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Résumé

Cette thèse présente comment la technique de traçage de particule par émission de

positron (positron emission particle tracking, PEPT) a été utilisée pour obtenir de

l’information détaillée sur le comportement de particules de minerai de fer à l’intérieur

d’une spirale de concentration gravimétrique.

Une revue de la littérature a montrée que plusieurs expériences ont ciblées l’écoulement

d’eau claire dans une spirale de concentration. Cependant, elle a aussi mis en évidence

un manque d’information quantitative sur le comportement des particules à l’intérieur

d’une pulpe minérale dense, tel qu’utilisé lors de l’opération de cet équipement. Pour

la première fois, l’observation de la séparation des minéraux à l’échelle de l’écoulement

de la pulpe a été réalisé et est présenté dans cette thèse.

La description de l’écoulement de particules minérales dans la spiral a été rendue pos-

sible par les travaux suivants. Premièrement, des particules de minerai de fer grossières

(>1000 µm) ont été activées directement dans un cyclotron MC40 (rayon d’3He+ de

35 MeV). Deuxièmement, une méthode a été développée pour la fragmentation, la

classification et la sélection d’éclats provenant de la surface des particules grossières

permettant d’obtenir de petits traceurs activés (≈100 µm). Il s’agit de la première

fois que de si petits traceurs représentatifs sont produits et permettent l’observation

du comportement des particules dans une pulpe dense et opaque. En considérant le

niveau d’activité des petits traceurs, un système de détection de haute performance

composé de détecteurs de positron modulaires a été conçu et construit. Ensuite, ce
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nouvel assemblage de détecteurs a été comparé à un système de détection connu et

la précision du traçage a été déterminée pour des particules de différentes compo-

sitions minérales, tailles, vitesses et activités. Finalement, ce système de détecteurs

modulaires a été utilisé pour observer, pour la première fois, l’écoulement typique de

particules d’hématite (5260 kg/m3) et de quartz (2650 kg/m3) de dimensions variant

entre 90 et 1400 µm à l’intérieur d’une spirale de concentration. Ces mesures ont été

réalisées dans une pulpe minérale (minerai de fer) ayant un contenu solide massique

de 20%.

Dans cette thèse, les résultats décrivant le flux de particules minérales sont présentés

sous la forme de trajectoires, vitesses, accélérations et forces résultantes sur les parti-

cules minérales. Un des résultats ayant une très grande importance est le comporte-

ment des particules dans l’écoulement secondaire de la pulpe. Pour une particule de

quartz d’une taille de 300 à 355 µm, la vitesse radiale à l’intérieur de l’écoulement se-

condaire a été mesurée entre 0.1 m/s dans la couche inférieure s’écoulant vers le centre

de la spirale et jusqu’à 0.2 m/s dans la couche supérieure s’écoulant vers l’extérieure.

Cette information est critique pour le développement de spirales de concentrations

plus efficaces car la séparation minérale est directement reliée au mouvement des

particules dans cette écoulement secondaire.

Les nouvelles informations quantitatives obtenues à partir de ce travail seront uti-

lisées pour l’amélioration et la validation de simulations de l’écoulement de la pulpe,

maintenant possibles grâce aux avancées dans la puissance de calcul par ordinateur.
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Abstract

This thesis describes how positron emission particle tracking (PEPT) was used to

obtain detailed information on ore particle behaviour within a mineral spiral concen-

trator.

A review of literature has shown a number of experimental measurements of clear wa-

ter flow in spiral concentrator. However, this review highlighted the lack of quantita-

tive information on the particle behaviour within a dense pulp, used in the operation

of this equipment. Thus, for the first time, observations of separation of minerals at

the flow scale were undertaken and are reported in this thesis.

The description of mineral particle flow field in the spiral concentrator was made

possible by the following work. First, large mineral particles (>1000 µm) were acti-

vated via direct activation in a MC40 cyclotron (35 MeV 3He+ beam). Second, a new

procedure was developed for subsequent breakage, sizing and selection of surface frag-

ments of a large particle in order to obtain small activated mineral tracers (≈100 µm).

This is the first time such small representative mineral tracers were produced and en-

abled the observation of particle behaviour in dense and opaque pulp. Considering

the low amount of activity carried by these small tracers, a high performance track-

ing system consisting of modular positron emission detector was designed and built.

Subsequently, this new modular detector assembly was compared to an established

detection system and tracking error was determined for particles of different mineral

composition, size, speed and activity. Finally, the modular detector system was used
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to observe, for the first time, the characteristic flow of hematite (5260 kg/m3) and

quartz (2650 kg/m3) particles with size ranging between 90 and 1400 µm within a

spiral concentrator. All measurements were carried out in a mineral (iron ore) pulp

consisting of 20% solids by mass.

In this thesis, the results describing mineral particle flow fields are presented in the

form of trajectories, velocities, accelerations and resultant forces on the mineral tracer

particle. Of key importance is the particle behaviour within the spiral secondary

flow. For quartz particle of size 300 to 355 µm, radial velocity magnitude within

the secondary flow ranged from 0.1 m/s in the lower inward moving layer of the flow

and reached up to 0.2 m/s in the upper outward moving layers. This information is

critical for the development of more efficient spiral concentrator since ore separation

is a direct result of particle behaviour in this secondary flow.

The new quantitative information obtained from this work will be used for the im-

provement and validation of particle and fluid flow simulations, now possible thanks

to the advances in computational power.
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Preface

This thesis presents the work undertaken over the course of my graduate study at

McGill University. It is a traditional format thesis which includes part of the work

published by me (Darryel Boucher), as the first author, in different refereed journals

[1–5]. After an introduction chapter, the second and third chapters present details

of mineral processing basics and a review of the literature related to spiral concen-

trators, respectively. In chapter four, the technique of positron emission particle

tracking (PEPT) is described with the details of how it was used to track mineral

particles inside a spiral. Chapter five presents the experimental findings with discus-

sion. Conclusion of the thesis and potential future research directions form chapter

six.

The main original contribution to knowledge of the work presented in this thesis is the

determination of the typical behaviour of gangue and valuable iron ore particles inside

the dense pulp (20% solids by mass) flowing on a spiral concentrator trough. The

work completed enabled to obtain, for the first time, the measured particle trajectory,

velocity and acceleration during the mineral separation taking place on the spiral.

This particle flow field was recovered from real mineral particles of representative

densities and sizes taken from a typical iron ore sample (hematite and quartz). The

experimental results presented in this thesis provide novel information on particle

behaviour on the spiral concentrator.
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This was made possible by first completing the successful design, assembly and char-

acterisation of a positron emission particle tracking (PEPT) experimental set-up able

to provide information about mineral particle motion in the spiral concentrator. This

enabled high resolution tracking within the spiral upper turns. The extension of the

direct activation technique to the direct activation and breakage (DAB) procedure

enabled to generate representative hematite (5260 kg/m3) and quartz (2650 kg/m3)

mineral tracers of size between 90 µm to 1400 µm in diameter. This is the first time

the lower end of this range is possible for representative mineral tracers. This en-

abled the observation of small particle behaviour in dense and opaque pulp. Another

important development is the preparation of data analysis codes for the treatment

of the tracking signal. This enabled representation of the particle flow field by the

production of particle trajectory, velocity, acceleration and particle force resultant.

The recovered information made possible the determination of the particle behaviour

inside the secondary flow. Motion inside the secondary flow is of key importance for

the mineral separation. This is the first time that the secondary flow is measured for

particle radial migration and velocity. For quartz particle of size 300 to 355 µm, radial

velocity magnitude within the secondary flow (second turn) ranged from 0.1 m/s in

the lower inward moving layer of the flow and reached up to 0.2 m/s in the upper

outward moving layers. This information is critical for the development of more

efficient spiral concentrator since ore separation is a direct result of particle behaviour

in this secondary flow.

Finally, the use of an established tracking system (ADAC Forte) in combination

with the DAB tracer production technique enabled to follow representative particles

during injection of wash water on a longer section of the spiral trough. This enabled

the measurement of the wash water effect on the separation at the particle scale. This

highlighted the fact that the spiral first and second turns are extremely important

in the separation as most of the radial motion was complete before entrance of the

particle in the third turn. Addition of wash water disturbed the flow of solids and

acted to reject light particle. Wash water enlarged the concentrate band width which

has an effect on take off port setting during operation.
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Chapter 1

Introduction and thesis structure

Today’s global population stands at 7.5 billion with 55% living in urban areas. This

population is expected to reach 10 billion by 2050 with 65% living in urban areas

[6]. Humans already extract billions of tons of minerals resources from the Earth’s

crust every year to provide supply of metals and others keys elements used in the

construction of infrastructure and fabrication of manufactured goods. Considering

the increase in population, the share of people living in urban area and the associated

economic growth, the amount of mineral resources to be extracted in the following

decades is immense [7].

At the same time, most of the high grade ores with high metallic content and easy

access are diminishing [8]. Significant improvements are required for mineral resource

exploration, extraction and refinement techniques to be able to maintain and increase

the number of people living with everyday access to freshwater, food and electricity.

Separation of mined minerals prior to the refinement of metallic and non-metallic

elements is essential for the refinement processes. That separation and associated

tasks is known as mineral processing. In addition, selecting the desired minerals

and discarding the waste ones reduces the amount of energy used in the refinement

processes.
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1.1. Thesis objectives INTRODUCTION

Multiple mineral separation techniques are used today, with some dating from many

centuries ago, such as gravity based concentration. Over the ages, the equipment

used to undertake the separation has evolved, especially with the advances of the

industrial revolution and more recently with the advance in computer aided design

(CAD). However, every ore and every mineral is different, which still requires intensive

testing for the optimisation of a mineral separation equipment to be used effectively

on a new ore.

Advances in characterisation, tracking and simulation of particles and fluids flow

have the potential to simulate many iterations of new equipment designs, even before

manufacturing prototype units. This type of investigation is known as computational

mineral processing (CMP) which aims at predicting performance of existing equip-

ment or to foster the design of improved ones [9, 10]. This virtual approach can be

replicated for multiple virtual designs with the objective of assessing their perfor-

mance before running real tests. This has the potential to reduce development and

field testing costs (qualified person + equipment set-up + ore sample preparation +

time) as long as the computational cost (qualified person + computer set-up + time)

is lower. This computational cost is expected to decrease overtime because of the

increase in computer power, improvements in software (less user input required) and

the reuse of previously built simulations. An important task preceding the wide use

of CMP is the experimental production of reference information about the particle

and fluid flow behaviour for validation of a simulation. This thesis presents the de-

velopment of a reference case of particle flow measurements for the processing of iron

ore within a gravity spiral concentrator.

1.1 Thesis objectives

The main goal of this research project was to build measured knowledge about mineral

particles flow and the separation of high and low density particles in an iron ore spiral

concentrator. This was accomplished by completing the following sub-objectives:

2



1.2. Thesis scope INTRODUCTION

1. The first objective was to assemble a positron emission particle tracking (PEPT)

experimental set-up able to provide information about real particle motion in

the spiral concentrator. This was completed by the characterisation of the

particle flow field via the following quantities:

(a) Particle trajectory

(b) Particle velocity

(c) Particle acceleration

2. The second objective was to measure the magnitude of the secondary flow af-

fecting the particle transport.

3. The last objective was to measure the effect of the addition of wash water at

the particle scale.

1.2 Thesis scope

To obtain experimental particle motion measurements, the PEPT technique with

direct activation of tracers was used to track quartz and hematite particles ranging

from 90 µm to 1400 µm in diameter. An established particle tracking algorithm was

used [11].

The novelty of this work being in the fact that no previous experimentation mea-

sured a particle flow field in a spiral concentrator as presented in this thesis. The

experimental results provide novel information on representative mineral particles be-

haviour in the spiral concentrator, which is a clear improvement in the knowledge of

particle separation for this widely used device.

3



1.3. Thesis structure INTRODUCTION

1.3 Thesis structure

The thesis is presented in six chapters with the following content. Two appendices

present numerical simulation work and code used for the data analysis.

Chapter 1 - Introduction and thesis structure: The description of the thesis

objectives, scope and chapters content is presented.

Chapter 2 - Physical separation of minerals: Key notions of mineral processing

and the effects of various forces on particles in a concentration system are presented,

with details regarding the main factors influencing gravity concentration. Pertinent

particle and fluid flow notions are introduced.

Chapter 3 - The spiral concentrator: A review of the research undertaken on

spiral concentrators since their introduction in the early 1900’s is presented. In addi-

tion, description of the clear water flow in the spiral is provided as well as description

of the different modelling approaches used to this date.

Chapter 4 - Positron emission particle tracking: The technique of positron

emission particle tracking (PEPT) is described. Details of detector set-ups, produc-

tion of small tracers (<500 µm) and data analysis is explained.

Chapter 5 - Particle flow within a spiral concentrator: The results of the

experimental program are presented. Analysis and discussion of different motion

pattern are introduced.

Chapter 6 - Conclusions: The conclusions of the research are presented with

the explanation of the contributions to the original knowledge. Additionally, future

research directions are suggested.

Appendix A - Preliminary numerical simulation: A preliminary numerical

simulation of the particle and fluid flow in the spiral is presented as a starting point

for future work.

Appendix B - Particle tracking analysis code: The MATLAB [12] code used

4



1.3. Thesis structure INTRODUCTION

to analyse the PEPT data is provided.
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Chapter 2

Physical separation of minerals

Minerals occur as natural inorganic substances with different chemical compositions

and atomic structures affecting their properties [13]. Harvesting only the technologi-

cally and economically useful minerals is the key idea of mineral processing.

2.1 Basics of mineral processing

Rocks are matrices of different mineral grains, some of which are valuable, while

others have low to no market value. These low value minerals are known as gangue,

and a mixture of valuables and gangue minerals with overall economic value is an ore.

Considering that the gangue portion of the ore has little or no value, separation of the

valuable minerals is required before transportation and refinement of the component

of interest (e.g. metallic elements). The separation of the valuable minerals from

gangue is mineral processing, the main objective of which is to reduce the amount of

low value minerals sent to the refining or smelting process. This is required in order

to minimize the handling and energy cost associated with downstream treatment,

which may render the process impossible due to process and cost limitations. Mineral

processing aims at recovering as much of the valuable mineral while rejecting as much

as possible of the gangue. This brings in the concept of metallurgical efficiency which

6



2.1. Basics of mineral processing PHYSICAL SEPARATION OF MINERALS

is described by grade and recovery, two important measurements of mineral processing

performance [14].

The percent of a component (most commonly by mass) in an ore is grade (G). It

represents the ratio of the mass of one of the component (m1) over the total mass

of the ore sample (mt) being evaluated (Eq. 2.1). Grade is calculated for different

process streams as example: feed grade (grade before a unit operation), concentrate

grade (grade of the valuable stream), tailings grade (grade of the gangue stream). It

is worth mentioning that grade is commonly based on the metal content of an ore

(e.g. the maximum copper grade of a chalcopyrite ore is 34.6% which represent pure

chalcopyrite mineral based on the mineral chemical composition). Typical grade of

common metals in their natural ore at today’s mining operation are: gold (2 g/t),

copper (1%), nickel (2%), zinc (8%), lead (5%), iron (25 to 62%) [8, 15].

G(%) =
m1

mt

× 100 (2.1)

Recovery (R) is linked to the upgrade (or downgrade) taking place in a mineral

processing unit operation. It represent the ratio of the final mass of one component

(m1f ) over its initial mass (m1i) in the feed stream (Eq. 2.2). In other words, it

represents the fraction of the component that was kept or discarded during a unit

operation or overall process.

R(%) =
m1f

m1i

× 100 (2.2)

In theory, a recovery of 100% (all the valuable present in the ore) at a valuable

mineral concentrate grade of 100% (pure valuable mineral) is the objective of a mining

company. In reality, limitations to current large scale mineral separation techniques

makes this impossible to attain. Instead, optimisation of the grade and recovery is

done based on the market price of the mineral considering the quantity (recovery)

and quality (grade) of the products. Obtaining both a higher grade and recovery is

the enduring challenge of mineral processors.
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2.1. Basics of mineral processing PHYSICAL SEPARATION OF MINERALS

To improve grade and recovery, mineral processing consists of two main steps: the

first, liberation of the ore component, the second, separation of the ore component.

2.1.1 Liberation

To concentrate single minerals (or native metals) from the interlocked rock matrix

containing valuable and gangue, a first stage of liberation is required. This liberation

is undertaken by reducing the size of the rocks to the point where most of the small

fragments are composed of a single mineral (Figure 2.1). This process of breaking

the rocks to achieve minerals liberation is known as comminution [14, 16]. It starts

with blasting in the mine, where part of the rock is fragmented to a size (<1000 mm)

manageable by earth moving equipment (shovels and trucks). Then crushing takes

place to bring the rocks to a size (<300 mm) manageable by continuous material han-

dling systems (apron feeder, conveyor belts, trains). Once crushed in coarse particles,

the ore size is further reduced to the liberation size (<2 mm, depending on the ore

mineralogy) by grinding in tumbling or stirred mills. Starting at this stage, most

of the ore particles handling will be done on a wet basis. A mixture of water and

mineral particles is formed by the addition of water to the grinding mills.

Figure 2.1 – Liberation of the components of a binary ore.

2.1.2 Separation

Once the mineral particles are liberated (or mostly liberated) the second stage of

mineral processing can take place: the separation of the different particles based

on their mineralogical makeup (Figure 2.2). This separation can be achieved by

exploiting the differences in the properties of the minerals present in the ground ore.
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2.1. Basics of mineral processing PHYSICAL SEPARATION OF MINERALS

Some of the properties are: particle size, shape, surface chemistry, density, magnetic

properties and colour. Separation systems rely on the difference of these properties

between the different minerals present in the ore. Generally, each separation unit will

target a single specific physico-chemical property as the driver of the separation.

Figure 2.2 – Separation of the components of a binary ore.

Separation brings the idea of a feed stream being separated into product streams

(Figure 2.3). It can be conducted under batch type conditions where a set mass of

particles is separated into groups of different products. Considering the large volume

treated in minerals processing plants (operations treat hundreds of thousand of tonnes

of ore per day), the displacement and separation of particles is usually undertaken on

a continuous or semi-continuous basis.

Mixed
Ore Water

Gangue Mineral

Valuable Mineral

Middlings

Figure 2.3 – Feed streams separated into product streams.

Handling the ground ore as a wet mixture ensures a smooth continuous flow of mineral
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2.2. Separation principles PHYSICAL SEPARATION OF MINERALS

particles in the separation equipments. The mixed particles and fluid can be pumped

and carried in pipes and launders to reach the different separation steps required to

obtain a quality product.

2.2 Separation principles

Mineral separation techniques are commonly divided into the following classes, based

on the history of the process equipments used [14, 17]:

1. Screening and classification (separation by size and shape)

2. Dense medium separation (separation by density)

3. Gravity concentration (separation by density and size)

4. Froth flotation (separation through surface chemistry)

5. Magnetic and electrostatic separation (separation based on magnetic and elec-

trostatic properties)

This widely used classification of mineral processing techniques does overlap as certain

separation systems rely on a combination of effects. Example such as the hydrosizer,

the reflux classifier and the centrifugal fluidized concentrator [18]. A specific example

of a separation that is influenced by multiple properties is separation of particles based

on size in a classifying hydrocyclone. In this specific case, a secondary separation

effect is related to the different centrifugal forces generated on particles of similar size

and shape but of different density [19, 20]. Bearing this in mind, it is important to

take into consideration the many effects taking place in a separation unit in order to

truly understand and improve its performance. These include the forces acting on a

particle, and the relevant fluid mechanics.
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2.2. Separation principles PHYSICAL SEPARATION OF MINERALS

2.2.1 Forces on ore particles

Considering their size (>1 µm) and velocities (<1000 m/s), the motion of ore particles

in a mineral processing equipment follows the rules of classical mechanics. Their tra-

jectories in a defined space (the equipment boundaries) are a function of the particles’

initial positions, velocities and accelerations over the time of observation (or process-

ing time). Based on Newton’s second law of motion (Eq. 2.3), the acceleration of a

particle (ap) is the ratio of the forces (F ) on this particle to its mass (mp). Integra-

tion over time provides its velocity and second integration provides its displacement

in space.

ap =

∑
F

mp

(2.3)

The following is a list of some of the forces that can be exerted on an ore particle in

a mineral processing unit:

1. Weight(caused by gravity)

2. Buoyancy (related to gravity effect within a fluid)

3. Other force by acceleration (inertial, centrifugal)

4. Drag (based on surface and shape)

5. Pressure gradient or lift (related to drag and surface area)

6. Contact (collision, friction, rolling)

7. Magnetic

8. Electrostatic/Electrophoretic

9. Polar interaction

10. Chemical bond

11. van der Waal’s forces

11
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The surface chemistry forces become significant for processing of small particles

(<150 µm). These fines are related to the small liberation size often required by

the mineralogy, or are simply fines generated during grinding. Typically, the sur-

face chemistry forces are more relevant to the case of froth flotation than physical

separation.

