 226 199 1.67
360 0.00 0.00 0.00 490 032 001 021 200 797 953 5.61
370 0.00 0.00 0.00 5.00 0.00 000 001 21.0 295 4.53 293
380 0.71 0.00 0.00 5.10 0.00 000 000 220 183 140 1.84
390 0.00 0.00 0.00 5.20 000 000 000 230 0.87 1.08 0.66
400 0.00 0.00 0.81 540 0.00 0.00 0.00 240 0.21 0.20 1.12
500 1.04 0.00 0.00 5.60 0.00 000 000 260 0.10 0.75 1.09
600 0.00 0.00 0.00 5.80 0.00 014 000 28.0 0.12 045 0.13
700 0.00 0.00 0.00 6.00 006 011 012 30.0 0.05 0.06 0.09
800 0.00 0.00 0.00 6.20 0.00 000 0.00 400 0.30 0.09 0.38
900 0.00 0.00 0.00 6.40 0.00 0.00 0.00 50.0 0.03 0.00 0.00
1000 0.00 0.00 0.00 6.60 0.00 0.00 0.00 100.0 0.00 0.00 0.01
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Table B.2: Data indicating the influence of particle population size on property measurement
results. Four population sizes were analysed, and all properties were measured by Qemscan®.

Particle Size Particle Density Particle Shape Factor
Range 9849 4922 2501 1000 Range 9849 4922 2501 1000 Range 9849 4922 2501 1000
nm % % % % kg/ m3 % % % % % % % %o

0 0.00 0.00 0.00 0.00 2.00 0.00 0.00 0.00 0.00 0.0 0.00 0.00 0.00 0.00
10 0.02 0.02 0.02 0.02 2,50 003 003 005 0.13 2.0 0.00 0.00 0.00 0.00
20 034 035 036 038 260 031 038 0.22 037 4.0 0.00 0.00 0.00 0.00
30 0.56 057 057 0.58 2,70 001 001 0.00 0.00 6.0 0.00 0.00 0.00 0.00
40 0.72 0.72 0.73 0.58 2.80 004 007 0.05 0.00 80 0.00 0.00 0.00 0.00
50 1.06 1.08 1.07 1.29 290 002 002 003 0.04 10.0  0.00 0.00 0.00 0.00
60 159 154 138 1.22 3.00 001 000 001 0.01 105 0.00 0.00 0.00 0.00
70 224 229 228 223 3.10 015 019 010 0.20 11.0 0.00 0.00 0.00 0.00
80 3.22 3.15 3.60 3.59 320 070 069 052 046 11.5 0.00 0.00 0.00 0.00
90 4.37 447 423 5.29 330 07 085 070 092 120 0.00 0.00 0.00 0.00