All mineral separation techniques rely on the different force balances between the

valuable and gangue particles. This balance is specific to the properties of each

individual particle. Particles with similar properties (i.e. same mineral, shape, size,

etc.) will experience similar force balances, providing them with similar acceleration,

velocity and trajectory during their displacement in space. This motion is different

from the other mineral particles. The differential motion that occurs in a bulk volume

of loose particles will create distinct groups of different mineral particles in different

zones of the processing space; this is mineral separation. The differentiated zones can

then be funnelled to different output streams by the mean of another transportation

flow.

2.2.2 Particle and fluid flow

Two-phase mixtures of ground ore (particles) and water (fluid) are typically used in

most mineral processing operations. In the special case of froth flotation, a three

phase system is used for separation; composed of ore solids (particles), fluid (water)

and gas (air bubbles). One purpose of wet processing is the ease of handling and

transportation through pipes, launders, tanks and pumps. Such a mixture is addi-

tionally well suited for efficient displacement of particles in grinding mills and sizing

screens.

Another important effect of wet processing, is the loosening of the particle bulk.

Expansion of the particle bulk is caused by the similar density (in order of magni-

tude) of the carrier fluid (water, 1000 kg/m3) and carried particles (minerals, 2000 to

20 000 kg/m3). In certain case, air will be used as a carrier fluid [21–23]. Consider-

ing the much lower density of air relative to minerals (air, 1 kg/m3), dry processing

12
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requires much higher fluid (air) flow velocities or pressures to provide similar forces

(and loosening effect) on particles to that of water. Using air as the medium for

particle transport and separation can be of interest is specific situations considering

the costs (monetary and environmental) of using water.

The wet mineral mixture (also know as a slurry or pulp) is generally composed of

10% to 50% solids by mass. The solids particle size is generally below 2000 µm. The

smallest sizes fractions (<150 µm) can be problematic for certain type of mineral

separator devices such as spiral concentrator, whereas it is required for others such

as flotation cell.

A number of concepts and dimensionless numbers [24] are of interest in the observation

of particle flow in mineral concentration systems. The following sections present an

introduction to the important ones. It should be noted that due to the many possible

pulp viscosity, density and particle size, a wide range of values are possible for each

of these.

2.2.2.1 Viscosity

Fluid viscosity (µf ) is the ratio of the shear stress applied to a fluid to the shear rate

produced on the fluid. In the case of a particles and fluid mixture, the viscosity of

the fluid phase is not different, but the apparent effect on the mixture depends on

the amount of shear stress taken by the particle-fluid interface. Generally, the larger

the interfacial surface, the larger the shear stress required to provide the same shear

rate. This means that a mixture composed of water and smaller particles (larger

surface area) requires more shear stress to obtain the same shear rate as for larger

particles in a pulp or suspension. Measuring the apparent viscosity of such mixtures

is challenging, especially considering the different settling rates of different particle

size and densities [25–30]. Particle shape has a similar effect on the viscosity of the

mixture. Porosity and shape of the particle have an effect on viscosity [31]. Elongated

and flaked particles have a larger surface area for the same mass as spherical ones

and will thus create a mixture with higher viscosity.

13
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This can create difficulties in handling the pulp. A close control of the grinding

size (maximum and minimum size) is thus important when considering the mineral

liberation size and separation technology to be used. The idea being to keep the

liberated particle as coarse as possible. This will help in reducing pulp viscosity while

also saving energy at the grinding stage.

2.2.2.2 Reynolds number

The Reynolds number (Re), obtained from Eq. 2.4, is of interest in characterising

fluid flow systems [32]. It represents the ratio of inertial forces to viscous forces inside

the fluid flow and is a function of ρf the fluid density, vf the fluid velocity, L the

characteristic length of the flow and µf the fluid viscosity.

Re =
ρfvfL

µf
(2.4)

A variant, the particle Reynolds number (Rep), obtained from Eq. 2.5, is of interest in

characterising particle and fluid flow system with vp being the velocity of the particle

and dp the particle diameter taken as the characteristic length.

Rep =
ρf (vp − vf )dp

µf
(2.5)

2.2.2.3 Stokes number

In the case of low particle Reynolds numbers (Rep<1), the Stokes number (Stk) is

obtained from Eq. 2.6 where ρp is the particle density and Lo is the dimension of

an obstacle in the flow (e.g. bend radius, groove in surface). The Stokes number

represent the ratio of the particle response time to the flow timescale [33, 34]. In

others words, it enables one to determine if the particle motion inside the fluid will

be similar to the fluid flow streamline (drag dominated) or not (inertia dominated).

A Stokes number below 0.1 means that the particle will closely match the fluid flow

behaviour; a Stokes number around unity predict the formation of particles clusters
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in turbulent vortices and a larger Stokes number predict that a particle will have

different trajectory than the fluid flow and eventually settle [35].

Stk =
ρpdp

2vf
18µfLo

(2.6)

2.2.2.4 Froude number

The Froude number (Fr) is related to open (free surface) channel flow and is obtained

from Eq. 2.7 with A being the flow cross sectionnal area and W the free surface width

[36]. It represents the ratio of the flow velocity to the free surface wave speed (inertia

over gravitationnal forces) [14, 32, 37]. A Froude number greater than unity means

that the flow is supercritical (torrential), while subcritical (fluvial) if smaller.

Fr =
vf

2

√
g A
W

(2.7)

The particle Froude number (Frp) is obtained from Eq. 2.8 with vt the particle

terminal velocity [14]. A particle Froude number greater than unity means that the

particle motion does not disturb the flow ahead of itself [36].

Frp =
vt

2
√
gdp

(2.8)

2.2.2.5 Weber number

The Weber number (We) represents the inertia to surface tension ratio of the flow. It

is of interest if in the order of unity or less (e.g. thin flowing film with surface ripples

of similar size than the flow depth) [32]. It can be obtained with Eq. 2.9 where Lt is

the film thickness and Γ the surface tension.

We =
ρfv

2
fLt

Γ
(2.9)

15



2.3. Froth flotation PHYSICAL SEPARATION OF MINERALS

2.2.2.6 Dean number

The Dean number (De) is related to the flow within a curved channel. It is a ratio of

the square root of the product of centripetal and inertial forces to the viscous forces.

It is obtained from Eq. 2.10 with the channel’s characteristic diameter dC (similar to

L for Reynolds number), the radius of curvature of the path of the channel rcp and

the flow Reynolds number (Re) [38, 39].

De =

√
dC
2rcp

Re (2.10)

2.3 Froth flotation

This thesis focuses on gravity concentration and spiral concentrator, however it is im-

portant to mention the role of other mineral separation technique widely used, among

them, froth flotation [40]. This technique is of critical importance for the separation

of finely grained ore or in the case where other separation techniques cannot be used.

The principle of this separation technique rely on the hydrophobic or hydrophilic

properties of different minerals, by which they can be separated. The process is to

create a mixture of fines particles (<150 µm), water and small air bubbles (<2000 µm)

in a turbulent vessel. Because of the turbulence, the air bubble enter into contact

with the fines particles. The hydrophobic particles will attach to the air bubble pen-

etrating the air/water interface, while the hydrophilic ones will remain fully wetted.

As the air bubbles rise, they carry the attached particle to the top of the vessel where

a froth layer is formed. Recovering this froth layer loaded with hydrophobic particles

enable an important upgrade ratio of the ore. This technique requires understanding

of surface and interface chemistry as well as fluid, and gas systems dynamics. More

information about froth flotation is available in detail elsewhere [40].
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2.4 Magnetic and electric separation

Each mineral has different magnetic property. Minerals can be diamagnetic, which

means they are repelled along the lines of magnetic force to a point where magnetic

field intensity is smaller, or paramagnetic which means they are attracted along the

lines of magnetic force to a point where magnetic field intensity is greater [41]. This

property is used for separation in magnetic separator. Such separator can use high

or low field intensity depending on the minerals magnetism difference. An important

consideration for the design of magnetic separator is the requirement of the presence

of a gradient in the magnetic field to ensure particle motion [41].

Electrostatic or electrical separation uses the difference in conductivity between min-

erals. The two main forces involved in this type of separation are electrophoretic

and dielectrophoretic, respectively the force experienced by a charged particle in a

electric field and the force experienced by a neutral particle in a fluid subject to a non

uniform electric field [41]. Separation based on these forces has limited application

considering the magnitude of the forces requiring a carefully controlled environment

to ensure the absence of other dominant and non selective forces.

2.5 Gravity concentration

Spiral concentrator is the main topic of this thesis and is part of a family of techniques

know as gravity concentration. These techniques utilise the difference in density of

minerals contained within an ore [42]. They are some of the oldest separation tech-

niques, as it require only small amount of mechanisation, energy and chemical inputs.

These advantages are still extremely important in today’s competitive minerals pro-

cessing industry, especially when processing ores bearing iron, tungsten, tin, gold,

industrial minerals and coal to name but a few [18]. Mechanical complexity, use of

energy and chemicals are important drivers of cost, especially when it comes to large

scale operations such as iron ore, coal or gold mines where millions of tons of ore
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must be processed each years. Luckily, density of gangue and valuable minerals (or

metals) in those operations are very different. They are perfect candidates for gravity

concentration as long as the liberation size is in the appropriate range (>50 µm).

The term gravity concentration is used because of the differential effect of gravita-

tional acceleration (g = 9.81 m/s2) on minerals of different density. This constant

acceleration creates different forces on particles of different densities even if they have

the same size (volume). The different forces bring the particles to different velocities

and trajectories when they are carried inside a fluid flow (usually water).

The potential for gravity concentration of an ore can be rapidly assessed by deter-

mining the concentration criterion (CC). Equation 2.11 present the calculation to

obtain CC from the heavy and light minerals density (ρh and ρl) and the density of

the fluid (ρf ). A concentration criterion greater than two suggests a strong potential

for gravity concentration [18].

CC =
ρh − ρf
ρl − ρf

(2.11)

Gravity concentration relies on the inertial to surface forces differential (e.g. weight to

drag ratio) for the separation to takes place. Generally, these two forces magnitudes

are in the same range for particle of size of 10 µm to 5 mm. The drag force is created

by a flow of fluid around the particle. This drag is a function of the flow velocity,

fluid viscosity, particle size and particle surface.

Drag to weight differentiation can be achieved among others by means of, a centrifugal

action, a settling action, a jigging action, a flowing film action, or by the use of a

dense medium.

2.5.1 Centrifugal action

The close range of the density of a specific mineral enable its differentiation from

other minerals by its weight as a result of gravitational acceleration. This weight

generally represents a significant proportion on the forces balance on the particles.
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At lower particle sizes this becomes less important, and drag (among other) forces

become predominant.

Applying a large acceleration (5 to 300 g) is a technique commonly used to improve

the separation by density. It is useful for minerals of close densities and more impor-

tantly for the separation of fines particles. The weight of a particle then becomes the

“accelerated mass force”, having a much larger impact on the force balance around

the particle. High speed rotational motion is used in many concentrator devices

to produce large accelerations (Falcon concentrator [43], Knelson concentrator [44]).

Their general working principle is that the feed slurry enters a rotating bowl, which

forces the particle (10 µm<�<3 mm) to the wall. In the case of the Knelson concen-

trator, a system of fluidizing or wash water prevents compaction of the particles on

the wall. The water overflow carries the light density particles toward the tailings

discharge while the dense particle stay in the groove or on the wall of the bowl. The

rotation is then stopped to recover the dense particles remaining in the bowl or a

special recovery system is used to remove them during continuous operation.

These concentrators are successful in upgrading ores having very low amounts of high

valuable minerals per weight (<0.05%) as gold or platinum group metal ores [18]. The

main drawbacks are their mechanical complexity and limited throughput (∼150 t/h),

plus the large volumes of water required to maintain fluidisation of the particles [18].

This has prevented their use in large scale iron ore, and other low value (per ton of

minerals) separation plants.

A curved flow can also provide a centrifugal acceleration on a particle. However, to

reach the level of acceleration as high as centrifuge concentrators, high velocity and

small curvature are required. An example (real case) would be a particle flowing inside

a hydrocyclone of 50 mm in diameter with a slurry feed velocity of 10 m/s providing

an acceleration of over 400 g (at the entrance of the cyclone). In this situation, the

only particles that do not “centrifuge” to the wall are the very fine ones (<10 µm)

having a too great a drag to counteract the “accelerated mass force”. This effectively

provides an excellent separation by size. Unfortunately, the use of such devices for
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large scale separation by density has still not been proven viable except in the case

of dense medium cyclones used for coal separation [20].

2.5.2 Settling action

Settling is the motion of a particle in a fluid due to gravitational acceleration. Free

settling is the situation where the particle is not affected by contact with other parti-

cles or surfaces. The particle motion is the result of the forces balance where there are

no contact forces. Terminal particle velocity is an important concept in free settling

and can be determined by Stokes’ Law (Eq. 2.12) at low particle Reynolds number

(Rep<1) while for high particle Reynolds number (Rep>1000), Newton’s Law (Eq.

2.13) should be used [19]. Empirical models can be used for cases in between [45].

vt =
gd2p(ρs − ρf )

18µf
(2.12)

vt =

[
3gdp(ρs − ρf )

ρf

]1/2
(2.13)

Where vt is the particle terminal velocity, g the gravitational acceleration, dp the

diameter of the particle, ρs the density of the particle (solid), ρf the density of the

fluid and µf the fluid viscosity. Hindered settling is the situation where, in addition

of the other forces, particle-particle and particle-surface contact forces are present

and affect the particle’s forces balance. This situation becomes significant when the

solids content of the mixture is greater than 15 % by volume. The terminal velocity

of a particle in this case can be approximated by the modified Newton’s Law (Eq.

2.14) where k is a constant and ρm the mixture density [19].

v = k[d(ρs − ρm)]1/2 (2.14)

Different separators have been developped based on hindered settling action such as:

fluidised bed separator [46], crossflow separator [46], reflux classifier [47, 48]. Their
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general working principle is having a flow of mixed particles (up to 20 t/h/m2) entering

from the top of a water-filled chamber. This chamber is equipped with a device that

injects an upward flow of clean water. The upward water velocity is matched to

some of the solids settling velocity, usually the fine dense particles. These particles

are at equilibrium between upward drag and downward weight. This forms a bed of

solids at a certain level of the chamber. The light particles cannot cross this bed and

are carried upward (to the overflow) by the flow of water. The dense particles are

able to cross the bed and continue to settle in the lower part of the chamber (to the

underflow). Operation of such devices require accurate control of water flowrate and

particle size (to prevent coarse light particles penetrating the bed and flow down)

[18]. This type of separator is of interest for the processing of fine iron ore particles

at a high throughput.

Settling is present in most wet mineral separation equipment and should always be

considered while designing or optimising such a device. In extreme cases, settling can

cause particle accumulation to the point where operation of a device must be stopped

(sanding). This can significantly affect the performance of a circuit considering the

down time required to stop, clean and restart equipment.

2.5.3 Jigging action

Jigs are a type of device in which mineral particles with different sizes (150 µm< �
<10 mm) and densities are separated by a moving particle bed (processing of a narrow

size class is required) [18]. The bed acts as a density and size filter [20]. The feed

slurry is introduced at the top of the bed. The fluidisation level of the bed (expansion-

contraction) is controlled by an alternating water flow (upward-downward). In this

system, the light particles cannot settle fast enough to pass trough the particle bed

and moves on the upward side (carried up and sideways) to the light particles recovery

zone. The dense and small particles settle trough the bed and reach the dense particles

recovery zone on the underside. The alternating motion (high upward velocity, low

downward velocity) of the water in the jig combined with the addition of water from
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the underside of the bed help the upward motion of the light particle, while it is not

sufficient to stop the settling of the dense particles (even if small). Optimisation of

the parameters of the alternating motion enables the separation of smaller particles

(∼150 µm). The jig separation principle is based on the difference in weight coupled

with similitude in drag for particle of a similar size but of different density. Jigs can

be used in the beneficiation of iron ore in the size range of 1 to 30 mm [49].

2.5.4 Dense medium separation

Considering its relatively high availability and low cost among many others properties,

water is the fluid normally used for mineral processing. Most minerals are of higher

density than water. However, in certain situations, a medium of density higher than

one of the minerals in the ore enables a change in the concentration criterion (Eq.

2.11) and affects the sink and float behaviour of the ore particles. This enables the

use of gravity concentration techniques that would have otherwise not been possible,

between minerals with fairly similar densities.

Either heavy liquids (used at lab scale) or mixtures of water and fine dense particles

(magnetite or ferrosilicon for industrial scale) are used as dense fluid (medium). Vari-

ation of the fine dense particles (media) content enables adjustment in density of the

medium, allowing for a precise separation [20].

Combinations of dense medium and centrifugal concentrators enables the separation

of a wide range of particle sizes down to 500 µm, but the technique performs better

for coarser particles >2000 µm [20, 50]. Fines can be problematic as they increase

the viscosity of the medium due to their large surface area. Complexity of the circuit

for media recovery and cost of media lost are the two main drawback of using dense

medium separation.

Dense medium separation is widely used in coal processing. Some operations use it

to upgrade iron ore, with ferrosilicon particles being the media [50, 51]. In the later

cases, the iron ore separation is for lump and coarse ore particles (>1 mm). The
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fines particles being screened out of the ore before the dense medium separation and

being treated by spirals concentrators. This size limit is related to the increase in

medium viscosity caused by the fines, this makes drag force to be dominant in the

fines particles’ force balance.

2.5.5 Flowing film action

In the situation where a layer of fluid is flowing on a solid surface, the fluid in direct

contact with the solid surface is stationary. The velocity of the fluid increases with

distance from the solid surface, to reach a maximum at the fluid layer free surface

(laminar flow) [52]. Particles found in the fluid layer are subjected to different magni-

tudes of fluid drag based on the fluid velocity at the layer in which they are. Particles

at the top layer experience higher drag than particles close to the solid surface.

Dense particles settle faster toward the solid surface than the light particles. This

means that light particles are carried faster by remaining for a longer time in the

upper layer of the flow considering their slower settling velocity.

An oscillating solid surface motion aligned with the flow direction help in the sepa-

ration of light from dense particles: slow forward (denses and lights go forward), fast

backward (denses go backward with the stationary water at the solid surface, lights

stay in the forward moving upper layer of fluid).

There are a number of mineral separation devices which are based on this principle.

Among them is the traditional pan. Panning is one of the oldest and simplest mineral

concentration technique and is still used in artisanal gold mining. For concentrate

upgrade, shaking tables offer excellent mineral separation. They are feed with a slurry

containing about 25 % by weight of ore particles. The slurry moves along a tilted

riffled surface (oscillating in the direction of the riffles). Addition of a fresh water

stream perpendicular to the table motion carries the light particles to the tailings

side while the table motion carries the dense particles to the concentrate side [18].

Use of a shaking table is not ideal for large tonnage operation considering that they
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require a large footprint.

Friction between a rolling particle and the solid surface is a source of resistance to

motion for the particle at the bottom of the film. In the case of a slurry containing

different size classes (full size range of 100 µm< to <3 mm), the small particles tend

to accumulate at the solid surface whereas the coarse particles are brought over the

small particle by Bagnold forces or interstitial trickling [20]. It is then of importance

to process narrow size ranges on flowing film concentrators to truly separate particle

by density rather than size. Additionally, maintaining a laminar flow is important to

prevent turbulence, which reduces particle separation by density. With the advance

of flotation for fines particles separation, flowing film only devices have been phased

out completely of industrial plant considering their low throughput per required area.
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Chapter 3

The spiral concentrator

The objective of this chapter is to provide a review of the literature available on spiral

concentrators and present a summary of spiral development since their introduction

to the field of mineral processing in the 1940’s. The following sections describe the

units and their applications, before providing detailed information about their design,

pulp flow properties, operation and simulation.

3.1 General description

A spiral concentrator is a mineral separator composed of a profiled trough wrapped

around a central structural post which separates mineral particles based upon differ-

ence in density. A pulp of ground liberated minerals and water is fed at the top of

the spiral by a pulp feed distributor (Figure 3.1).
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Central post 

Feed pipe 

Feed distributor 

Trough 

Figure 3.1 – First turn of a Wallaby trough spiral, manufactured by Mineral
Technologies.

As the pulp descends along the inclined trough surface under the effect of gravity,

the helical design produces a constantly changing flow direction. This causes the

accumulation of pulp at the outer radius of the trough. This increases the hydrostatic

pressure at the base of the pulp film in the outer region, which in turn, generates an

inward flow of the lower pulp layer. As this inward flow reaches the inner radius of the

trough, the pulp accumulation and associated hydrostatic pressure effect disappears

and the pulp top film layer move outward again.

Sedimentation rates of the mineral particles in this complex flow depends on many

factors, among which particle size and density are the most important. The differen-

tial sedimentation rate between particles of different densities in combination with the

inward and outward flow layer generates the particle separation. The dense particles

predominantly report inwards while the light particles move outward. Concentrated

dense particles are removed at the inside of the trough while light particles and most

of the water from the pulp are recovered from the outer radius.
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Considering the low energy requirement (i.e. pulp pumping to the top of the spiral)

and the low manufacturing cost for the curved channel, spiral concentrators are used

in many different mineral separation applications, as described in Section 3.2.

3.2 Applications

The main uses of spiral concentrators have traditionally been in the beneficiation of

iron ore, mineral sands and coal. In addition, many other applications were reported

considering the low capital and operating costs of this density based separator.

3.2.1 Iron ore

Many fine grained iron ore deposits around the world require removal of different

oxide gangue compounds of silicon, aluminium, calcium, phosphorous and sulphur

before being used in steel manufacture. These gangue minerals have a lower density

(2.6<S.G.<3.6) than the common valuable iron oxides of hematite (S.G.=5.26) and

magnetite (S.G.=5.17).

In addition to these deposits, increases in iron ore price, as seen during the 2009-

2012 period, leads lump iron ore producers to use spirals as a cost efficient device

for processing accumulated “waste” dumps or tailing ponds. These are filled with

small sized (<3000 µm) lower grade ore and their reprocessing has proven economical

in some cases [53–55]. The same idea applies to the reprocessing of pelletizing plant

tailing ponds [56].

Spirals have been used in upgrading iron ore from shortly after their industrial in-

troduction in the 1940’s [57]. Iron ore exploitation is a large volume industry with

modern producers having sites producing over five millions tons per year of saleable

concentrates. The spiral concentrator, being a low capital and operating cost separa-

tor, is critical to this industry.
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In this application, losses of valuable iron carrier particles are mainly in the size

classes smaller than 75 µm and coarser than 600 µm [58]. Additionally, the final spiral

concentrate impurities are related to light gangue particles between 75 and 212 µm in

size [58]. This highlights the difficulty for spirals to separate particles of size smaller

than 300 µm. Unliberated middling and free gangue particle of size of 75 to 300 µm

are thought to be recovered by entrapment [59]. This is the main justification for the

use of wash water in many iron ore operations, which is described further in Section

3.4.6.

3.2.2 Mineral sands

Spiral concentrators are widely used in mineral sands beneficiation for the production

of ilmenite, rutile, zircon and monazite concentrates [18, 60, 61]. They are used in

the cleaning of silica sand from iron minerals for use in glass manufacturing which

requires excellent purity (<0.1% iron content). This purity level can be achieved

using multiple stages of spirals to produce an incremental concentrate [60, 62].

3.2.3 Coal

Cleaning of coal from sulphurous and siliceous minerals is an important application of

the spiral concentrator. In this case, the relative density of separation is from 1.5 to

2.0 [63], which means that valuable coal and gangue have a close density. This requires

a slightly different design of spiral than for iron ore and mineral sands processing.

The coal spirals have a shallower trough and larger diameter, to produce a lower pulp

velocity and less turbulence.

The introduction of spirals to coal cleaning plants was initially to divert the small size

fraction (<3000 µm) from the shaking table feed, which enabled a larger throughput

on the table when treating a coarser feed [63, 64].
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3.2.4 Gold

In the gold industry, wash waterless spirals were initially used in alluvial deposits and

later in hard rock gold operations for the recovery of coarse gravity-recoverable gold

(GRG) [65]. The use in such application is related to the spirals’ low cost and low

energy intensity for the rejection of large volume of gangue [66]. Preconcentration

with spirals reduces the use of environmentally harmful chemicals. For example,

spirals can be used before leaching to recover gold particles that would otherwise

require large volume of chemicals [67]. Another advantage of spirals in the processing

of gold ore is their low weight. They can be easily assembled and transported on

modular plants for set-up at the location of small scale alluvial gold deposits [67].

An important aspect to consider in the application of spirals (or other gravity based

technique) to the processing of gold, is the effect of particle shape. Gold, being

ductile, has tendency to form flaky particles which can have a large drag considering

their size and mass. Careful consideration of preprocessing stages or the mineralogy

of the deposit itself are important to maximise gold recovery with spirals. For the

same reason, wash waterless spirals are much more efficient for gold recovery. Wash

water tends to wash the flaky particles to the outer tailings stream.

Development of spirals able to treat small particle size (down to 10 µm) was an impor-

tant milestone for the processing of previously uneconomical fine alluvial gold deposit

[65, 67, 68].

3.2.5 Other minerals

Spiral can be used in the beneficiation of any ore having a difference in density of

its component minerals as long as the particle size is in the range of 50 to 3000 µm.

They are used in the processing of hard rock ilmenite, a main source of titanium

dioxide [57]. They can be found in the recovery of chormite, manganese ore, tin

ore, uranothorianite, baddeleyite, diamonds and for oxided copper-lead-zinc ore [69].

Others applications for the upgrade of tantalum ore, vermiculite, barytes, mica and
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tungsten ore have been reported [57, 60, 70].

3.2.6 Miscellaneous applications

Spirals were quickly seen as inexpensive minerals separation units and were used in

the reprocessing of waste materials (mineral sands tailings and coal fines (<6 mm) not

worth extracting at the time of disposal [71, 72]). These applications are similar to

their use on fresh ore, with the exception that those streams can have small particle

size distribution and very low valuables content.

Operation of spirals is possible with the use of sea water, an advantage for areas

lacking fresh water [73].

There is a potential of using spirals in the valorisation of slag, construction and

demolition waste or for remediation of contaminated soils which require low cost

upgrade to have any economical interest [74–76].

Another specialty application is with the use of reagents to change the wetability of

some of the mineral particles which render them hydrophobic. These will be carried

at the outward stream of the spiral, floating on the bulk of the water flow [57].

3.3 Spiral development

To date, the majority of spiral development has been based on empirical experience.

The input of skilled operators and manufacturers is of critical importance for the

success of a new spiral design. Furthermore, new ore processing plants are generally

built by selecting a spiral design from the manufacturers catalogues. Only in the

case of very large order would a special design specific for the ore to be treated be

developed. This section describes the general history of the spiral concentrator, the

circuit arrangement and recent units used for the treatment of iron ore.
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3.3.1 Historical considerations

Spiral concentrators in the early 1900’s were used to clean coal ore on a dry basis.

They were made from pieces of metal sheet fixed at an angle around a central post

forming a spiral of a few turns depending on the coal type to be treated [77]. This

design evolved to a helical rectangular channel with a taper from the first turn to the

last (from wide to narrow diameter) where the products were split in three groups:

concentrate, middling and refuse. These units were still operated on a dry basis (8 to

10 t/h). Operational experience showed that a smooth surface was more beneficial

than a corrugated finish for the conditions of this time [78]. They were used to

process a relatively coarse particle feed (>10 mm) on steep pitches (700 to 900 mm),

sometimes with a small film of water used to help in the material flow [60].

An important revolution in spiral design was the development of the Humphreys

unit in the 1940’s [79–81]. This design was developed for the separation of heavy

minerals from light gangue in minerals sands operations and targetted particle sizes

below 2.5 mm. Among others, Humphreys spirals advantages included their high

capacity per operator and their low installation, operation and maintenance cost due

to the absence of moving parts [57]. These units were quickly tested and used in coal

processing. They became the first widely commercialised spiral concentrator being

used for both heavy minerals separation and coal processing. Their trough channel of

modified semi-circular profile was fed with a fully mixed wet ore pulp rather than a

coarse dry bulk. They were made out of moulded cast iron segments (120 deg fraction

of turns) with a pitch of 250 to 450 mm. Each segment was equiped with a take off

port close to the central column to remove the dense particles concentrating inward

[72]. Wash water was added to the inner side of the pulp stream, distributed from

the centre of the helix. Spirals of this type were used for iron ore concentration in

the late 1940’s by Cleveland Cliffs Iron Company at the Hill Trumbull Mine in the

United States [31].

Application to iron ore separation expanded in the late 1950’s [57, 82]. In 1958, the

first large iron ore spiral concentration plant was built in Liberia to produce just over
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one million tons of iron ore concentrate containing approximately 65% iron with a

recovery of 72% from the mined ore [82]. In this case, ore was fed at a size below

850 µm after considering the minerals liberation size [57].

In the early 1960’s the Lac Jeannine iron ore concentrator plant was built in the

Labrador Trough region of Canada. This plant contained over 2000 Humphreys spirals

to concentrate specular hematite [31].

In 1962, the world largest spiral plant was started by the Iron Ore Company of

Canada at Carol Lake in Labrador, Canada [83, 84]. In this plant, ore containing

hematite, magnetite and quartz was ground below 1410 µm and processed in two

size fractions: coarse (80% >105 µm), and fines (66% <105 µm) on dedicated spiral

circuits, each circuit being constituted of rougher, cleaner and recleaner spirals stages.

The commissioning of this complex assembly of more than 4000 spirals, launders,

pipes and pumps showed that careful adjustment of pulp solids content and pulp flow

velocity was critical in the operation of the circuit to provide efficient ore distribution

and prevent sanding and blockage.

In 1965, a similar concentrator plant was started at the Scully Mine (Cliffs Natu-

ral Resources) in Labrador, Canada near to the Carol Lake plant [85]. This plant

concentrated hematite from quartz and manganese with a two-stage circuit (rougher,

cleaner) of 1152 spirals. The carefully distributed feed of the rougher stage was a

pulp of ground ore (<600 µm) at 30% solids content with both rougher and cleaner

stages having five-turn spirals [86].

Mount Wright iron ore concentrator (ArcelorMittal Exploitation Miniere), also in

the Labrador Trough, started an operation of over 8000 spirals arranged in a double

start configuration in 1975. The circuit of this plant comprised three stages (rougher,

cleaner, recleaner) with regrinding of cleaner spirals tailings and recirculation of re-

cleaners tailings to the rougher stage.

During the late 1970’s, Mineral Technologies (Australia) manufactured spirals with

many different trough profile designs, each one having different advantages for differ-

ent ore types [87]. The steep pitch used for certain applications (>350 mm) enabled
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two or more troughs to encircle the same central post. This was a huge advantage for

reducing plant footprint as capacity was doubled (by doubling the number of troughs)

without increasing floor space or launder requirements [87].

During this period, spiral trough roughness (joint misalignment), weight (cast iron)

and fabrication complexities (casting) were improved by the use of other materials,

such as concrete or polymers and fibreglass composites [87, 88] or even zircon embeded

fiberglass for abrasion resistance [60]. Fiberglass quickly proved to be the material

of choice as it enabled manufacturing of light multiple-turn troughs in a single piece.

These spirals have some structural flexibility which was seen as an advantage for

stretching their height to adjust the pitch to specific applications [87]. Fibreglass was

used for the helix and as the surface in contact with pulp was prone to wear, the use of

polyurethane polymer linings were justified [60]. An important point is the selection

of a polyurethane having the right wettability performance [88]. As of today, this is

still strategic knowledge for spiral manufacturers.

In the 1980’s the low capital and energy cost requirements of high tonnage exploita-

tions made spiral concentrators attractive once more, especially when separating min-

erals liberated at coarser sizes than required for flotation (>250 µm). This enabled

significant savings in the extra grinding and reagent costs required for flotation.

During this time, spiral applications widened to the processing of alluvial cassiterite

deposits [67]. In the mineral sands industry, they replaced cones, pinched sluices and

trays as more cost effective to manufacture and operate, while providing similar or

better performances [88]. During the same period, spirals gradually replaced most

shaking tables and allowed for an increase in performance for ore treatment in the

size range of 150 (sometimes 75) to 3000 µm. The spirals were fulfilling an important

task considering their operating range to be between the optimal size for flotation

cells (fine) and jigs (coarse) or dense medium cyclones (coarse).

With emerging air quality regulations in the United States during the 1980’s, the use

of spirals extended to the removal or pyritic sulfur and ash from coal with flowsheets

incorporating multiple stages of Humphreys spirals and flotation cells [60, 89–91].
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Some trough designs were specifically made for coal cleaning which required a wider

trough and lower pitch as the density difference between minerals is smaller in this

case [87, 92, 93]. These coal designs are used for treatment of coal particles between

the size required for flotation (<250 µm) and dense medium cyclones (>3000 µm)

[94, 95]. Additional interest was linked to the increase in coal fines production due

to mechanised mining or exploitation of complex deposits [60, 96]. Investigations

were conducted on the use of spirals to treat deslimed coal fines (63 µm to 1000 µm).

These studies showed that when considering the small size and required ash content,

spirals should be used in combination with flotation or hydraulic classification [97–

101]. With the appearance of spiral units specifically designed for the processing of

coal fines, retreatment of fine coal dumps where undertaken as now economical [75].

In the late 1980’s, spiral development allowed for an increase from typical feed rates

of 1 t/h to 4 t/h. This jump was due in part to new trough profiles, and increases in

the pulp feed density [60].

Carol Lake concentrator (Iron Ore Company of Canada) achieved recovery of over

92% in the size range 150 to 850 µm in the late 1980’s with a flowsheet using spirals

(Humphreys’ HC-1350) and cones (another flowing film concentrator device). How-

ever one of the difficulties in this case was that about 23% of the total iron oxide

particles in the size range of 38 to 150 µm were lost to the tailings even if they were

highly liberated. This important loss is due to the fact that the spirals in use did

not provide the hydrodynamic performance required to recover such fine particles.

This fine size fraction represents about 40% of the spiral dry feed mass in this case

[102]. This indicates why some flowsheet designs were moving away from spirals in

the case of liberation requiring fine particle sizes (<212 µm) [103]. Recovering these

fine dense particles in better designed spirals is still seen as an area for significant

potential improvements.

In the early 1990’s, multiple new spiral designs appeared, with some having a variable

profile or pitch [104]. Since this period, different designs were available for specific

mineral or ore families, which provides better performance for specific applications
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[70]. Recent design improvements are mostly related to capacity increase, with units

providing up to 10 t/h, and processing of finer feeds [70].

3.3.2 Circuit architecture

Early plants using many spiral units quickly proved that careful feed preparation was

required in order to simplify the operation of the many spirals. Operation of banks

(groups of a number of spirals) with the same parameters became common [87]. To

obtain a standardised operation of a spiral bank, feed piping required careful layout

for optimal distribution [105]. Having an identical feed to each unit greatly reduces

the complexity of adjusting each parameters (e.g. wash water rate, take off port

opening width).

Classification of the feed in different size classes prior to processing through different

banks (each optimised for a specific size class) can provide improved recovery and

grade [106]. However, considering the particle size involved (<2 mm) this option is

generally difficult to implement. Recent installations have shown that the use of

hydraulic classification helps in removing the finer size (<38 µm) present in the ore

prior to processing, however this remains a complexity for operation and increases

costs [107].

An alternative to prior classification is the operation of spirals in a multi-stage circuit.

Each stage provides concentrate, middlings and rejects (tails) for further processing or

recirculation. Stage processing enables the use of different flowrates and pulp densities

which allows for optimal separation of different particle sizes. An example is to have

a first stage with high flow rate and dense pulp for coarse particle separation and

a second stage with low flowrate and dilute pulp for fine particle separation [108].

Considering multistage processing, different process flowsheet arangement of spiral

unit are possible. Different minerals and deposit types can be associated with specific

flowsheets [75, 109].

It is possible to use the spiral concentrator to separate particles that would require
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regrinding based on their liberation rather than size, the fully liberated dense par-

ticles being recovered directly, the middlings being reground while the tailings are

discarded [20]. This recirculation of middling particles was shown to be beneficial to

the separation efficiency [108, 110, 111]. Careful observation of particle mineralogy

and adjustment of grinding size (liberation) can thus generate many improvements

in a circuit’s performance [59]. An operation strategy to maximise recovery while

maintaining grade for a three stage spiral circuit is to pull in more middlings at the

first stage, and reject (or ideally regrind and recirculate) more middlings in the last

two stages [59]. Another strategy can be to treat middlings and fines on dedicated

units to prevent their accumulation in the recirculating load [20].

The three stages rougher, cleaner, scavenger configuration is typical of iron ore pro-

cessing in the Labrador Trough [112]. Operation of this circuit at Mount-Wright

(Canada) during the mid 1980’s obtained a recovery of the 150 to 1180 µm fraction

close to 90% while the 106 to 150 µm and the -75 µm fraction were at 68% and 24%

respectively. At the time, a study by Hyma et al. [112] assessed the potential of

processing the feed in two separate size fractions (finer and coarser than 212 µm).

Tests have shown that an improvement from 24% to 37% in recovery for the -75 µm

fraction and from 68% to over 90% for the 75 to 106 µm fraction was possible. This

was achieved with a lower flowrate (60% of the original) while still maintaining a iron

grade of over 66% in the fine concentrate. This shows the possibility of recovering the

finer size fraction with spirals while providing pulp flow hydrodynamics tailored to

their size. However, the potential negative effect on throughput should be considered.

Optimisation of a multistage spiral circuit is a complex task and should be done

accordingly [113–117]. Special attention should be paid to the circulating load [20,

118]. The circuit water balance should include feed solids content control and use of

wash water [20]. The use of hydrocyclones between spiral stages can help in adjusting

the pulp density to the optimal value. The installation of a surge bin between spiral

stages can reduce the effect of feed grade variability and thus provide a more constant

feed [119].
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3.3.3 Modern iron ore spiral

The HC33 spiral trough (Mineral Technologies, Australia) mounted in twin starts

was the rougher spiral of choice in the 2010’s for iron ore separation in the Labrador

Trough. It was specifically developed for iron ore producers in Brazil and Canada

[119]. This spiral can also be mounted in a tighter triple starts assembly with or

without the use of an externally mounted wash water distribution system [120, 121].

The wash water system of this model uses multiple static head levels to reduce the

complexity of having valves to control the wash water flow [119]. This spiral offer

high ore treatment capacity of up to 10 t/h per start [70].

The WW6 spiral trough (Mineral Technologies, Australia) mounted in twin starts

and its variant is seen as the cleaner and recleaner spiral of choice. This model is

available with seven turns, a diameter of 613 mm, a column diameter of 94 mm and a

pitch of 357 mm. The trough includes two concentrate cutters per turn with a wash

water system. On such spirals, pulp solids content varies from 55% solids in the inner

zone to 5% solids in the outer zone.

Some of the current challenges for iron ore spirals are the ever increasing throughput,

the handling of variable feed pulp density and the separation of fines [70]. These are

seen as significant challenges for increasing recovery and grade of iron ore processing

plants.