100 555 5.57 5.88 5.34 340 105 116 110 1.63 125 0.00 0.00 0.00 0.00
110 6.01 6.19 6.19 5.13 3.50 174 159 202 1.76 13.0 0.00 0.00 0.00 0.00
120 6.99 697 6.61 6.95 3.60 187 182 196 1.78 135 0.00 0.00 0.00 0.00
130 6.85 6.76 6.23 5.20 3.6 066 060 044 0.49 140 0.06 0.12 0.25 0.31
140 840 850 943 9.53 3.70 044 037 038 0.26 145 118 143 1.23 0.87
150 745 757 747 7.38 3.7 082 063 092 0.67 15.0 528 536 5.76 5.13
160 7.85 823 814 6.07 3.80 070 095 142 225 1562 276 2.64 250 3.01
170 525 539 570 5.40 3.85 046 053 047  0.09 154 426 383 3.69 5.01
180 5.67 5.04 5.46 6.07 390 066 072 093 0.86 15.6 439 472 452 3.98
190 424 415 391 431 3.95 068 065 074 099 15.8 522 550 549 6.12
200 3.79 459 469 4.25 4.00 096 082 041 0.23 16.0 454 471 473 421
210 398 3.74 282 3.03 4.05 139 136 137 084 16.2 550 548 4.88 5.29
220 296 3.01 250 278 410 1.09 112 143 1.03 16.4 533 535 5.27 4.51
230 197 220 279 284 415 209 230 210 248 16.6 4.10 3.94 3.50 3.58
240 1.72 158 193 1.06 420 361 317 3.15 2.56 16.8 538 5.18 5.25 4.30
250 1.62 134 091 2.03 425 1214 1149 11.06 12.40 170 524 577 6.10 5.89
260 0.84 0.66 1.03 048 430 21.48 21.60 2216 20.15 172 485 398 394 321
270 0.77 045 035 0.00 4.35 13.51 13.54 14.90 16.22 174 440 459 5.76 5.26
280 0.78 0.84 0.53 0.66 440 832 891 910 825 176 3.66 3.08 3.37 1.90
290 0.85 1.12 099 2.02 445 446 427 3.56 4.15 178 3.07 3.06 2.76 3.50
300 0.38 0.37 0.27 0.68 450 144 157 078  0.88 18.0 2,50 2.77 245 291
310 0.52 0.30 0.00 0.00 455 064 061 051 035 182 291 293 318 4.48
320 0.70 0.88 1.55 3.07 4.60 052 057 069 046 184 295 295 256 2.25
330 0.16 0.09 0.17 0.00 465 109 080 057 081 186 220 223 2.08 288
340 0.09 0.19 0.00 0.00 470 724 766 748 6.45 188 231 236 245 2.84
350 0.00 0.00 0.00 0.00 480 229 256 250 3.04 19.0 1.8 1.61 1.59 2.16
360 0.00 0.00 0.00 0.00 490 148 141 168 1.17 20.0 795 817 8.09 846
370 0.23 0.00 0.00 0.00 5.00 046 045 045 0.17 21.0 395 419 510 5.21
380 0.00 0.00 0.00 0.00 5.10 020 0.00 0.01 0.01 220 177 174 153 144
390 0.00 0.00 0.00 0.00 5.20 0.00 0.00 0.00 0.00 23.0 084 052 033 0.17
400 0.16 0.11 0.21 0.54 540 0.16 0.01 0.01 0.00 240 036 036 054 0.27
500 0.11 0.00 0.00 0.00 5.60 005 011 0.00 0.00 26.0 0.18 025 021 041
600 0.00 0.00 0.00 0.00 5.80 036 067 069 1.55 28.0 0.06 0.06 0.04 0.02
700 0.00 0.00 0.00 0.00 6.00 392 376 335 3.86 30.0 0.04 006 012 0.01
800 0.00 0.00 0.00 0.00 6.20 0.00 0.00 0.00 0.00 40.0 1.21 1.04 0.73 042
900 0.00 0.00 0.00 0.00 6.40 0.00 0.00 0.00 0.00 50.0 0.00 0.00 0.00 0.00
1000 0.00 0.00 0.00 0.00 6.60 0.00 000 0.00 0.00 100.0 0.00 0.00 0.00 0.00
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Appendix C

Enhanced Holland-Batt Visual Basic
Program

C.1 High Density Lines

Public Function Spline HighDensity (a As Double, b As Double, ¢ As Double, y As Double)

"The combination of three curves describes the cumulative recovery of certain
" mass class as a function of mass yield to concentrate.

i1s the gradient of the straight line, defined by rlin

b is the power law, defined by rpow

¢ is the distance at cross point of rlin and rpow

y is the cumulative mass yield to concentrate

r is the the cumulative recovery of certain mass class

"rpol is defined by the polynomial function that connects rlin and rpow
“cross point is defined by rlin and rpow intersection

© 0 N e U oA W N e
S

o e
No= O

Dim rlin As Double, rpow As Double
rlin = a % y
rpow = 100 % ((y / 100) ~ b)

= = e
oo W

16

17 Dim y cross As Double

18y _cross = (a x (100 ~ (b= 1))) ~ (1 / (b = 1))

19

20 Dim y1 As Double, y2 As Double, r1 As Double, r2 As Double
21 Dim r1_ As Double, r2_  As Double

22 yl =y cross — ¢

23 y2 = y_cross + c

241l = a x yl

25 12 = 100 x ((y2 / 100) " b)

261l = a

27 12 = ((100 * (((y_cross + ¢ + 1) / 100) ~ b) — (100 * (((y_cross + ¢) / 100) ~ b)))) _
28 / ((y_cross + ¢ + 1) — (y_cross + ¢))

29
30 Dim Z As Variant
31 ReDim Z(4, 4) As Double

2 Z(1, 1) = (1)
33 2(1, 2) = (yl)
3a Z(1, 3) = (yl =~ 2)
35 Z(1, 4) = (y1 ~ 3)
36 Z2(2, 1) = (1)
31 Z(2, 2) = (y2)
38 2(2, 3) = (y2 ~ 2)
39 Z2(2, 4) = (y2 ~ 3)
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(0)