3.4 Spiral parameters

Applications of spiral concentrators to different ore mineralogies require selection of

different parameters to obtain optimal separation. Recent spiral plant developments

suggest that future operations will benefit from custom designed spirals specific to

their ore body mineralogy, at least for some stage of a multi-stage spiral circuit

[119, 122].

This section first presents the important geometrical features of the spiral. This is
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followed by a description of the operational parameters affecting performance. The

workflow of the design of a spiral concentrator is well described by Holland-Batt [123]

and is still relevant today.

3.4.1 Unit geometry

Important geometrical features are: profile, pitch, number of turns, feed box design,

construction technologies and number of trough per assembly [20].

3.4.1.1 Profile

The spiral profile is the shape of the trough cross section. It is one of the most

important parameters affecting separation.

Three radial sections of the spiral profile are required [75]. The inner section, close to

central post, is for handling of the completely separated dense particle stream at high

solids content (concentrate band). The second section is the wide transitional area

where particle separation and transport occurs, and should enable particle differen-

tiation by density. This is a slightly radially inclined section enabling the formation

of the secondary flow. The design of this middle section is the most important and

represents a trade-off between particle mobility and particle settling [75]. The third

and outer section is for handling and containing the dilute pulp loaded with the light

rejected particles. This section gradually becomes a vertical wall and sometime fin-

ishes in a inward upper lip to minimise overflow. This outer section affects the volume

capability of the spiral rather than the separation [20].

Flat profiles (flat first section and extra low inclination second section) have been

developed for separation of minerals having similar densities (i.e. a low concentration

criterion, Eq. 2.11). This profile type is generally associated with low pitch spirals.

This design is beneficial in the separation of finely ground ore (<100 µm) considering

the low pulp velocity resulting from a shallow pitch which results in better selectivity
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[69, 87].

Profile development with the help of computer assisted design (CAD) was introduced

in the early 1980’s and enabled more complexity [96]. Compound spiral designs have

profile changing along the length of the trough [31, 70]. This enables accomodation of

changes in pulp conditions [124]. These compound troughs were initially introduced in

the 1980’s for coal processing [125]. They are less susceptible to throughput variation,

and have higher throughput.

Other profiles include a concentrate channel in the inner section. This can cause some

throughput limitations when dealing with high heavy mineral content feed as particle

mobility in this channel becomes difficult at increased pulp solids content.

The radial position of take off ports in the profile affect the working surface of the

spiral as well as the metallurgical performance considering the width of the material

band recovered by the port.

Spiral diameter is function of the profile dimensions. The diameter is generally be-

tween 0.6 and 1 m with extreme designs from the 1980’s having up to 2 m in certain

specific applications [119, 126].

3.4.1.2 Pitch

The pitch is the height of a single turn of the helical spiral trough. This geometrical

parameter is the main factor affecting pulp velocity via its influence on the down

trough slope [70].

Selection of the pitch depends on the specific gravity of the feed pulp. The dense

coarse particles settle first on the spiral trough, and keeping these particles flowing

is critical to prevent accumulation, especially at the inner zone of the profile [20].

For ore comprising a greater portion of dense mineral (i.e. iron ore), a steep pitch is

required to ensure particle displacement down the trough. The optimal pitch should

be just enough to ensure particle downward flow at reasonable throughput [75, 127].
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A high pitch spiral provides higher capacity, however it can result in lower recovery

if operation is not carefully managed [127]. Such spiral can process pulp with higher

solids content while requiring less wash water which can have a positive effect on

overall performance when compared to similar lower pitch spiral [31].

A small pitch spiral is suitable for ore with small difference in minerals densities or

when fine particles content is high [127]. The low pitch spiral are then common in

the processing of slow settling coal fines [64, 127]

Composed spiral designs where the pitch varies along the helix were proposed. Plants

generally required multiple stages of spiral and using stage specific design (rougher,

scavenger, cleaner, recleaner) is sometime less complicated than designing a variable

pitch spiral.

3.4.1.3 Number of turns

The number of turns in the spiral helix is related to the pitch and profile. Those

three parameters affect the length of the channel and the surface area where the pulp

flows. Most recent spirals have between three and seven turns [119].

Determination of the length of a trough was addressed by Holland-Batt et al. [128].

The results of this study suggest that particle separation happens up to the sixth turn

of the spiral, but at a lower rate after the first two turns. Another study reported a

difference in efficiency of up to 15% between three and five turns spirals, favouring

the five turns [128].

For certain applications in coarse light particles treatment (e.g. coal), short spirals

produce sufficient separation as long as there is at least four turns [129, 130].

Multiple spirals of only two or three turns assembled on a single central column were

suggested in the 1990’s [75, 130]. The main advantage was the regeneration of the

feed by remixing the pulp after removal of the spiral concentrate and tailing stream

between the multiple short troughs. Different profiles or pitches can then be used on

the same column and potentially replace a multiple stages circuit. It is often required
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to use different numbers of spiral in each stage, considering the change in pulp density

caused by the removal of concentrate and tailings. This is the main reason why the

multiple small trough concept is not widely used.

The use of many turns is generally required for the recovery of small dense particles.

This enables the pulp to stay on the working area of the trough for a longer period

of time.

Seven turns is a popular length for roughing spirals considering their performance

[88]. This claim is due to the longer residence time on the trough. This advantage is

downplayed in the cleaning duty, where the performance is limited by the high heavy

mineral content of the pulp [88].

3.4.1.4 Feed box

Experience from manufacturers suggests that the introduction of the pulp in the

trough should be parallel to the outer rising wall of the spiral profile [123]. This is

thought to help in the establishment of the required flow pattern. The unverified

explanation is that solids should be dispersed in the pulp when entering the trough

with a low velocity. Feed distribution boxes are thus designed to ensure a homogenous

pulp distribution across the width of the trough [70].

3.4.1.5 Construction technologies

Spiral troughs were initially assembled from section of turns made out of cast iron. A

negative aspects of this design was the weight which increased building costs as well

as the difficulty in fitting the segments together to obtain a smooth trough surface

[87].

Because of rapid corrosion and wear, rubber lining protection was developed [87].

Rubber lining was used up to the 1970’s, when it was replaced by sprayable ure-

thanes. Ceramic trough spirals can be used in certain specific abrasive applications
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as chromite, glass sand, metallic slags and in the recovery of scrap materials [75].

The introdution of composite materials such as fibreglass for structural trough mate-

rial was a revolution. It provides ideal properties for molding and structural strength

at low weight and cost. One disadvantage of fibreglass is the low resistance to abra-

sion and therefore lining protection is still required [75, 124]. Monopolymer troughs

made out of reinforced urethane have a durability advantage over urethane lined fi-

breglass which can cause delamination problems [75]. This option is more expensive

considering the special formulation required for the surface urethane and many spirals

are still manufactured with fibreglass and resistant urethane coating [119].

Other important characteristics of the materials used for trough fabrication are wet-

tability to ensure a smooth pulp flow and shape consistancy to prevent deformation

during transport, installation and operation. Ultraviolet resistance should be consid-

ered if the plant is in an open air setting, as is common in areas with a warm climate

[75].

Reproducibility of spiral geometry during fabrication is an important factor in the

optimisation of a spiral plants. Slight differences in spiral trough geometry can affect

their performance. Use of reverse molding and proper fibreglass reinforcment design

coupled with proper quality control enable to obtain constant trough geometry [70].

This aspect is still important today considering the increase in manufacturing costs

associated with geometrical precision.

All parts in contact with the pulp need to have minimial wear due to abrasion and

particle impact. Wear can be reduced by the use of proper geometrical design and

improvement of construction materials. Sacrificial wear pieces in impact areas at the

feed and outlets of the spiral can ensure a long operational life [88].

3.4.1.6 Multiple starts

Depending on the pitch, it is possible to encircle more than one spiral trough around

the same central column. This is known as a multiple starts spiral. An assembly such
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as this is now very common with two, three or even four starts being the most used.

Extreme prototypes have been made with up to ten starts [60, 126]. Assemblies with

multiple starts producing throughput of more than 20 t/h are possible [124]. The

idea behind the assemblies with multiple starts is the increase of throughput without

increase in plant footprint, piping and launder requirements [88].

3.4.1.7 Miscellaneous

The use of magnets afixed to certain areas of the trough of the spiral has been shown

to improve recovery for ores comprising magnetic minerals [131]. This is seen as a

costly improvement and would probably negate the low cost advantage of the spiral.

It should however be kept in mind for the processing of high value magnetic minerals

and the recent development of powerful permanent magnets.

Rotating spirals have been reported to be in use, however no clear details about the

potential benefit for particles separation have been provided to justify this added

complexity [132].

Undocumented cases have been reported about the use of grooves on the trough

surface [132]. This feature might be worth looking at in the future considering the

potential effect on the displacement of solids on the trough surface.

3.4.2 Ore particle shape

Particle shape affects the separation. Particles tend to group in narrow bands depend-

ing on shape factor [133]. In some specific applications (e.g. mica ore), the separation

is based on the different particle shapes rather than on the mineral densities.

Flaky particles can be subject to floating on top of the fluid film, depending on their

hydrophobicity, and preferentially report to the outer stream even if they have a high

density [133]. Similarly, elongated particles tend to report to tailings considering their
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large surface area [134]. This behaviour is related to larger drag force compared to

spherical or cubic shaped particles [57]

3.4.3 Ore particle size

Spiral concentrators are efficient for the treatment of particles between 75 and 1000 µm

in diameter [18, 126]. This represents an overlap between flotation and dense medium

cyclones and can enable a much more cost efficient separation for this size class than

flotation [118].

Spiral feed top sizes should be limited to a maximum of approximately 3000 µm and

preferably below 1000 µm for optimal performance [87]. This is generally achieved by

different stages of screening after grinding.

3.4.3.1 Fine particles

In the case of the spiral, fine particles represents the fraction below 100 µm. This is

related to the drop in separation performance below this size which can be observed

at sizes up to 300 µm for certain applications such as iron ore. Fine mineral particles

can be found in final upgrading after regrind, for tailings re-treatment, or when a fine

aluvial deposit needs to be processed [135].

Spiral models specifically designed to process fine ores exist, and provides separation

down to about 40 µm [87, 136]. Flatter trough profiles, reduced pitch and a longer

trough length are parameters which enables the low turbulence required for the slower

particles separation on these spirals.

Having a narrow size range eases the processing of fines particles. For the operation

of spirals on feeds containing a large portion of particles under 100 µm, prior feed clas-

sification should be conducted [20]. This classification, possible with hydrocyclones,

eases the optimisation for each sub-size of particles.
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Treatment of fines on standard spirals is possible, however it requires units dedicated

to a narrow particle size range (e.g. treating only particles below ≈200 µm) [137].

Additionally, a dilute pulp (10 to 15% solids by mass) and a lower feed rate compared

to the 200 to 1000 µm size range should be used for such application. In certain

cases (mica, feldspar and hematite ore), testwork produced acceptable results for the

separation of small size fraction at similar pulp solids content than on a heavy mineral

spiral [138].

3.4.3.2 Slimes

For fine particles smaller than 50 µm in diameter, the term slimes is used. Slimes affect

the separation efficiency of the spiral [139–141]. Their presence affects the viscosity

of the pulp as a result of their large surface area. This increase in viscosity is thought

to affect the separation behaviour [142]. Additionally, increases in viscosity affects

the concentrate band position which can affect recovery if no splitter adjustment is

made accordingly [143].

For the treatment of finely ground ore (d50<80 µm) a drop in efficiency of more than

5% can occurs if the slimes content is greater than 3%. In the case of coarser ground

ore (d50 ≈300 µm), the presence of a slight amount of slimes might not affect the

separation, or can even be beneficial. However, a slimes content of more than 5 to

10% is detrimental [87]. Another problem of slimes is that they tend to follow the

bulk of water flow and are weakly affected by the concentrating effect, and simply

split with the water [108, 125].

Considering the detrimental effect of slimes, the use of hydrocyclones before spiral

separation is a common requirement to remove these slimes [72, 96]. In the case of

a spiral circuit having multiple stages, slimes in the feed are reduced after the first

stage as they reports to the tailings streams with the bulk of the water fed in this

first stage. In this situation, the requirement of hydrocyclones can be negated.

Viscosity of the feed pulp is an important parameter and should be maintained as
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low as possible not to interfere in the particles separation process [31]. Controlling

the amount of slimes recirculated with reclaimed water is thus important as it has a

detrimental effect on the spiral performance by increasing the pulp viscosity [31].

Slimes can cause other problems on a longer term basis by the accumulation of scale

(hard deposit of slime) in the spiral trough inner and outer limits of the pulp flow.

Regular cleaning of the scale is required to maintain a proper surface profile especially

in the region near concentrate take off ports [31].

3.4.4 Pulp solids content

The pulp solids content is the amount of ore present in a certain mass of pulp and

expressed as a percentage (% solids by mass). It is a critical parameter for the efficient

separation on the spiral and for the operation of the pumping and transportation

circuit around it.

Typically, the pulp solids content by mass is from 15 to 40%. Higher pulp solids

content by mass can be reached in the case of coarse particle of a high density ore.

In this case, the solids content by volume can be similar to lower particle density and

size pulp. This type of pulp should be processed at high flow rate which prevents

particle settling and accumulation. Some spiral designs are tailored toward this type

of application as in iron ore processing [119]. They can process up to 50% solids by

mass [31, 69, 87, 126]. Higher solids content were reported to prevent the free radial

movement of particles [108, 110, 144].

Spirals for fine particle treatment requires a feed pulp density much lower than 35%

with a lower feed rate (≈1 t/h) than spirals for larger sizes [136, 145]. The lower

feed rate is required to maintain a more laminar flow, which improves the recovery of

small dense particles due to lower turbulence.

Feed pulp solids content affects the spiral performance. Generally, concentrate grade

decreases with an increase in feed pulp solids content [146, 147].
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Another parameter closely related to the pulp solids content is the pulp density which

is the mass per unit volume of pulp (kg/m3). The parameters influencing the pulp

density are among others, feed volume of water and ore, mineral density and particle

size distribution [31].

3.4.5 Feed rate

The feed rate is the mass of pulp per amount of time (t/h). It affects the pulp film

profile in the spiral which influences separation perfomance [148]. A larger feed rate

generally provides a lower recovery [134, 140]. However, this larger feed rate can be

beneficial in obtaining a better concentrate grade [141]. Experimental studies suggest

that the relationship between feed rate and separation efficiency is mostly linear [124].

A spiral operated over its design pulp feed rate tends to lose a larger portion of the

fine valuable minerals as they are washed in the tailings stream by the fast flowrate

[31]. At higher than designed throughput, some coarse feed material can also bypass

the stratification process and end up directly in the tailings stream [125, 149, 150].

At feed rate lower than the design value, solids settle on the trough surface and

”sandbars” can form which reduces the efficiency of the separation [31].

The ideal pulp feed rate depends on the mineral size distribution and the content

of dense minerals [31]. Determination of the solids tonnage and pulp density of the

spiral should be related to its volume feed rate, to ensure a proper loading of the

concentrate and middle zones while still providing particle flow in the concentrate

zone [20].

For older spiral designs (before the 1990’s), feed rates varied from 75 to 125% of the

design value without having a large effect on the metallurgical performance. This

is not the case for recent models as they are optimised for a single operating point

that should be respected [69]. Consistency in feed preparation, distribution and ore

properties is important for newer spirals [151].
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3.4.6 Wash water addition

In certain situations, the addition of a stream of clear water in the particle packed

pulp film can have a beneficial effect. The added water is known as wash water. It is

generally introduced in the inner section of the spiral profile from a multiple-orifice

distribution system in the spiral central column. Flow rate ranges between 25 and

40 L/min are common for a full spiral [31].

The primary role of wash water is to unlock light and middling particles trapped in

the high packing density bed of dense particles. The added stream of water fluidises

and cleans the concentrate band, and thus affects the grade of the material taken

as concentrate. Wash water assists in the production of very high grade concentrate

(final concentrate) where a small amount of wash water can remove fine entrained

silica in the case of iron ore processing [88]. This will, however, remove some of the

fine dense valuable. An increase in wash water leads to an increase in concentrate

grade and a decrease in valuable and gangue recoveries [146].

The secondary role of wash water is the dilution of the thick pulp to ensure mobility

of the inner concentrate band. This band has a tendency to settle and move slowly

as it contains a reduced amount of water, especially when the spiral feed is at a high

solids content, a coarse particle size distribution or a high dense minerals content

[20, 88, 152].

The effect of wash water is dominant on coarse dense particles and on light particles

of all sizes [146, 153]. It can trigger significant losses of coarse dense particles and this

should be taken into acccount when adjusting wash water system parameters [153].

Wash water can cause a loss of small and flaky particles to the outer stream. Stage

processing can reduce this loss as cleaner spiral are operated with less wash water

addition.

Wash water distribution on a spiral bank and on a spiral itself (between addition

points) has a major effect on the spiral metallurgical performance considering the

injection flowrate and jet velocity [31]. Too high a wash water flow rate can have
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a negative impact on the separation as it diverts the dense particles away from the

concentrate port or splitter [152]. In extreme cases, it can affect the separation

mechanism by disturbing the separation flow pattern, causing remixing [31].

Wash water injection in the inner side of the pulp stream (close to the central post)

can be directed either in a tangential or perpendicular direction to the pulp flow [31].

Recent experimental work has shown that a wash water injection stream directed

against the downward flow in the trough middle zone (on the outer side of the con-

centrate band) helps in fluidizing the inner concentrate band for release of trapped

light particles, and additionally aids in the recovery of dense minerals found in the

middle zone [152].

Wash water should be clean and exempt of any large particle, wood piece, or soft

matter. Screening (<1000 µm) of the wash water before distribution is suggested as a

way to reduce blockage and maintenance [69]. Wash water produced from reclaimed

water should be clean of fine silica (often found in tailing water) as the concentrate

band in which the wash water is injected act as a filter keeping the fine silica particle

entrapped which reduces metallurgical performance [31].

Wash water systems are rarely used in the mineral sands industry, while most iron

ore plants using spirals use such a system [119]. Spirals without wash water have ,

however, been used on large scale iron ore operations for upgrading ore from ≈55%

to 62% iron content [49]. In this case, a deslimed feed (>75 µm) was used to reduce

viscosity of the pulp and ensure proper fluidity.

3.4.7 Take off port and splitter

Particle separation is relatively fast on the spiral trough. Dense particles can be found

in the inner section of the profile as early as the first and second turns. The use of

intermediate concentrate removal orifices known as take off ports (e.g. cutter, splitter,

spoon) reduces the spiral inner zone loading [63, 123]. This feature is especially

important in the processing of pulp with heavy loading of dense minerals as in iron
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ore plants. Removing a significant mass of the solids as high as possible in the spiral

provides improvement in the separation of the middlings band in the lower part of

the spiral [20].

In some applications, up to 75% of the concentrate mass can be recovered from the

two first spiral turns [31]. This early removed material is generally of the highest

grade considering that coarse light particles take more time to migrate inward. Con-

sequently, take off port located in the lower turns have a large influence on the grade

of the final concentrate recovered and should be optimised accordingly [31].

Different take off port geometries and trough attachments provide different advantages

and difficulties. The main concern in designing a take off port is to minimise the

disturbance of the pulp film, which can affect the spiral efficiency by a few percent

[123]. A take off port made of a sliding opening on the curved surface enables to

remove part of the concentrate stream without disturbing the flow on the trough [70].

The radial location of a concentrate port depends on the amount of valuable present

in the spiral feed. A port close to the central column enables a small mass pull and

is typically used for ore with a low valuable content (<5%). Ores with larger loading

in valuable (such as iron ore) requires larger mass pull and multiple ports reaching a

larger radius will be beneficial in increasing the recovery of a single stage of spiral. For

applications where both valuable and gangue are heavy minerals, the material band

(concentrate and gangue) on the spiral will be closer to the centre of the trough. In

this situation, the positioning of the intermediate off take ports closer to the central

column provides better selectivity than if situated on a wider radius [69].