(1)

(2 = yl)

(3  yl ~ 2)
(0)

(1)

(2 * y2)

(3 x y2 ~ 2)

Dim R As Variant
50 ReDim R(4, 1) As Double

R(1, 1)
R(2, 1)
R(3, 1)
R(4, 1)

)
)
_)
_)

o e
S Ve

(
(
(
(

56 Dim Zinverse As Variant
Zinverse = WorksheetFunction.MInverse(Z)

57
58

50 Dim Coeff As Variant
Coeff = WorksheetFunction .MMult(Zinverse , R)

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
7
78
79
80
81

Dim dO0 As Double, d1 As Double, d2 As Double, d3 As Double

d0 = Coeff(1, 1)

dl = Coeff
d2 = Coeff
d3 = Coeff

(2, 1)
(3, 1)
(4, 1)

)

Dim rpol As Double
rpol =d0 +dl *xy +d2 «y ~ 2 +d3 xy ~ 3

If y <= y1 And y >= 0 Then
Spline HighDensity = rlin
Else If y <= y2 And y > yl Then
Spline_ HighDensity = rpol
Else If y > y2 And y <= 100 Then
Spline _HighDensity = rpow

Else

Spline HighDensity = "unknown"

End If

End Function

C.1. HIGH DENSITY LINES
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C.2 Low Density Lines

1 Public Function Spline LowDensity (a As Double, b As Double, ¢ As Double, y As Double)
2

3 Dim y

2y = 100 — ¥y

5

6 Dim r as Double

7 v = Spline HighDensity(a,b,c,y_ )
8

9o Dim r as Double

wor = 100 — 1

11

12 Spline  LowDensity = r_

13

12 End Function
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Appendix D

Particle Population Variability Data

This appendix presents particle size and density distribution data for selected spiral tests.

D.1 Particle Size

Table D.1: Spiral test 1 particle size distribution results.

Heavy Mineral Cuts Light Mineral Cuts
Size 1 2 3 4 5 6 7 1 2 3 4 5 6 7
nm % % % % % % % % % % % % % %
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
45 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.3 0.3 0.1 0.0 0.0 0.0 0.1
75 1.2 0.9 0.7 1.0 0.4 0.4 2.3 7.1 5.0 1.2 0.4 0.2 0.2 0.9

90 7.1 4.9 2.9 2.2 1.3 1.2 4.6 144 10.2 2.5 0.9 0.5 0.4 1.7
106 225 163 10.7 6.9 5.2 4.7 126 28.2 205 5.8 2.5 1.6 1.4 3.6
125 48.0 375 281 193 15.0 13.8 284 478 39.1 149 7.4 5.2 4.5 9.1
150 76.5 65.8 57.0 458 406 375 56.1 744 657 333 208 154 145 221
180 916 834 783 69.7 643 60.7 77.2 879 786 499 36.0 292 279 381
212 986 96.0 93.8 90.8 881 8.8 93.0 96.2 875 T71.0 624 536 53.1 639
250 99.8 99.2 984 98.0 971 96.8 98.1 98.9 90.6 844 813 746 747 84.0
300 999 998 994 994 992 99.2 99.0 99.5 91.7 909 916 882 86.0 929
425 100.0 99.9 999 100.0 99.9 999 99.8 99.8 924 957 994 993 99.6 99.9
550 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table D.2: Spiral test 4 particle size distribution results.

Heavy Mineral Cuts Light Mineral Cuts
Size 1 2 3 4 5 6 7 1 2 3 4 5 6 7
nm % % % % % % % % % % % % % %
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
45 0.1 0.0 0.0 0.0 0.0 0.0 -0.1 0.9 0.4 0.1 0.0 0.0 0.0 0.1