A take off port can be installed at the outer vertical section of the profile to remove a

low solids content pulp. This provides the possibility of recovering the tailings stream

at a much higher density at the end of the trough [70].

Separation of the concentrate band from the middling and tailings band at the end of

the trough is accomplished by the use of splitters mounted on vertical pivots on the

trough. This enables to use a single adjustment of the pivots on a multiple trough

assembly [70].
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Once the products discharge from the trough, a products recovery box diverts each

stream to different launders under the spiral bank. A products recovery box requires

careful design to reduce pulp velocities, especially the tailings stream, while resisting

wear and minimising splashes [70].

Variability in the feed requires constant adjustment of the take off ports [57].This

optimisation should be based on each individual take off port mineralogical parame-

ters (size, shape and mineral species) [31]. Feed pulp flow rate and solids content, as

well as wash water flow rate, should be observed and adjusted before changing take

off port and splitter positioning [31]. Image analysis can be used to record concen-

trate band details (e.g. width) and provides meaninful process control information

[143, 154, 155]. A solution to changing take off port or splitter position could be to

act on the concentrate band position by playing on the operating parameter (feed

rate, feed density, volumetric flowrate) [155].

3.4.8 Repulper

The bulk of fluid is centrifuged outward as the pulp flows down the spiral. Capturing

and remixing the pulp after a certain point can reinvigorate the particle bed mobility,

and provides new chance for the recovery of dense particles captured in the outer

turbulent zone.

Considering the higher velocity found in the outer zone, careful positioning of a

deflecting bump or edge in the outer zone has the effect of diverting the dilute flow

towards the middle and inner zone [70, 123]. This feature is known as a repulper.

Self-adjusting repulpers can enable optimal repulping even during volumetric flowrate

variation [70].

Revitalising the separation with the use of a repulper after two or three turns offer

similar advantage as using multiple shorter spiral trough at a fraction of the com-

plexity of such assembly [128].
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3.5 Spiral performance

Feed capacity and separation efficiency are the two most important parameters in the

design and selection of a spiral unit[119]. Separation efficiency (Es (%)) is a macro

measurment of the ore particle sorting taking place on the trough [119]. It can be

calculated (Eq. 3.1) with the recovery to concentrate (R (%)), the mass yield to

concentrate (Y (%)), the feed grade (GF (%)) and the maximum possible grade of

the concentrate (GC,max (%)).

Es =
R− Y
1−GF

GC,max

(3.1)

3.6 Pulp and particle flow

This section describes different experimental and theoretical considerations related to

pulp and clear water flow on spiral concentrator. The important secondary circulation

is detailed and known information on particle behaviour in the pulp film is presented.

3.6.1 Pulp profile and flow regime

Pulp exiting the spiral feed distributor spreads radially to form a film on the trough.

This film is subject to gravity which provides a velocity high enough to centrifuge

the liquid outward to the vertical section of the profile. Figure 3.2 presents an high

speed photography of clear water flow in the spiral depicting this behaviour.

52



3.6. Pulp and particle flow THE SPIRAL CONCENTRATOR

Figure 3.2 – Clear water flow inside the spiral concentrator

Pulp free surface profile is different than water flow free surface profile, mainly because

of accumulation of solids in the inner zone, which increases the thickness of the pulp

film in this region [156].

Pulp profile measurements initially undertaken by Dallaire et al. [147] have shown

different pulp depths for different pulp feed rates. Following this work, pulp stream

sampling observations were undertaken by different researchers [60, 63, 126]. Detailed

measurements of this type were obtained by Holtham et al. [60] by using a sampling

device which divided the pulp flow into eight radial streams, with each stream being

sampled for a certain time with measurement of the pulp thickness at each stream

to calculate pulp velocity. Depth measurements were inacurate considering surface

waves on the pulp flow, which for this study resulted in an error of around 30% in

53



3.6. Pulp and particle flow THE SPIRAL CONCENTRATOR

the value of velocities calculated. This work was undertaken on an open circuit spiral

with a trough profile generally used for coal separation with a pulp made of 24%

of quartz <1000 µm [60]. Mainstream pulp velocities were reported to be between

0.3 m/s (inner zone) and 1.3 m/s (outer zone) [60].

The Reynolds number (Section 2.2.2.2) can be calculated for the spiral channel flow

with the use of the fluid depth as the characteristic length [157]. Transition from

the laminar to turbulent regime for an open channel flow is at a Reynolds number

between 400 to 2000 [157]. Based on this criterion, the inner zone pulp flow is laminar

while the outer section is turbulent [158].

Viscosity has an effect on the value of the Reynolds number; however, the general idea

of a laminar inner zone and a turbulent outer zone is valid as the inner zone carries

a high solids content pulp (increasing velocity which lowers the Reynolds number)

and the outer zone has a very low solids content as most of the water will centrifuge

outwards.

3.6.2 Secondary circulation

Cross circulation inside the pulp film is theorised as being the mechanism behind the

particle separation taking place on the spiral [81]. This theory originates from river

bend sediment flow studies [159].

The flow of pulp is seen to have multiple layers, with each having a different velocity.

The top free surface layer experiences extremely low shear with the air interface on

the upside and the lower pulp layer on the underside. At the lowest pulp layer, friction

(no slip) with the spiral trough surface is present [160].

As the shear on the pulp is relatively small at the free surface, compared to a maximum

close to the trough surface, the velocity and centrifugal acceleration acting on each

pulp element is much higher at the free surface. This higher centrifugal acceleration

brings top pulp film elements in the outer region up to the vertical edge of the profile

[161].

54



3.6. Pulp and particle flow THE SPIRAL CONCENTRATOR

As pulp bulges near the vertical wall, hydrostatic pressure builds up at the base

of the film. At a certain location in the film thickness, the hydrostatic pressure is

greater than the force due to centrifugal acceleration on pulp elements. The lower

pulp layer will thus move toward a region of lower pressure as a result of this forces

imbalance [161]. This results in an inward fluid motion near the trough surface. As

the fluid reaches the inner section of the trough, this hydrostatic pressure diminishes

and centrifuging restarts in a rising flow to the top layer.

Figure 3.3 presents a schematic of the primary and secondary circulations present on

the spiral. The secondary circulation is thought to take place predominantly in the

middle zone of the pulp film. This flow is classified as a Prandtl’s secondary flow of

the first kind [161].

Primary  Flow


Secondary  Flow


Figure 3.3 – Primary and secondary flow present on the trough

The secondary circulation was observed by the use of dye and fine treads of fabric

to track clear water flow on a fine mineral spiral trough [60]. These observations

of threads and dye injected at the trough surface have shown deviation of the sec-

ondary flow from the trough direction to be between 2°and 5°at the trough surface

and between 4°and 8°at the free surface [129, 157, 161, 162]. Measurement error of

approximately ±5°was reported on these values.
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Based on these deviation angles, an approximation of the secondary circulation veloc-

ity (radial velocity) of clean water is below 0.01 m/s at the trough base and between

0.01 and 0.05 m/s at the free surface [157]. Accuracy of those measurement was re-

ported to be within ±30%. The calculations are based on the assumption of a laminar

velocity profile in the inner zone, and of a smooth turbulent flow in the outer zone

[157]. This assumption might not be valid in the inner zone as the primary flow profile

is likely to be distorted by the secondary circulation [157]. However, even if calculated

for clear water flow, this gives an order of magnitude of the effect of secondary flow

on particle radial motion.

In this case, the largest deviation would have produced a particle inward migration

from the outer zone to the inner zone within approximately 1.25 turns for a particle

exactly following the flow of water [161]. This somewhat explains why particle sepa-

ration occurs rapidly on the spiral (i.e. 2-3 first turns). However, the magnitude of

the secondary flow present in the case of a high density pulp is still unknown, as is

the particle velocity in this flow.

Another experiment used particle image velocimetry (PIV) to measure primary and

secondary flow velocities in clean water flow on a coal spiral [163]. In this PIV

study, light scattering rhodamine particles of <50 µm were mixed in clean water and

observed flowing in a specially made clear section of a spiral. Recording of the distance

between rhodamine particles light scattering events generated by a timed impulse

laser illumination allowed for their velocity to be determined [163]. Considering their

size and density, rhodamine particles were expected to closely follow the clean water

flow. This provided improved precision on water velocity when compared to stream

sampling and film thickness measurements. The nature of the flow without solids is

somewhat different than with a high solids content of a full size distribution of different

density particles. However, these PIV measurments confirmed the magnitude of the

secondary clear water flow velocity with unsteady values between 0.01 and 0.05 m/s

[163]. Another observation from these studies is that an increase in feed flow rate

increase the magnitude of the secondary circulation [157].
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Considering that these measurement were carried out for water only, or very dilute

flow (in the case of PIV), it can be difficult to make assumptions regarding the particle

motion pattern and velocity in a dense mineral pulp. Observation of particle flow is

thus seen as a milestone in the development of a better understanding of the spiral

particle concentration process.

3.6.3 Particle flow

The behaviour of particles in the pulp film is affected by different mechanisms. Among

them are free and hindered settling, flowing film, stream cross rotation, centrifugal

force, stratified bed and interstitial trickling [20, 63, 126, 127, 164].

Settling is thought to be the main process by which the particles separate [128].

Different settling rates for different particle sizes and densities is a major factor in

the recovery of particles to the lower pulp layer [160]. This initial separation is

followed by transport and particle bed mechanisms in the flowing film which in turn

enables recovery of separated particles [128].

In the outer turbulent region, the higher density particles are more likely to settle

and thus have a higher chance of being caught by the lower inward moving pulp layer

[124]. Considering the reduced velocity of the lower pulp layer, these dense particles

are less affected by the centrifugal effect [127]. They are transported in the inner

section of the spiral. This results in a concentration of dense mineral particles at the

inner zone of the trough. The light mineral particles of similar size are less affected

by the lower layer of the pulp film as their settling rate is lower.

Once in the inner zone, the raising component of the secondary flow has the capacity

to lift light and small particles [124]. They are carried outward in the upper layer of

the secondary flow. Holland-Batt [160] suggested that the spiral inner zone controls

grade of the concentrate band by the action of the rising current of the secondary

flow, while the outer zone controls the recovery via the difference in settling rates.

For an increase in feed rate, the vortex flow in the outer zone increases. This is due
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to the larger amount of fluid reaching the outer wall under centrifugal action. This

increases turbulence which reduces the settling potential and the recovery of particles

in the lower layer of the pulp.

Particle separation and transport in the spiral are mainly related to two processes,

suspended-load motion and bed-load motion [129]. The suspended-load motion is

where particles are suspended in the upper layers of the fluid. It is expected to be

where most of the separation is taking place. The bed-load motion is the case where

particles collide with each others to a large extent. It is characteristic of the inner

zone where the solids content is much higher.

Francis [165] and Leeder [166] proposed different modes of particle transport inside

flow similar to what is found on the spiral trough. These modes can be regrouped in

the two load motion processes. The proposed modes, listed in Table 3.1 from Holtham

[156], account for inter particle collisions and flow turbulence in a dense pulp. The

mode of a particle is function of its density and size as well as the pulp flow around it.

These variables result in different transportation modes for different particles, which

enables particle separation.
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Table 3.1 – Particle transport modes, adapted from Holtham [156]

Load process Transport mode Description

Uninterrupted
saltation

Particle makes ballistic trajectory jump

Suspended-load
motion

Uninterrupted
partly suspen-
sive saltation

Particle ballistic trajectory is modified by the
effect of fluid turbulence

Uninterrupted
suspension

Particle suspension by the effect of fluid tur-
bulence

Rolling Particle in contact with the bed

Bed-load motion
Interrupted
partly suspen-
sive saltation

Same as uninterrupted partly suspensive
saltation but with addition of upward accel-
eration due to particle collision

Interrupted sus-
pension

Particle suspension is maintained by both
fluid turbulence and particle collision

On the spiral trough, solids concentration by mass varies from over 70% in the inner

zone to less than 3% in the outer edge of the profile [156, 162]. The accumulation of

solids in the inner zone brings different effect related to the bed-load process [160].

Interrupted partly suspensive saltation and interrupted suspension are the modes

related to the Bagnold normal stress (or Bagnold force) [167].

In a situation of Bagnold normal stress, a particle under shear is subject to a force

normal to the shear plane, and proportional to the square of the particle diameter.

For a particle bed composed of a size distribution at a given rate of shear, larger

particles are subject to an exponentially larger force (i.e. square of the diameter).

For large particles (>1000 µm) the particle-particle interactions in the high solids

content stream are then more significant than settling behaviour [133]. These large

particles move up in the bed until equilibrium between the Bagnold normal stress and

gravity force is found. This equilibrium arises at the top of the particle bed where

shear and thus the Bagnold normal stress is lower [60, 156]. Bagnold normal stress

preferentially lifts coarse light particles into the upper layer of the pulp film [127].
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Bagnold nomal stress becomes significant only if particle volumetric concentration

reaches over 50% (≈70% solids by mass depending on the mineral density) [156].

This suggests that Bagnold normal stress potential effect should be limited to the

innermost stream of the spiral trough where this high solids concentration is found.

This effect has been suggested as an explanation for pulp dilation and an increase in

film thickness at this location on the trough. This dilation and bulging is only present

if coarse particle distribution and high solids concentration is locally present on the

trough [156].

Experiments with a size distribution of mono density (light) particles showed a finer

size distribution in the inner section of the spiral while gradually coarser distribution

was found when moving to the outward zone [60, 156]. This was later confirmed

for both light and dense particles [158]. This radial size distribution is a factor in

the loss of some coarse dense particles to tailings which was shown by size recovery

curves from early testwork [108, 134, 168, 169]. Similarly, analysis of size recovery

curves in iron ore spirals have shown an systematic decrease in recovery of coarse

particle which can lead to significant value losses [170, 171]. Another portion of the

large dense particles are lost to tails similarly to the bypass found in other classifiers

[60, 172].

Part of the lost is produced by the effect of the Bagnold normal stress which selectively

bring coarse particle in the upper layer of the flow at the inner zone of the trough

[158]. Once on the upper layer, the coarse particles can be carried by the outward

flow up to the tailings take off port if it do not settle back in the inward moving

layer. In the case of iron ore, the use of wash water adds to the explaination with the

Bagnold normal stress for the loss of dense coarse particles [170, 171].

Many of these remarks are theorised from stream sampling analysis. Obtaining mea-

surments of single particle behaviour is seen as an important next steep to better

understand spiral concentrator [133].
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3.7 Spiral models and simulations

The principal objective of modelling spiral concentrator is to improve separation per-

formance. This is possible via a reduction of experimental work required to determine

the optimal parameters for the design of a unit or its operation. This section describes

the different modelling approaches taken to simulate spiral performance.

3.7.1 Experimental measurements

Early models were based on empirical measurements with the brute force approach

of testing the full range of each parameters in every possible combination. Consid-

ering the many parameters affecting spiral perfomance, obtaining optimum process

conditions of a circuit is complex, and could potentially involve thousand different

parameter combinations. To overcome the time and cost associated with testing

all these combinations, many researchers now use design of experiment techniques

[69, 135, 146, 153, 173]. Carefully designed experimental program to minimise the

amount of test is, as of today, the most efficient strategy to obtain optimal operating

conditions for a fixed spiral design and circuit with a known ore mineralogy and size

distribution. Once the optimum parameters are determined, control on ore variability

and other parameters is critical to maintain the predicted optimum results.

Many studies found in the literature are a collection of testwork results for a specific

ore treated with a specific spiral model at different feed parameters [138, 174–177].

These are useful for general idea about the potential applicability or not of the spiral

concentrator to a specific ore type. However, they are extremely specific and because

of the lack of mineralogical information (particle size, liberation and shape), it is

difficult to use these for fundamental development. Recording of detailed mineralog-

ical information (particle shape, liberation) in addition to particle size distribution

is important when reporting on experimental spiral study. These parameters have a

large impact on spiral performance [178].
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3.7.2 Empirical models

Measurement of the concentrate band radial location can be correlated with other

operational parameters with the objective of building a database of potential opera-

tion scenarios and their performance which can be used for process control, if similar

scenario (or extrapolated scenarios) arise in the future [155]. In this case, equations

obtained from linear, polynomial and power law regression are seen as a form of empir-

ical spiral models [155]. This requires a significant amount of experimental work and

is highly related to specific spiral design and specific ore properties. This approach

is excellent for an established operation where those two variable (spiral design and

ore) are known and repeatable.

Multi-spiral empirical models relating particle size, feed rate, solids content, splitter

position, mass recovery and product grade exist, mostly for coal spiral unit [91, 96,

117, 148, 179].

Empirical correlations of upgrade ratio or mineral recovery as a function of mass

recovery can be used for the comparison of different spiral concentrators in addition

of their individual optimisation [180, 181].

Similarly, reduced performance curves or Tromp curve (fraction recovered to concen-

trate vs relative density) can be used to compare different spiral designs or spirals to

other gravity spearators [149, 170, 182]. This type of curve was used to show that

spirals having multiple take off ports and injection of wash water are more efficient

than wash waterless spirals with a single cutter [182]. However, in this type of study,

there are many parameters involved and the reduced performance curve needs to be

build from many operating points to have a process wide signification.

Empirical size recovery curves have been used to simulate a multistage spiral circuit.

In this approach, the model was able to pinpoint optimal operation parameters to

improve recovery of coarse dense particles [170].

A semi-empirical and mathematical model of the spiral including the addition of wash

water and removal of concentrate via take off port has recently been proposed [183].
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It is based on half-turn sub-models for each different effects (feed, wash water, pulp

profile, particle motion, concentrate extraction) [183]. This approach requires many

hypotheses. However, it was able to reproduce experimental results to a certain degree

[183]. Local effects of wash water and particle motion are among the parameters that

should be looked upon in detail to improve this recent model.

Empirical models are sufficiently reliable for spiral plant equipment sizing, stage mass

balancing and throughput design. Unfortunately, for spiral trough design and opera-

tion optimisation, such models do not provide enough precision [172]. Generally, new

empirical coefficients are required when one of the conditions used to determine the

model is changed [60]. As a result, anyone developing a new spiral trough or spiral

circuit should do their own testing unless the ore and spiral design have been tested

before.

Most of empirical models are tailored to a close range of pre-established design choice

(e.g. spiral overall size). They do not enable particle and fluid flow interactions to

be the driver of the design. Difficulty in the observation of the particle separation

explain the use of whole unit experimental testing (e.g. grade and recovery).

3.7.3 Hydrodynamic models

Mathematical relationships describing the flow of fluid down the trough are possible,

however they require assumptions related to surface profile, pulp viscosity and pulp

profile [127]. These hydrodynamic models are mostly used for determining the fluid

film flow field. This flow field can then be used to approximate the particle flow field

inside the film by the means of a simple force balance.

A theoretical velocity profile comparison of different flow type and description (lami-

nar, smooth turbulent, rough turbulent, suspension, Manning) made by Holland-Batt

[160] suggested than the inner zone velocity profile could be described by the use of the

Manning equation with suitable coefficient. The determination of these coefficients

are based on assumptions and experimental observation of the mean flow velocity.
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This velocity can be determined by the use of pulp film probing and stream sampling

on a spiral [160].

A hydrodynamic model which uses the Manning equation to describe the inner trough

flow was then proposed [160]. For description of the velocity profile in the outer zone,

a free vortex equation was used with a vortex strength based on geometrical and

empirical flow profile measurements. This approach enables the prediction of the

fluid film profile and downward flow velocity (primary flow). It requires knowledge of

the inner and outer wetted limit of the fluid film. This can be obtained experimentally

for different feed volumetric flow rate. Similar results to the Manning equation can

be obtained by the use of the Suspension equation [162].

This flow description predicting the velocity profile and free surface profile should be

taken as an approximation as different from the observed fluid behaviour, especially

in the transitional section between the inner and outer zone [160]. However, this

model was a step forward in the prediction of fluid velocity, profile and flow rate in

the spiral with agreement in consideration of experimental procedure and hypothesis

made at the time.