0] 1.6 1.0 0.6 0.3 0.2 0.2 0.3 11.1 7.9 1.6 0.6 0.4 0.3 0.9

90 8.5 4.9 3.1 1.9 1.4 1.3 2.2 19.6  15.1 3.4 1.2 0.8 0.6 1.6
106  25.6 29.8 11.6 7.7 6.4 6.0 9.3 32.6 272 7.4 3.2 2.3 1.7 3.5
125 522 418 31.6 229 190 184 239 51.0 459 18.0 9.5 6.3 5.4 9.1
150  79.3 70.1 62.0 51.7 470 457 541 74.7 685 385 227 180 162 216
180 927 87.0 814 744 701 69.3 755 86.8 79.5 H5.7 388 31.7 291 370
212 988 971 95.0 93.0 91.1 909 93.0 94.7 86.3 747 64.1 56.0 54.0 628
250 99.8 995 988 985 978 979 984 97.7 89.0 8.8 815 773 761 826
300 100.0 99.8 99.6 99.6 995 995 994 99.1 90.2 91.1 90.5 881 887 913
425 100.0 100.0 99.9 100.0 100.0 99.9 99.9 99.5 91.1 958 993 994 99.6 99.8
550 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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Table D.3: Spiral test 6 particle size distribution results.

Heavy Mineral Cuts Light Mineral Cuts
Size 1 2 3 4 5 6 7 1 2 3 4 5 6 7
pm % % % % % % % % % % % % % %
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
45 0.0 0.0 0.0 0.0 0.0 -0.1 0.0 1.0 0.7 0.1 0.0 0.0 0.0 0.1

(0] 1.4 1.1 0.5 0.3 0.3 0.3 1.4 10.8 9.9 1.8 0.6 0.4 0.2 0.8

90 8.3 5.9 2.9 1.5 1.3 1.2 4.0 22.0 177 3.8 1.5 0.8 0.6 1.7
106 253 19.0 11.1 7.1 5.6 5.3 114 374 300 8.4 3.7 2.3 1.9 3.8
125  50.6 41.8 293 204 166 16.5 26.4 56.5 475 188 9.5 6.5 5.4 9.3
150  79.0 714 609 50.3 44.0 43.7 556 7T 683 374 223 166 149 219
180 921 86.8 80.3 727 674 674 76.6 89.1 79.1 555 39.1 309 290 381
212 987 97.0 95.0 923 90.0 90.1 93.7 96.2 864 753 632 55.8 544 633
250 99.8 994 988 98.2 977 977 98.9 98.7 90.0 866 81.8 772 769 83.1
300 999 998 997 994 994 995 99.8 99.3 914 917 919 883 884 921
425 100.0 999 999 999 99.9 100.0 100.0 99.4 924 953 992 99.1 993 99.7
550 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table D.4: Spiral test 8 particle size distribution results.

Heavy Mineral Cuts Light Mineral Cuts
Size 1 2 3 4 5 6 7 1 2 3 4 5 6 7
nm % % % % % % % % % % % % % %
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
45 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.8 0.0 0.0 0.0 0.0 0.1
75 1.3 1.0 0.6 0.5 0.1 0.3 0.6 9.7 9.5 1.6 0.5 0.3 0.2 0.8

90 8.3 5.3 3.1 2.0 1.7 1.4 3.1 186 179 3.5 1.3 0.7 0.6 1.6
106  25.1 19.2 114 7.7 5.8 6.4 108 31.8  31.1 8.1 3.4 2.1 1.9 3.8
125 50.2 41.7 302 219 186 18.0 26.1 51.0 49.8 183 9.2 6.2 5.3 9.0
150 789 689 60.8 509 474 453 55.7 725 714 38.1 227 16.7 154 214
180 924 863 805 732 699 681 77.2 86.0 81.8 56.7 41.1 31.8 29.6 378
212 988 97.0 952 921 915 90.5 94.2 944 879 757 641 564 55.0 64.0
250  99.8 995 99.2 97.7 982 98.0 98.9 976 904 874 820 774 772 834
300 100.0 99.9 99.7 988 995 99.6 99.9 98.6 91.2 923 91.5 881 889 94.0
425 100.0 100.0 99.9 99.2 100.0 100.0 100.1 99.4 919 957 993 993 99.6 99.8
550 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

Table D.5: Spiral test 12 particle size distribution results.

Heavy Mineral Cuts Light Mineral Cuts
Size 1 2 3 4 5 6 7 1 2 3 4 5 6 7
nm % % % % % % % % % % % % % %
0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
45 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.8 0.9 0.1 0.0 0.0 0.0 0.1

(0] 1.8 1.4 0.9 0.5 0.4 0.2 0.6 125 11.1 1.8 0.7 0.4 0.4 0.8

90 9.4 7.0 4.1 2.3 2.0 1.6 2.7 21.2 194 4.0 1.6 0.9 0.8 1.6
106 28.0 22.6 15.0 9.6 8.2 7.3 9.7 34.8 319 8.6 3.9 24 2.0 3.4
125 53.8 452 36.8 270 23.1 214 251 52.9 490 19.0 104 7.0 6.2 8.7
150 799 729 658 578 53.2 51.2 545 75.2 694 376 239 189 172 208
180 929 884 844 791 751 739 76.2 86.6 79.0 551 413 345 313 368
212 988 975 96.2 947 933 927 934 94.6 853 752 646 58.1 56.5 61.2
250  99.8 999 99.2 989 986 984 98.5 98.0 881 8.9 816 77.8 777 814
300 100.0 100.0 99.8 99.7 99.7 99.7 99.7 99.1 89.2 91.1 902 882 88.0 91.2
425 100.0 100.0 100.0 100.0 100.0 100.0 100.0 99.7 90.1 957 99.2 994 99.6 99.7
550 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
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Table D.6: Spiral test 1 heavy mineral particle density distribution results.

Density Cutl Cut2 Cut3d Cut4d Cuts Cut6é Cut?
kg/m? % % % % % % %
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.30 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.50 0.01 0.01 0.18 0.11 0.10 0.10 0.14
2.60 0.07 0.19 0.95 1.08 0.88 1.24 1.39
2.70 0.08 0.21 1.03 1.25 1.32 1.52 1.56
2.80 0.09 0.23 1.12 1.40 1.40 1.56 1.64
2.90 0.10 0.24 1.22 1.50 1.54 1.86 1.76
3.00 0.11 0.25 1.49 1.75 1.85 1.95 2.23
3.10 0.13 0.31 1.86 2.22 2.32 2.55 2.88
3.20 0.25 0.36 2.54 3.73 4.69 3.76 5.39
3.30 0.65 0.80 4.52 7.91 12.41 795 12.39
3.40 1.26 1.74 8.48 16.42 23.26 18.69 24.90
3.50 2.37 397 16.52  27.73 3296 33.87 39.53
3.60 3.63 6.36  21.25  36.44 40.08 43.93 49.71
3.70 4.62 774 2484 40.24 4394 47776  55.08
3.80 5.65 9.59  27.19 43.26 48.04 51.45  58.80
3.90 6.60 10.47  30.79 46.66 51.18 54.90 61.68
4.00 7.57 11.63  33.93 49.68 54.46 58.36  63.92
4.10 9.20 14.38 39.71  53.12 57.71  62.87  67.26
420 16.11  20.18 4770 60.36 64.64 68.96  71.39
430 5442 5530 73.57 76.68 76.63 81.83  81.82
440 73.01 7882 8798 9042 88.89 91.98  92.06
450 78.70  85.87 93.78  95.09 9544  96.04 95.01
4.60 81.21  87.58 9478 9579 9580 96.73  95.53
4.70  92.00 94.95 9842 9891 9887  99.00  98.39
480 93.80 96.46 99.15 99.51  99.82  99.55  98.97
490 94.14 97.05 9931  99.73 99.87 99.90  99.18
5.00 94.52  97.67 99.50 99.77  99.93  99.90  99.30
510 94.53  97.67 99.50  99.77  99.93  99.90 99.30
5.20 9453  97.67 99.50  99.77  99.93  99.90  99.30
5.30 9453  97.67 99.50  99.77  99.93  99.90 99.30
540  94.63 97.67 99.50 99.77  99.93 99.90 99.30
550  94.63  97.67  99.50  99.77  99.93  99.90  99.30
560 94.66  97.69 99.50  99.77  99.93  99.90  99.30
570  94.66 97.70  99.50  99.77  99.93 99.90 99.31
5.80 94.72  97.70  99.50  99.77  99.93 99.90 99.31
590 9487 97.81 99.51  99.77  99.94 9990 99.37
6.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
6.10 100.00 100.00 100.00 100.00 100.00 100.00 100.00
6.20 100.00 100.00 100.00 100.00 100.00 100.00 100.00
6.30 100.00 100.00 100.00 100.00 100.00 100.00 100.00
6.40 100.00 100.00 100.00 100.00 100.00 100.00 100.00
6.50 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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Appendix E

Mass Distribution for 3x3 Particle Classes

This appendix presents the distribution of mass between the different size-density classes for
each of the tests, per spiral cut.
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