A problem with the Manning flow description is the use of empirical parameters

based on spiral experiments without any solids [158]. In the modelling of the laminar

portion of the flow, correlation between solids volume content and pulp viscosity can

be used [158]. A velocity profile including the effect of Bagnold normal stress was

shown to represent pulp flow more accuratelly than with the Manning equation as

used by Holland-Batt [160] but less accuratelly than with a laminar flow profile [158].

The profile including Bagnold normal stress is thought to be more realistic under

dense particle packing conditions as found at the inner trough zone [158].

Following the work of Loveday [158], Holland-Batt [184] extended the use of its hy-

drodynamic model to include the flow profile based on Bagnold normal stress. This

improved model was used to predict the flow that would arise in large diameter spirals

(up to 3 m) of rectangular trough profile. The interest in this type of spiral would be

for the separation of fines (<75 µm) mineral particles. The predicted flow produced
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a lower centrifugal acceleration which could be an advantage as a more tranquil flow

can be obtained in this case. Unfortunately, no simulation results or experimental

data for the trajectory of small particles is available at the time of writing to validate

that the flow conditions predicted on conceptualised large diameter spiral results in

efficient mineral separation.

3.7.4 Force based models

With the availability of hydrodynamic models, force equilibrium models can be de-

veloped. These models offer certain advantages for the prediction of a particle’s

radial equilibrium position. This position can then be assumed to represent particle

separation [185].

Holland-Batt used this approach with the Manning and free vortex definition of the

flow to determine the motion of dense and light particles of different sizes at differ-

ent locations inside the pulp film. The aim was to predict the particles’ equilibrium

position between fluid drag, centrifugal and gravitational forces [160]. These equilib-

rium positions provide information about particles differentiation based on size and

density. This work has shown that volumetric feed rate is one of the most important

parameters in the particle separation as it governs the intensity of the secondary flow

[160]. Improvements suggested to this model are the consideration of higher solids

content, and the effect of particle interactions which are significant in the inner section

of the trough. Additionally, primary and secondary flows should be treated together

rather than separately [160].

The same force equilibirum model has been used to determine the potential of using

rotating spirals [186]. This analysis was conducted using assumptions of similarity

with the empirical parameters obtained for non rotating spirals. The results have

shown a significant effect on the fluid film profile and suggested that improvements

in recovery and selectivity of fine particles could be achieved through some degree of

negative rotation (i.e. opposite to pulp flow), and positive rotation respectively.
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Kapur et al. [187–189] presented a force equilibrium model to determine the radial

position at which a particle would be in static equilibrium. The five forces considered

to be of significance in this work were drag, lift, friction, immersed weight and cen-

trifugal. The drag, immersed weight and centrifugal force were estimated to be of the

same order of magnitude (10−5 to 10−4 N) [187–189]. Lift and friction were described

as a function of the three others. With a combination of mathematical descriptions

of the tangential and longitudinal slope of the spiral trough surface and a hydrody-

namic model, an approximation of the fluid depth and velocity was obtained. With

this information, the forces were computed to obtain the radial equilibrium position,

which can be used to calculate the separation performance. One of the main conclu-

sions from this work was that the important forces on the particles in a spiral are of

similar magnitude, and that this is probably the rate of change of those forces with

size, density and radial position which affect the separation [187–189].

A detailed force equilibrium model was recently used by Jain et al. [190] to physi-

cally explain the formation of the secondary flow by mechanistically determining the

behaviour of small fluid elements (water or pulp) at different positions on the spiral

trough. The approach was subsequently applied to mineral particles and generic mo-

tion behaviour depending on the particles location, size and density were presented.

This model is simple and efficient, representing only the laminar section of the flow.

However, most of the particle recovery is thought to take place in this laminar section

which makes this analysis interesting.

Force equilibrium models are of great interest with the only drawback being the

complexity required to include detailed spiral geometrical features, particle fluid drag

and particle-particle interaction parameters. Improvement in this area would have

large potential, but require details on the particle behaviour.

3.7.5 Numerical simulations

Numerical simulations can be used for the prediction of separation performance. Com-

putational mineral processing (CMP) represent the use of different types of numerical
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simulation to predict the performance of a unit or circuit treating ore [9].

An excellent example of this type of simulation is the JKMRC SimCoal simulator.

This simulation tool was built from empirical correlations determined by the use of

plastic tracers of different density and size (300 to 2000 µm)) [172], mathematical

equations [160] and force equilibria [191]. It is able to predict particle radial equilib-

rium position and relate it to spiral separation performance. It is built from many

experimental tests on specific coal spiral designs (LD2, LD4 and CMI) and conse-

quently offers good agreement if used to predict their separation performance.

The goal of numerical simulation is to remove empirical factor or measurements from

the prediction process. This has the power to enable much more freedom in geomet-

rical and operational design of new generations of spiral concentrators. The following

sections present different approaches toward this goal.

3.7.5.1 Computational fluid dynamic simulations

Computational fluid dynamics (CFD) is a group of techniques which aim at solving

the discretised equations of conservation of mass and momentum numerically [52].

CFD is applied widely to gas and liquid flow problems. However, when it comes to

multiphase system, especially including particulate solids, the equations and solutions

are more complex and the computational power requirements higher. Nonetheless,

CFD is important as it enables a full virtualisation of a fluid flow problem.

Wang et al. [192] presented the first CFD simulation of a spiral concentrator. This

model represented the flow of a viscous fluid (oil) in an helical rectangular channel.

Experimental validation of surface fluid velocity and free surface profile trough in a

custom made rectangular spiral validated this simulation approach. Even considering

the fluid used and the crude geometry under study, it generated general trends relating

spiral pitch and diameter to the fluid velocity. It demonstrated the effect of these

parameters on the secondary flow velocity, which increase with an increase in pitch.

A second model was presented by Li et al. [172] and Jancar et al. [193]. It assumed

67



3.7. Spiral models and simulations THE SPIRAL CONCENTRATOR

the fluid as Newtonian with constant physical properties and described its behaviour

with laminar steady state Navier-Stokes equations. It included the simulation of the

free surface of the spiral fluid film [9, 193]. The simulation domain was half a turn of

a LD4 coal spiral trough (Mineral Technologies, Australia) to reduce computational

time. To obtain a fully developed solution, the flow properties at the outlet of the

half turn were computationally recirculated to the inlet of the half turn up to the

point were the solution was in a steady state [9, 193]. An important outcome of this

simulation approach is the presence of the secondary circulation loop [9, 193].

This approach was used to simulate clean water and a low particle content (<0.1 %) at

moderate Stoke numbers, where the fluid flow is not affected by the particle motion.

Performance was shown to be in within 30% agreement in terms of fluid velocity,

fluid free surface profile and fluid stream flowrate when compared to experimental

measurments[157, 193]. Inclusion of a turbulence model was suggested as a potential

improvement for a more accurate description of the outer turbulent zone of the spiral

flow [9, 193]. This simulation represents the flow once it is fully developed (i.e. fourth

turn or more). However, the separation of particle by size and density takes place in

the first few turns which a more complete simulation should represent. Introduction

of a larger solids content particle phase and its effects on the fluid flow (potentially

diminishing the secondary flow magnitude) was reported as being a miletsone in this

simulation work [9, 193].

The approach of spiral simulation through CFD was pushed further by Matthews

et al. [194–197] with the addition of turbulence within the fluid phase and the use

of different methods for the addition of dilute particle phases. This work solves the

averaged Navier-Stokes equations with the volume of fluid (VOF) method for the

representation of the free surface flow and the re-normalisation group k − ε (RNG

k − ε ) formulation for the simulation of the turbulence in the outer zone [195, 196].

This model used a 35◦ section of the spiral trough with recirculation of the exit to

the inlet of the domain to obtain a steady state flow solution. Four walls (i.e. trough

surface, inner edge, outer edge and top wall) were used to generate a set-up similar

to a duct flow partially filled with water and air. Once again, this approach made
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the assumption that particle separation is happening when the flow and its secondary

component has reached a steady state.

Two approaches to the simulation of particles have been used by Matthews et al.

[194]. The first, the Lagrangian particle description followed a small number of dis-

crete particles (100 in this case) to obtain their detailed trajectories in the water flow

[195]. The second, the Eulerian particle description, followed a particle continuum

(still diluted at 0.3% by mass) penetrating and interacting with the clear water flow.

This second approach is more suitable for a dense particulate content, but it causes

difficulty with the description of the free surface (phase diffusion) and the phases in-

teraction. The study with the Eulerian approach used a fixed free surface to partially

solve this issue [194]. In this case, the free surface was obtained from a clean water

solution modified to account for the bulge created by particle accumulation at the

inside on the trough profile.

Characterisation of the performance of these simulations were made by the observa-

tion of the particles final radial equilibrium positions as local particle motion exper-

imental measurements were not available. Measurments of this type are seen as a

milestone to adequately and locally describe the particle motion on the spiral. The

Eulerian simulation of Matthews et al. has shown better performance with final ra-

dial position within 20-30% of experimental radial cut sampling experiments [194].

Larger variations were found for particles over 1000 µm, and this is expected to be

related to the particle-trough surface interaction being more important at this size

[196].

Similar work to the simulation by Matthews et al. [194] was used on an entire five-turn

spiral rather than only section of a turn [164]. This study considered a laminar flow

in the trough to simplify the calculations with the assumption that less than 15% of

the fluid flow domain was turbulent (i.e. the outer zone). Another improvement from

this work is the inclusion of terms for the surface tension in the equations governing

the fluid flow. Variation with measured water flow depth in a spiral similar to the

simulation domain used showed difference of up to 50% in the water depth simulated.
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This is most likely related to the laminar flow assumption. The water flow field

obtained from this full spiral simulation was used in a Lagrangian particle simulation

coupling the fluid to the particles by an inertia and force balance [164]. In the case

of the particle flow, the only conclusion presented was that the lighter particle report

outward and the heavier inward, without any detailed results [164]. An important

point to mention, in regards to this simulation, is that many particles were found

to report in an area of the trough where there is no water phase, which means that

particles were able to cross the water air interface, which should be addressed in

future simulations.

Doheim et al. [198] also presented a simulation based on the work of Matthews et al.

[194]. The improvement here was the consideration of the lift force acting on particles.

This work first generated a clean water flow profile from the simulation of the first

turn of a spiral. An Eulerian simulation of the pulp was then produced with the fixed

free surface profile from the water only simulation. This work compared different

turbulence models and finally, the RNG k − ε model was determined to provide the

closest results to experimental stream sampling [198]. The particulate phase was 3%

solids by mass. Three different size classes (75, 530 and 1400 µm) of different density

were used [198]. Particle radial positions were in a good general agreement, with

deviation of around 20% from experimental stream sampling in most of the trough.

However, differences of up to 30% were reported for the smaller particles, especially

in the region near the central post. This could be explained by the difficulty of the

simulation to match the behaviour of the high density concentrate stream present in

this area. One of the drawback of spiral simulation with dilute particle content is the

absence of the dense bed effect at the inner zone of the spiral.

A recent simulation by Mahran et al. [199] reused the work of Doheim et al. [198].

The main difference here is the use of a higher solid content (15%). However, to

obtain a better fit with experimental data, the free surface used in the simulation was

set from the one obtained from the experimental study used for comparison of the

results. This ensured the exact same free surface as the experiments, thus making

a Eulerian simulation of a 15% pulp inside a fixed geometry duct without an air
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interface.

Numerical and analytical simulations of the free surface and its contact points with

the spiral trough surface were compared for a geometry of semi-circular profile [200,

201]. This theoretical work provided a technique to predict the free surface shape

and contact point for semi-circular geometry and laminar water flow. These two

assumptions limit the complexity of the problem.

A more theoretical solution to the particle flow in a simple rectangular spiral is

provided by the model suggested by Lee et al. [202]. Their approach of transforming

the Navier-Stokes equations is seen as a potential area of interest to build parametric

simulation of simple geometry that can be used to analyse general design parameters.

A lot remains to be done on the CFD simulation of the spiral. Among others, the

description of the high solid content pulp free surface for complex profile geometries

is seen as a milestone. Ideally a simulation approach able to handle a pulp with up

to 70% solids by mass would be of interest. The lack of detailed measurements of

particle motion seems to limits further development on this front.

3.7.5.2 Discrete element method simulations

Discrete element method (DEM) is a particle simulation technique which allows for

the simulation of large number of particles at a low or high packing density. In this

technique, the many different forces acting on a discrete particle (including particle-

particle and particle-surface contact forces) are computed to obtain the resultant

force which affect the particle motion (acceleration, velocity, position) by applying

Newton’s second law.

A DEM simulation can be combined with a CFD simulation to input the fluid drag

force on a particle. It is then possible to determine the trajectory of a large number of

particles in the pulp flowing in mineral processing equipment. Many types of coupling

between the fluid and particle phases are possible, the simplest being to have a fixed

fluid flow field not affected by particle motion used for the determinaton of particle
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drag force. This approach was used to simulate spherical particles (12 000) of two

different densities (2400 and 4800 kg/m3) in a spiral concentrator [203]. The particles

were injected in the DEM simulation using a fixed CFD fluid flow field similar to the

one obtained by Matthews et al. [195]. Predicted grade based on particle final radial

positions were within less than 10% of experimental data for similar density ores.

However, it is difficult to assess if the particle separation is taking place at the same

rate or in similar pattern to reality. This recent simulation specifically highlights the

need to obtain experimental particle trajectory along the trough, rather than just

end of trough radial position. This is seen as a milestone for further improvement of

particle based simulations.

3.7.5.3 Future simulation trends

Future simulation should conform to fundamentals law of fluid motion with as low

empirical input as possible. Among others, future simulation should focus on predict-

ing the free surface multiphase flow from clean water to up to 70% solids by mass.

They should additionally be using techniques able to handle a large number (billions)

of particles smaller than 100 µm.

Improvements in particle and fluid flow simulation techniques are at the point where

a full simulation of the spiral concentrator separation becomes feasible. However,

certain experimental informations are still required to enable such simulation to be

validated and optimised. Obtaining particle trajectories and particle flow field in-

formation is one of the critical informations lacking for the development of spiral

simulation. Obtaining such information for the spiral is now possible thanks to re-

cent advances in particle tracking techniques [204].
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3.8 Need for particle flow measurements

To bridge the gap between particle scale model of particle interaction and model

of a full scale spiral, information on the general particle behaviour in the spiral is

required. Fluid flow on the spiral has been observed in detail as mentioned in Section

3.6, however particle flow is mostly theorised rather than measured.

The particle behaviour on the trough as it migrates inward or outward in the sec-

ondary circulation has never been characterised experimentally. The extent to which

the secondary flow is affecting particles all along the spiral is unknown. The same

applies for the effect of wash water on the particle trajectory.

Most simulations are compared to a few experimental study providing the pulp stream

flow rate and thickness. Particle trajectory (Langrangian approach) and velocity can

be recovered with numerical simulations, however this information is not available

from the experimental point of view. The validation of numerical simulation is thus

mostly vague and does not reach a level of confidence required for equipment design

and optimisation.

An important milestone in the future development of these simulations is the availabil-

ity of measured representative mineral particle flow field which is the main objective

of this thesis. This information can be recovered trough particle tracking, specially

trough radioactive particle tracking which enables one to observe particle in dense

and opaque medium as the dense pulp on the spiral.

Radio labelled tracer (gold particles) were previously used to investigate spiral con-

centration, however, the only use was to determine in which one of three stream

(concentrate, middlings, tailings) the tracers were reporting at the end of the trough

[133]. In this case, gold particles of different sizes (53 to 1400 µm) were added to a

sample of mineral sand (silica, garnet, ilmenite and magnetite) for treatment on a

recirculating spiral set-up. Unfortunately, the smallest (53 µm) gold tracers were lost

due to handling difficulties and no meaningful information were recovered for this

size. The result of this work has shown that the 150 and 600 µm gold particles were

73



3.9. Experimental spiral set-up THE SPIRAL CONCENTRATOR

fully recovered in the concentrate stream which is duly expected considering their

density which is much higher than the other mineral particles present in the pulp.

3.9 Experimental spiral set-up

This section describes the experimental pulp and spiral set-up used in the particle

tracking experiments undertaken to obtain particle flow information.

3.9.1 Ore and pulp sample

The ore used was an iron ore from ArcelorMittal Exploitation Minière Mount-Wright

Mine in Canada’s Labrador Trough. The ore comprised mostly of quartz (56.6 %

SiO2) and hematite (43.2 % Fe2O3). The fraction coarser than 850 µm (7.3 % of the

initial sample mass) was removed to ease the recovery of the activated tracer at the

end of the test run when a large particle (1000 to 1180 µm) was tracked and to reduce

blockage of the pump. The test sample size distribution is shown in Figure 3.4. Pulp

composition and operating parameters are presented in Table 3.2.
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Figure 3.4 – Test ore size distribution.
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Table 3.2 – Pulp composition and operating parameters

Parameters Value
Ore mass 5 kg

Water mass 20 kg
Solids % w/w 20
Pulp feed rate 0.9 t/h

3.9.2 Spiral trough

The spiral used was a Walkabout assembly (Wallaby trough) from Mineral Technolo-

gies (Australia) with four turns, a pitch of 208 mm and a trough diameter of 360 mm.

The trough profile is shown in Figure 3.5.
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Figure 3.5 – Trough profile with dimensions (mm).

3.9.3 Recirculating spiral set-up

The pulp was contained in a tank equipped with a mixer to prevent sedimentation.

A diaphragm pump was used to circulate the pulp to the top of the spiral, which was

fitted with a funnel to dampen the flow variations before entering the feed distribution

device. At the end of the trough, concentrate and tailings discharged into the tank

for remixing and recirculation. Figure 3.6 shows the schematic of the recirculating
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circuit used to generate many passes of the tracer in the particle tracking detectors

field of view. Figure 3.7 show the spiral under operation.
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Figure 3.6 – Flow diagram of the recirculating spiral set-up.
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a) b) 

Dense 
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Figure 3.7 – Walkabout test unit treating an iron ore sample a) overview, b) band of
concentrated hematite in 3rd turn.

3.9.4 Wash water injection set-up

For the runs where wash water was used, the injection was undertaken via the modified

spiral set-up shown in Figure 3.8. A siphon was used to recover water from the surface

of the pulp in the tank. This provided water clean enough to be fed to a constant

head tank. The injection was performed as shown in Figure 3.9 with a flow rate of

2.3 kg/min provided by the constant head tank.
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Figure 3.8 – Schematic of the modified spiral set-up to inject wash water in the 3rd

turn.
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Figure 3.9 – Details of the wash water injection nozzle in the 3rd turn during
operation.
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Chapter 4

Positron emission particle tracking

Particle motion in dense opaque slurry systems is difficult to observe and measure.

In the case of mineral processing applications, such as the spiral concentrator, the

displacement of particles within the slurry is central to the operation. Up until

recently, only limited quantification of the concentration process was possible, by

close observation of the slurry film surface, imaging of dilute particle flow [163], or

radial cut sampling [58, 162]. These provide information for high level observations

such as recovery and grade in different radial streams with streams pulp velocities or

to visually show that particles are moving radially on the trough. However, particle

trajectories and velocities in an industrial pulp with a high solids content cannot be

determined by these techniques. The trajectories and their derivatives (flow field) are

of importance for the simulation of particle flow in the spiral because they are particle

scale measurement of the fundamental performance (particle separation: where and

how it takes place). Retrieving this information is a milestone to improves spiral

simulation which will enable true freedom of profile and geometry design. Along

the lines of traditionnal methodologies of particle tracking, such as PIV, require a

transluscent system with low solids content. There are limited technologies that can

cope with opaque system, one of which is positron emission particle tracking (PEPT).

This chapter describes this technique and how it was used for the observation of the

motion of mineral tracer that were representative of mineral particles within a dense
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pulp flowing on a spiral concentrator trough.

4.1 Principle of PEPT

Positron emission particle tracking (PEPT) was developped at the University of Birm-

ingham (UK), in the early 1990’s to track the particle flow in dense and opaque en-

gineering systems [11, 205]. It was recently described in detail by Leadbeater et al.

[206, 207]. The technique is based on tracking an individual tracer particle which is

added to the processed bulk or slurry.

The tracer particle must be labelled with a positron emitting radionuclide (detailed in

Section 4.1.1). Once the particle is activated, the radionuclides found in the surface

layer of the tracer emit positrons through their decay. Annihilation of these positrons

occurs when they come into contact with surrounding electrons. Each annihilation

event producing two gamma photons (511 keV each) which are emitted back to back

(180°±0.5°).

Coincident detection of these two collinear gamma photons by scintillation crystals

in two opposite detectors located around the experimental set-up enables the recon-

struction of a line of response (LoR) in space as shown in Figure 4.1. The LoR is

determined by the two scintillation crystal centre points, and it passes very close to

the activated particle [207].

The particle location is determined by a group of LoRs which are recorded over

a short time interval. Among those LoRs will be scatter and random coincidence

detections. Further processing of the LoRs with a tracking algorithm is thus required

as explained in Section 4.3.

Tracking a tracer over a long period of time or over many recirculation enables one to

average the behaviour of particles similar to the tracer, and show their typical motion

in the system as explained in Section 4.5.3.
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Figure 4.1 – A set of four LoRs generated from detection of eight gamma photons
emitted by the tracer particle present near two detector buckets made of four

detector blocks each containing 64 scintillation crystals.

The advantage of PEPT, over other techniques, is the reliance on the transparency

of the experimental system to gamma rays, therefore the trajectory in a slurry with

high solids content can be determined.

Two main centres exist in the World where the activation and tracking can be under-

taken: the Positron Imaging Centre at The University of Birmingham (UK); and the

iThemba LABS in Cape Town (South Africa). In Birmingham, and under optimal

conditions, recording rates of a 1 mm tracer moving at 10 m/s are up to 1000 localisa-

tions per second with a precision of 0.5 mm (Forte Camera, ADAC Laboratories)[207].

With lower localisation rates, Cole et al. [208] showed, in the Cape Town facility, that

it is possible to use ion exchange activated tracers to follow trajectories of particles

down to 50 µm ± 5 µm, moving at speeds of up to 2 m/s with a location error of

approximately 2.6 mm (EXACT3D Camera, Siemens). In this later case, the trac-

ers were made out of specific types of polymers having much lower densities than

most minerals. A technique for coating these small light tracer with mineral surface

representative material has been tested but it does not provide significant change to

the tracer bulk properties [209]. A third PEPT centre is under development at The
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University of Tennessee Knoxville (USA) [210, 211]. This recent centre is currently

developing new tracking algorithms to be applied to the observation of liquid flow

and multiple particle tracking.

4.1.1 Uses of PEPT

PEPT as been previously applied to track particles in mixing vessels with the measure-

ments of different mixing indices [212–216]. Fluidised beds have been observed with

the technique [217–220]. Particles behaviour in different mill types was described

in details [221–226]. Other mineral processing applications are the observation of

flotation cell dynamics [209, 227–229] or measurment of liquid content in foams [230].

Using PEPT in the investigation of hydrocyclone presents an interesting challenge

considering the fast flow of particles inside a unit. In this application, some experi-

ments revealed basic information on large particles motion [231, 232].

Development of a tracer having bulk and surface properties representative of the par-

ticles under investigation and which can be activated to a sufficient degree for tracking

is one of the main challenges of PEPT, especially when dealing with small particle

size (<500 µm). In mineral processing the separation size is often below 1000 µm for

most deposits and even below 250 µm in the case of most of base metal processing

circuits (i.e. flotation). This is due to the liberation requirement associated with the

general decrease in grain size of the valuable mineral found today. A new technique

developed for producing small mineral representative tracers by an extension of the

direct activation technique is detailed here. In addition to the production of a new

type of tracers, the PEPT technique is applied to the investigation of the particle

flow in mineral spiral concentrators.
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4.2 Tracer preparation

There are different methods for labelling particles to create tracers: activation via ion

exchange [233], ion exchange with surface modification [234] or direct activation (as

used in this study) [233]. The purpose of the activation is to transform or transpose

atoms present at the particle surface to positron emitting radioisotopes. The most

common PEPT radioisotopes include 18F, 66Ga, 68Ga, 61Cu and 64Cu [235, 236]. These

radioisotopes decay over time mostly by positron emission from their proton rich

nuclei (β+ decay).

The different minerals used for the tracer production in this study are presented

in Table 4.1. They are either isolated from a grounded and liberated ore sample

obtained trough mining companies (ArcelorMittal Exploitation Minière (Canada),

Unimin (USA)) or from pure mineral sample from collection mineral dealers (Ward’s

Science, USA).

Table 4.1 – Tracer materials used in this study

Material General composition† Specific Gravity (S.G.)
Quartz SiO2 2.65

Hematite Fe2O3 5.26
† Other formula possible.

4.2.1 Direct activation

The direct activation technique used in this work allows a particle of the same com-

position as the bulk to be used as tracer. This is of particular importance in processes

where the density of the minerals is the key factor in the particle separation, as in the

case of the spiral concentrator, or where surface chemistry plays an important role,

such as the separation of minerals through flotation.

The creation of tracers is conducted by the direct activation of 1000 to 1700 µm size

particles placed inside a cyclotron beam (the mineral being put directly into the beam)
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for two to three hours. The Birmingham MC40 cyclotron (35 MeV 3He+ beam) was

used for this work. It activates the oxygen atoms within the mineral particle. During

the activation process, 16O atoms from the particle surface layer are converted to
18F via the competing capture reactions [234, 235]. This radioisotope has a half life

of 110 min. The amount of activity produced on the tracer is proportional to the

size of the particle as the beam activates the exposed surface. The thickness of the

activated layer of material is approximately 300 µm [233]. The size of the original

particle is currently the lower end limit for practical handling considerations in the

target of the cyclotron [234]. Limitations to the activation of the original particle are

the heat generated at its surface, and the time required for additional bombardment.

A longer time being not significantly beneficial as decay will counteract additional

activity produced.

The activation of 3-4 large particles of the same mineral can be performed at the

same time in the cyclotron beam target. Activity levels attained by the large original

particles were measured with an ionisation chamber (Capintec CRC-25PET). Once

activated, one of these particle can be added to the bulk as tracer and the process

equipment operated normally or it can be used for the preparation of a smaller tracer.

Table 4.2 present the different data acquisition runs realized with information on the

tracer; its mineral, size and activity.
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Table 4.2 – Details of the tracking runs performed.

Runs Slice (mm)† Mineral Size (µm) Activity (Bq) Detector
P31H0106 0 to -100 Hematite 90 to 106 4 × 103 to 1× 105‡ Modular
P31Q0106 0 to -100 Quartz 90 to 106 4 × 103 to 1× 105‡ Modular
P31H0355 0 to -100 Hematite 300 to 355 4 × 103 to 1× 105‡ Modular
P31Q0355 0 to -100 Quartz 300 to 355 2.6 × 106 Modular
P32H0355 -75 to -175 Hematite 300 to 355 7.0× 106 Modular
P32Q0355 -75 to -175 Quartz 300 to 355 2.1 × 106 Modular
P31H1180 0 to -100 Hematite 1000 to 1180 6.3× 106 Modular
P31Q1180 0 to -100 Quartz 1000 to 1180 1.5× 107 Modular

PWWH0355 -300 to -700 Hematite 300 to 355 2.0 × 106 ADAC
PWWQ1180 -300 to -700 Quartz 1000 to 1180 8.8× 106 ADAC
† Elevation along y axis.
‡ Indicative only as over limit of Tracerco T401 and under limit of Capintech CRC-

25PET activity measurement instruments.

4.2.2 Breakage and selection

Certain size fractions to be investigated are under the direct activation lower limit

(1000 µm). In consideration, production of the tracers required further steps after ac-

tivation to reduce their size. The new developed procedure is named direct activation

and breakage (DAB) as an extension of the direct activation technique.

In the cases where a submillimetre sized tracer (in this work 50 to 500 µm) is required,

the large activated particle with the highest activity is broken into smaller pieces. The

breakage is conducted using a brass hammer (100 g) and anvil (500 g) using a gyratory

crushing motion.

The fragments were then sized using standard mesh screens to isolate the size fraction

to be investigated. From this fraction, an artist’s brush with a single remaining hair

is used to pick-up the fragments under the field of view of an optical microscope.

Measurement of the activity of the small fragments is carried out to select one with the

largest activity for use in the spiral system investigation. The idea of this procedure

being to obtain a fragment of the original particle surface with a high level of activity
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as shown in Figure 4.2.

≈ 1000 µm 
Tracer 

≈ 50 to 100 µm 
Activated 
surface 

Original 
particle 

a) b) c) 

Figure 4.2 – Direct activation of a a) large mineral particle b) surface material and
c) breakage.

For the smaller fragment, the activation levels are very low and are measured in

counts per second (cps) using a contamination monitor (Tracerco T401). The probe

of this device is flat (pancake style), the value measured is thus only based on the

gamma rays hitting the probe and not on the whole particle activity and disintegration

rate, hence its provides a relative comparison of the activity for the small fragment

selection. Activity values for the small tracer shall then be taken relatively as no

more efficient way of measuring it was available. Table 4.2 gives the details on the

relative activity level of the successful tracers. Figure 4.3 shows example of an original

activated particle and a small broken fragment used as tracers.
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500  µm


b)      Hema,te  -­‐355  µm


500  µm


a)      Quartz  -­‐1180  µm


Figure 4.3 – Example of original activated particle and tracer used for tracking a)
original quartz (-1180 µm), b) sized hematite (-355 µm).

This method of creating small tracers has some advantages as it provides a particle

similar (density, surface properties) to the particles forming the bulk material to

be investigated. However, a large number of small fragments are created by the

breakage, but only few of them are used, considering that tracking is conducted on one

tracer at the time and that the short half-life of 18F limits the number of consecutive

experiments possible for each initial activation in the cyclotron. For the smallest

size tracers, activity becomes too low for tracking about one hour after activation in

the beam stops which can provide about 30 minutes of tracking considering the post

activation procedure for size reduction.

4.2.3 Safety and handling

Activation is a complex physical process that additionally generate different isotopes

depending on the mineral particle composition and impurities. Examples of isotopes
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are 10C (half-life 19.3 s), 12N (half-life 11 ms), 27Si (half-life 1.16 s), 29P (half-life

4.1 s), 26Al (half-life 6.4 s). Considering the relatively short half-life, their decay to

insignificant level of activity is provided by enabling a cooling period (15 min) right

after activation by the cyclotron beam. In this study, after this cooling period, much

of the remaining activity is associated with 18F β+ decay.

Lead shielding (38 mm) was used as much as possible to keep the activated original

particle isolated from the operators during the procedure of breakage and selection,

which is the moment of shortest distance to the activated particle. As the breakage is

likely to generate many small activated fragments from the original particle, Geiger

counters and contamination monitors are used to ensure that work surfaces, tools

and any potential contaminated devices are cleaned if contaminated. Dust masks are

used to prevent inhalation of small particle fragments.

Unused tracers, redundant fragments and the remaining unbroken activated particles

were kept inside lead container until the natural decay lowered their activity. After 24

hours of decay, they were disposed off among other low activity waste (spent towels,

gloves and mask) in a specially designated bin for further disposal by the staff as per

the lab radioactive waste handling procedure.

Disposal of the slurry which can contains a single tracer or many fragments in case

of breakage inside the circuit is done following a 24 hours rest period during which

the level of activity returns to the background level.

4.3 Localisation

A single LoR generation is called an event, and multiple events are recorded over a

short interval of time (of the order of milliseconds). These events can be split to groups

of a fixed number (N) of LoRs. Some of these LoRs are corrupted events caused by

scatter or random coincidence. After the removal of these corrupted events by the

PEPT iterative triangulation algorithm TRACK [11, 207], the remaining fraction (f )

of the LoRs passes close to one single point (the origin of the gamma rays). This
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point is assumed to be the tracer particle position for this time interval as shown on

Figure 4.4. Recording the tracer positions over time allows a number of parameters

to be determined; including (but not limited to) the trajectory, velocity and residence

time.
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from  TRACK


	
  

Figure 4.4 – Set of LoRs for localisation.

4.4 Detector systems

Gamma photon detection is achieved by the use of scintillation crystals installed

close to the experimental set-up. The two arrangements of detectors and acquisition

systems used in this study are described in this section. The first is a well characterised

system known as the Birmingham ADAC Forte Camera [237]. The second is a custom

circular assembly of modular detectors blocks also provided by the University of

Birmingham Positron Imaging Center.
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4.4.1 ADAC Forte camera

The ADAC Forte camera [237] at the University of Birmingham is used for recording

gamma emission events. This system is a standard positron emission tomography

camera with two single thallium-doped sodium iodide (NaI(Tl)) crystal scintillator

heads (500 by 400 mm) and modified aquisition electronics. The camera (Figure

4.5) is relatively simple to use. However, it has a fixed height which can limit the

investigation of tall process equipment. Additionnally, its detection sensitivity limits

the observation of tracer with low activity levels (<3.7 × 106 Bq depending on tracer

velocity) [207].

Figure 4.5 – ADAC Forte camera at Positron Emission Center at The University of
Birmingham [235].

4.4.2 Circular ECAT951 modular assembly

PEPT has developed to the point where modular detectors blocks (ECAT 951 de-

tectors, Siemens) can be used in different configurations [206, 207, 238, 239]. This

enables the study of systems of different shapes and size operated in a specific en-

vironment. Additionally, these bismuth germinate oxide (BGO) scintillation crystal

modular detector blocks offer a better sensitivity to gamma photons than the two

single crystal heads of the ADAC Forte camera. This is due to a faster scintillation
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detection electronic coupled with the multiplicity of smaller crystals, each detector

block being made of an array of 8 by 8 BGO crystals (Figure 4.1). Considering the

height of the spiral and the low amount of activity present on the small tracer surface,

such a high sensitivity detector set-up was used for certain experimental runs of this

work (see Table 4.2).

In order to determine the best modular detector geometry, simulations of the detection

area (Figure 4.6) were created to assess the sensitivity and uniformity of the field of

view (FOV) [240]. This type of simulation was used for choosing between different

conceptual detector block configurations.

a) 

b) 

100 mm 

Figure 4.6 – Simulation showing a) xz and b) xy view of a modular ring assembly
field of view sensitivity [240].

Finally, twelve modular buckets of four ECAT 951 detector blocks were arranged

in a two layer circular pattern (Figure 4.7). For each ring, six buckets are placed

every 60° with a clearance diameter of 400 mm (required based on the spiral trough

diameter) with a field of view thickness of 100 mm. This specifically designed modular
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assemblies gives better tracking than the ADAC Forte camera for tracers below 250 µm

in diameter, however the characterisation of such a set-up is of great importance.

Detector  
Block


Detec,on  
Electronic


Figure 4.7 – Double ring assembly of ECAT 951 modular detector blocks.

4.4.3 Tracking performance

Part of this study targeted small particles (<250 µm) which have low activity (<5000 Bq).

Assessment of the tracking performance was not available for such a set-up. The two

detector systems performance was then assessed for tracking the path of small tracers

(≈58 µm) under different conditions:

1. Moving in a known trajectory (circular) and velocity in air.

2. At rest in water.

3. Freely moving in a water-filled, baffled container, stirred by a Rushton turbine.
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These conditions were intended to provide a comparison between expected and recorded

trajectory as well as the effect of tracer velocity and media attenuation (air or water)

on the localisation rate and precision.

4.4.3.1 Circular constrained motion set-up

A planar circular motion is created by fixing a tracer particle to the edge of one of the

six paddles of a standard Rushton impeller (Figure 4.8) using carbon tape. Rotation

of the impeller is set at the desired speed using a digital mixer (Caframo, BDC 1850,

Canada).

W= 9.5 

L = 12.7 

D = 49 
d = 30 M 

Tracer 

y 

x 

Impeller 
Top View 

Figure 4.8 – Schematic of the Rushton impeller holding the tracer in a constrained
motion with dimension (mm).

With this set-up, the tracer follows a constrained circular trajectory in the xz plane

and the expected location over time can be assumed to be a sinusoid in the x axis and

another sinusoid in the z axis. In the y axis, the expected location should be constant

over time, provided that the plane of rotation is perpendicular to the detector axis.

This motion is used for determination of the location error.
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4.4.3.2 Water filled vessel set-up

Observation of a tracer initially at rest and then freely moving inside a water filled

mixing vessel (Figure 4.9) is undertaken to validate the underwater tracking potential

for small tracer carrying low activity. The free tracer is tracked while lying on the

bottom of the vessel filled with water, then tracking is conducted while mixing the

water with the impeller rotating (Figure 4.10).

H = 99 

M 

T = 127 

B = 12.7 

C = 51 

y 

x 

Figure 4.9 – Schematic of the mixing vessel with dimension (mm).

y 

x 

Detector Block 
Tracer 

LoR 

a) b) 

Figure 4.10 – a) Schematic of the tracking and b) image of the mixing vessel inside
the modular detector assembly.
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4.4.3.3 Location error

With the constrained trajectory set-up, the location error can be determined. For a

set of tracked locations, it is calculated using the root mean square error (RMSE)

technique with Equation 4.1 (x axis). The error (∆xi, ∆yi, ∆zi) is the difference

between the PEPT axial position and the expected axial position with n being the

number of locations in the data sample used. The expected position is determined by

fitting the best sinusoid to the located position, starting with a knowledge of some of

its parameters based on rotational speed and impeller dimensions. The RMSE was

determined by using the MATLAB®Curve Fitting Toolbox™(The MathWorks Inc.,

USA).

RMSEx =

√∑n
i=1(∆xi)

2

n
(4.1)

The selection of the parameters N and f used in the tracking algorithm can be

optimised to reduce the RMSE. To do so, the RMSE values of 30 second samples

recorded of the small tracer attached to the impeller while rotating in air (constrained

circular trajectory) are calculated with different parameters. Different velocities are

tracked for both set-ups. The rotational speed of the impeller carrying a 58 µm

diameter tracer is initially set at 150 rpm, then decreased to 75 rpm and finally 15

rpm.

Figure 4.11 presents the different RMSE based on different N and f values for 150

rpm. Figure 4.12 shows the mean location frequency associated with Figure 4.11.

This type of graph is used to determine the best parameters. In this case (150 rpm),

the tracer velocity is 27.6 cm/s for the ADAC set-up and 37.7 cm/s for the modular

assembly. This difference is caused by the tracer being further out on the impeller in

the case of the modular set-up. For any case when the location frequency is below

three points per rotation (e.g. below 7.5 Hz for 150 rpm), the RMSE is not further

analysed. Therefore the errors obtained are of interest for trajectories of a radius of

curvature equal to or larger than that of the impeller (≥25 mm). Smaller curvatures

will be missed by the low location frequency.
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a) 

b) 

c) 

ADAC Forte (27.6 cm/s) Modular Assembly (37.7 
cm/s) 
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Figure 4.11 – RMSE of the locations for the a) x, b) y and c) z axis.
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ADAC Forte (27.6 cm/s) Modular Assembly (37.7 
cm/s) 
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Figure 4.12 – Mean location frequency (Hz) for the ADAC Forte (27.6 cm/s) and
the modular assembly (37.7 cm/s).

Table 4.3 provides the N and f values minimising the RMSE for the different cases

investigated. For both tracking systems, the final parameters selected are also influ-

enced by the higher location rate provided by a lower value of N , considering the low

raw data rate experienced (especially with the ADAC Forte which is 5 to 10 times

smaller than the modular assembly). Table 4.4 provides speeds and RMSE for the

two detector set-ups for the different rotational speeds.

Table 4.3 – Optimal N and f parameters for the constrained rotational motion of
the Ø≈58 µm quartz tracer.

Detector
system

Rotational
speed
(rpm)

Speed
(cm/s)

Activity
(cps)†

Raw
data
rate

(kHz)

N
f

(%)

Mean
location

frequency
(Hz)

ADAC Forte 150 27.6 2600 2 25 50 12.4
ADAC Forte 75 13.8 2300 2 50 40 5.6
ADAC Forte 15 2.8 2100 1 150 30 1.5

Modular Ring 150 37.7 850 10 150 40 10.0
Modular Ring 75 18.9 710 10 150 60 8.6
Modular Ring 15 3.8 620 9 150 60 7.3
† Measured with Tracerco T401.
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Table 4.4 – Precision of the localisation for the directly activated quartz tracers of
size Ø≈58 µm in a constrained circular trajectory.

Detector
system

Rotational
speed
(rpm)

Speed
(cm/s)

RMSEx
(mm)

RMSEy
(mm)

RMSEz
(mm)

RMSE3D

(mm)

ADAC Forte 150 27.6 2.0 1.7 2.8 3.8
ADAC Forte 75 13.8 1.6 1.2 2.1 2.9
ADAC Forte 15 2.8 1.2 0.5 1.2 1.8

Modular Ring 150 37.7 2.2 0.5 2.5 3.4
Modular Ring 75 18.9 1.3 0.4 1.3 1.9
Modular Ring 15 3.8 1.2 0.3 1.0 1.6

For each tracking system, the faster that the tracer is moving, the greater the location

error (Table 4.4). This is explained by the lower number of LoRs recorded for a

specific travelled distance. Even at higher speeds, the tracking with the modular

assembly is of a better quality and with a higher location frequency. This is mostly due

to a greater raw data collection rate (more LoRs detected) achievable with the ECAT

951 detector blocks, which have a higher intrinsic efficiency for detecting gamma

photons compared to the ADAC Forte detectors. Another point of interest shown in

Figure 4.11, is that the RMSEz is always larger than RMSEx and RMSEy for the

ADAC Forte. This is caused by the lack of angular sampling in the z axis due to the

detectors’ configuration (parallel to the xy plane) in the ADAC Forte camera [11].

Figure 4.13 shows the locations of the tracer and the sinusoid representing the ex-

pected trajectory for samples of five seconds while the impeller rotates at 75 and 150

rpm. It can be seen that even if the location rate is small (Table 4.3) the locations

are sufficient to display a trajectory with a radius similar to that of the impeller.
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ADAC  Forte  75  rpm


ADAC  Forte    150  rpm


Modular  assembly  75  rpm


Modular  assembly  150  rpm


Figure 4.13 – Axial (x) position of the ≈58 µm quartz tracer affixed to the impeller
and the sinusoid representing the expected trajectory for the ADAC Forte and the

modular detector assembly.

Table 4.5 provides the location rate and RMSE for the tracers lying in the water

filled vessel. Figure 4.14 shows an example of the tracers position in time with the

expected (least RMSE) position.

Table 4.5 – Precision of the localisation achieved for a directly activated quartz
tracer of size Ø≈58 µm at rest in a water filled vessel.

Detector
system

Activity
(cps)†

Location
rate
(Hz)

RMSEx
(mm)

RMSEy
(mm)

RMSEz
(mm)

RMSE3D

(mm)

ADAC Forte 3200 6.0 1.5 1.6 3.1 3.8
Modular Ring 2400 2.0 1.9 1.5 2.4 3.4
† Measured with Tracerco T401.
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a)
 b)


Figure 4.14 – Tracer location while at rest on the bottom of the Rushton turbine
with the expected location and RMSE for a) the ADAC Forte and b) the modular

assembly.

For this case, the tracking provided by the modular assembly is slightly more accurate

than the ADAC Forte with a smaller RMSE, except for the x axis. The location rate

was lower for the modular assembly and a better tracking was expected based on the

information in Table 4.3. It is worth noting that the activity of the small tracer for

the ADAC Forte was originally higher than the one for the modular set-up as seen

101



4.4. Detector systems PEPT

in Figure 4.5. More importantly, the tracer was lying on the bottom of the vessel

hence very close to the lower limit of the detection field of view of the modular set-up

where sensitivity is lower (shown in Figure 4.6), which is a potential explanation for

this low rate.

4.4.3.4 Freely moving tracer

Figure 4.15 shows the 58 µm tracer motion inside the water filled mixing vessel [2]. The

trajectory, here shown as straight lines between the location from TRACK, is typical

of the loop pattern characteristic of this type of impeller-vessel system. The oscillation

in the trajectory display the fact that the locations lay close to the real trajectory

rather than exactly on it, which will require further data analysis as described in

Section 4.5.

Figure 4.15 – Tracer moving in a loop pattern inside the water filled baffled vessel
stirred by the Rushton impeller.
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4.5 Data analysis

Once the locations are recovered from the TRACK algorithm, further processing

of the locations was undertaken with a MATLAB code specifically written for this

purpose (Appendix A). The code performs the tasks described in Figure 4.16.

Load  ini(al  loca(ons    
(determined  by  TRACK)


Fit  cubic  splines  
to  ini(al  loca(ons


Display  figures


Average  quan((es  
over  bins


Compute  veloci(es  and  
accelera(ons  from  mul(ple  

points  weighted  differen(a(on


Discre(se  to  obtain  a  
smoothed  loca(on  set


Export  fiEed  loca(ons  with  
associated  quan((es  for  further  
processing  (video,  imaging)


Select  the  observa(on  zone  
((me,  area  of  interest)


Determine  passes


Compute  forces  
on  the  par(cle


Figure 4.16 – Schematic of the MATLAB code used for analysis of the tracer
location.
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4.5.1 Data fitting

There is a difference between the true tracer trajectory and the location obtained

from the TRACK code as shown by the error on each of the location. This error

effect is randomly distributed around the true tracer trajectory. This can give the

appearance of the tracer quickly shifting from left to right and up and down (Figure

4.17). This effect is expected to be more pronounced for smaller tracer as they carry

less activity which emits a lower amount of LoRs which provide a limited precision

on the location. To smooth this tracked trajectory, a fit inspired by Cole et al. [241]

is applied on the initial location and is expected to provide a more representative

path for the tracer.

Real  
trajectory


Tracked  
trajectory


Tracked  
loca0ons


Fi5ed  
loca0ons


Fi5ed  
trajectory


Figure 4.17 – Schematic of the real, tracked and fitted trajectory with locations.

A sliding overlapping interval is used to provide a fit over long datasets (more than a

million initial locations). Multiple pieces of cubic spline are used to fit the small time

intervals (≈0.5 second) of the axial component of the initial locations. This fit uses

the least square spline approximation of the MATLAB spap2 function. Each section

of the fit is discretised (1000 to 2000 Hz) into a fitted trajectory locations dataset for

further analysis. This simplifies the averaging of different motion parameters. Figure

4.18 presents an example of an initial location set and its fitted trajectory.
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Figure 4.18 – Example of a set of initial location and its cubic spline fit for each axis
(100 µm hematite tracer in a mixing vessel).

4.5.2 Determination of tracer velocity and acceleration

Velocity is the time derivative of of the trajectory and acceleration is the time deriva-

tive of the velocity or the trajectory second derivative. A discrete approximation of

these derivatives is obtained by the following process.

The velocity of the tracer at a fitted location i is calculated by using the five previous,

the actual, and the five next locations of the tracer with regards to the time for each of
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these locations and weighting factors [242]. This method has the effect of smoothing

the velocity and reducing the effect of the tracer localisation error [207]. This method

must be used carefully when tracking a tracer moving in and out of the field of view

of the camera, or at a very low location rates (low tracer activity) as the previous

and next locations can be non representative of the tracer motion over a short time

interval. Using this method with the fitted trajectory provides a more continuous

velocity for the tracer considering that a higher locations rate can be discretised with

the fit. Equation 4.2 is used (here for x axis), with positions data (transformed to

polar coordinates when required), where vxpi is the velocity component of interest, pi

is the position of the tracer and tpi is the time associated with this position.

vxpi = 0.10

(
xpi+5

− xpi−0

tpi+5
− tpi−0

)
+ 0.15

(
xpi+4

− xpi−1

tpi+4
− tpi−1

)
+ 0.25

(
xpi+3

− xpi−2

tpi+3
− tpi−2

)
+ 0.25

(
xpi+2

− xpi−3

tpi+2
− tpi−3

)
+ 0.15

(
xpi+1

− xpi−4

tpi+1
− tpi−4

)
+ 0.10

(
xpi+0

− xpi−5

tpi+0
− tpi−5

)
(4.2)

The same treatment is applied to the component of the velocity at each point to

obtain the acceleration. In this case, equation 4.3 is used (here for x axis), with

velocity data (transformed to polar coordinates when required), where axpi is the

acceleration component of interest.

axpi = 0.10

(
vxpi+5

− vxpi−0

tpi+5
− tpi−0

)
+ 0.15

(
vxpi+4

− vxpi−1

tpi+4
− tpi−1

)
+ 0.25

(
vxpi+3

− vxpi−2

tpi+3
− tpi−2

)
+ 0.25

(
vxpi+2

− vxpi−3

tpi+2
− tpi−3

)
+ 0.15

(
vxpi+1

− vxpi−4

tpi+1
− tpi−4

)
+ 0.10

(
vxpi+0

− vxpi−5

tpi+0
− tpi−5

)
(4.3)

4.5.3 Averaged quantities

A powerful use of PEPT data is the possibility to group the information obtained

from multiple different passes of a tracers in a specific zone of the vessel to determine

the average behaviour of the tracer in that zone. Enough passes in each zones can be

acquired over long experimental runs, many repeat or multiple tracers tracking.
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The analysis of the different zone can be undertaken by splitting the process equip-

ment space into representative bins. Cubic bins are of interest for certain geometry.

In the case of the spiral, the cylindrical symmetry enables the use of toroids bins

formed by a square grid on the radius-elevation plan (Figure 4.19).

The cross sectional size of the bins in this study is 10 by 10 mm. This is required to

have a at least a few locations present in each bin.

Figure 4.19 – Schematic of the square toroid bins used for averaging quantities.

4.6 Particle tracking on a spiral

Considering the size of the spiral concentrator used (four turns of a pitch of 208 mm),

independent runs in the two detectors set-up were used to image the full height. The

fixed height ADAC set-up was used for imaging of the lower part of the spiral while

the variable height modular ring set-up was used for observation of the upper section.
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4.6.1 ADAC Forte tracking set-up

Figure 4.20 present the spiral installed inside the ADAC Forte detectors set-up at the

Birmingham Positron Imaging Center. Figure 4.21 details the tracked section of the

spiral observed with this set-up. In this configuration, turn 1.5 to 3.5 of the spiral

are in the detectors field of view.
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Pump
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Pipe


Figure 4.20 – Recirculating spiral inside the ADAC Forte detectors set-up.
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Figure 4.21 – Schematic of the tracked section inside the ADAC Forte detectors
set-up.

4.6.2 Modular ring tracking set-up

The modular detector assembly was positioned at different heights around the spiral

to track different 100 mm thick slices of the trough. The field of view was set at an

angle of 10.5° to match the trough edge angle, and increase the tracked trough length

of some slices. An adjustable height support frame enabled the field of view to be

easily moved vertically. Tracking runs were carried out for different tracer sizes and

minerals at each position before moving the assembly vertically downward to the next

slice. This arrangement can be seen on Figure 4.22. The trough sections tracked are

presented in Figure 4.23 which cover the first 2.5 turns.
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a) b) 

Figure 4.22 – Spiral concentrator inside the modular assembly a) showing the 10.5°
inclination following the trough edge and b) in operation.
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Figure 4.23 – Schematic of the trough slice tracked with the modular detectors
set-up.
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4.6.3 Tracking runs

During the experiments, 3-4 particles (1000 to 1700 µm) of the same mineral are ac-

tivated altogether. Breakage and sizing of a smaller tracer is undertaken right after

the activation cooling period.

Once a sized particle is found to be active enough, considering its size, it is added

to the slurry in the first turn of the spiral trough. Data recording is then carried

until the particle decay is such that the passes in the FOV cannot be used for data

analysis as they would contain too low a number of locations. This is determined by

the observation of a live display of the detected coincidence event (LoR detection).

For the smallest tracers, this is approximately 30 minutes of slurry recirculation on

the trough. At this moment, one of the remaining larger activated piece (>450 µm)

or one of the original activated particles (>1000 µm) is added to the slurry. This large

tracer still have a high activity and can be tracked without any doubt even with the

small decayed tracer still present in the slurry.

After about an hour of data recording with this tracer, the slurry is removed from the

set-up, the pump is stopped, the large tracer recovered from the slurry for disposal

and the spiral set-up cleaned. A new slurry is prepared for each tracer activation run

to prevent the use of a contaminated pulp, especially in case of tracer disintegration

due to impact in the pump and pulp distribution tube.
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Chapter 5

Particle flow within a spiral concentrator

The PEPT technique was used to observe particle flow within a spiral concentrator.

It provided particle trajectories, velocities, accelerations and forces that are useful

in understanding the particle concentration process [1, 3, 4]. This is the first time

that particle motion in a spiral concentrator has been presented as actual particle

motion at the scale of the particle rather than a motion hypothesis theorised from

pulp stream sampling and film thickness measurements. The latter experimental

technique is of interest in determining the performance of a specific spiral design

under fixed operation parameters; however, observation of particle trajectories and

other motion parameters is an important milestone in the development of future

particle-scale models and simulations of the separation that ocurs in a spiral.

This chapter presents the experimental tracking results obtained, as well as a discus-

sion regarding their relevance. First, the conventions used in the presentation of the

results are given. Second, the flow of particle in the first turn is described in detail.

Third, the particle behaviour in the secondary flow is presented for selected tracers.

Finally, the effect of wash water on particle flow is described.
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5.1 Conventions

Cartesian coordinates are used for the original locations provided by the PEPT al-

gorithm and TRACK code. For the purpose of the analysis, the origin (0,0,0) is set

at the top of the spiral with the y axis going upward concentric to the central post

and x and z axis defining the horizontal plane. A particle moving down the spiral

will thus reduce its elevation (negative y axis). In the case when data are averaged

over square toroids bins, as described in Section 4.5.3, the x and z axis coordinates

are transformed in cylindrical coordinates (r and θ) while keeping y as the elevation.

Three radial zones are defined for the spiral trough. The inner zone (r<67.5 mm),

the middle zone (67.5 mm<r<125 mm) and the outer zone (>125 mm) as shown in

Figure 5.1. During operation of the spiral with a dense pulp flow (≥20 % solids), the

inner zone is mostly filled by a closely packed dense-particle stream, the outer zone

by a dilute light-particle stream and the middle zone is the transitional part of the

trough.
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Figure 5.1 – Schematic of the inner, middle and outer zone of the spiral trough used
for analysis.

A measure of the concentration or rejection for the particle is the variation in its

radial position (radial displacement) between two elevations on the trough (e.g. the

entrance and exit of the detector FOV). The concentration or rejection of the tracer

particle is observed by plotting these entrance and exit radii; as shown in Figure

5.2. Depending on which area of the plot the tracer pass is found, it indicates which

behaviour the tracer has for this pass.
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Figure 5.2 – Convention for the radial displacement figures.

The motion is analysed by the use of the three dimensional time recorded locations

from which the fit (Section 4.5.1) provides a smooth discrete set of locations used for

determination of the particle velocity (Eq. 4.2). From the velocity, the particle ac-

celeration (Eq. 4.3) is determined. With knowledge of the acceleration, the resultant

force on the particle is determined (Eq. 2.3) by the approximation of the particle as

a sphere of the size observed in the microscope during the tracer preparation (Section

4.6.3) with the mass of the particle being approximated using its mineral density

(Table 4.1).

5.2 Particle flow (1st turn)

The first turns of the spiral are of primary importance as separation performance is

reaching a steady point within two to three turns if no flow regeneration is used (e.g.
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material take off port or repulpers) [128]. This section provides information on the

measured particle behaviour inside the 1st turn with the details of the flow of small,

medium and large particles for both dense (hematite) and light (quartz) minerals.

5.2.1 Small hematite particle (Run P31H0106)

Figure 5.3 presents the radial displacement of a small (90 to 106 µm) hematite tracer

for the first slice (3/4 of a turn) of the spiral (Elevation 0 to −100 mm). It shows an

overall inward motion for this dense particle with all the passes (except two) moving

closer to the centre post even for passes where the particle entered the spiral at the

outward extremity of the outer zone.
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Figure 5.3 – Radial displacement for a small size (90 to 106 µm) hematite tracer
(Run P31H0106) in the spiral 1st turn (Elevation 0 to −100 mm).

Figure 5.4 presents the velocities, acceleration and force averages of a small size (90

to 106 µm) hematite tracer. Acceleration values obtained for the outer zone (at the
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outer edge of the pulp film) give an idea of the turbulence affecting the small hematite

particle as the acceleration reaches 12 m/s2, with a velocity magnitude between 0.8

to 1.2 m/s giving a hint on the rapid change in direction and velocity. The size and

density of the particle makes it at the limit of the fluid drag dominated motion.

The particle is then expected to partly follow to pulp flow. This is noticeable by

observation of the radial velocity, where the particle is following the pulp discharge

stream going to the outer vertical section of the profile in the outer zone (shown by

outward radial velocity after the feed distribution). After coming into contact with

the rising section of the profile, the pulp moves back toward the center.
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Figure 5.4 – Flow field for a small size (90 to 106 µm) hematite tracer (Run
P31H0106) in the spiral 1st turn (Elevation 0 to −100 mm).
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5.2.2 Small quartz particle (Run P31Q0106)

Figure 5.5 presents the radial displacement of a small (90 to 106 µm) quartz tracer.

As with the hematite tracer of the same size (Figure 5.3), it shows a general inward

motion, however, to a smaller extent. Possibly the most likely reason for this inward

motion is the overall inward motion of the pulp film after contacting the rising trough

edge. A second reason for this inward motion is the nature of the particle being

denser than the fluid. This should have a smaller impact than with the hematite

tracer due to density difference between hematite and quartz. The differential motion

between the small quartz and hematite particles can be observed by the fact that

most hematite passes (except two) in Figure 5.3 have inward radial displacement

(concentration) compared to most of the quartz passes which show outward radial

displacement (rejection) in Figure 5.5.
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Figure 5.5 – Radial displacement for a small size (90 to 106 µm) quartz tracer (Run
P31Q0106) in the spiral 1st turn (Elevation 0 to −100 mm).
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Figure 5.6 presents the velocities, acceleration and force averages of a small (90 to

106 µm) quartz tracer. Once again, the turbulence present in the outer zone of the

pulp flow provides a large acceleration on the small quartz tracer which results in

higher velocity near the end of this slice (FOV limits from 0 to −100 mm in elevation).

This effect is more pronounced than for the same sized hematite tracer (Figure 5.4).

The size and density of the quartz particle ensures that it is in a fluid drag dominated

flow. The particle is expected to follow more closely the pulp flow trubulence which

is observed by the general higher velocity for the light quartz tracer than for the

same sized heavier hematite one. Another potential contributing factor to the larger

velocity magnitude is the feed velocity, which may have been higher. However, the

pumping parameters were the same for all runs performed which is expected to provide

the same pulp feed velocity. Unfortunately, no pulp velocity control method was used

to measure the pulp feed velocity at the discharge point.
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Figure 5.6 – Flow field for a small size (90 to 106 µm) quartz tracer (Run
P31Q0106) in the spiral 1st turn (Elevation 0 to −100 mm).

5.2.3 Medium hematite particle (Run P31H0355)

Figure 5.7 presents the trajectory of a medium size (300 to 355 µm) hematite tracer.

Passes originating close to the feed distributor inner edge are shown quickly moving

inward as a result of the steep decline of the helix in the region close to the central

post. Passes fed to the outer region of the trough follow the general direction of the

outer section of the trough, but with a slight inward motion.
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Figure 5.7 – Trajectory for a medium size (300 to 355 µm) hematite tracer (Run
P31H0355) in the 1st turn of the spiral (Elevation 0 to −100 mm).

Figure 5.8 presents the radial displacement of a medium size (300 to 355 µm) hematite

tracer. Large inward movement of the passes fed at the inner edge of the feed dis-

tributors are observable in the region of low initial feed position. These passes are

concentrating at a higher rate than the one fed in the outer zone. This can be ex-

plained by a lower feed velocity unable to centrifuge the particle outward to the same

extend of those passes fed to the outer zone. In addition, the majority of the water

is rapidly flowing towards the outer wall immediately after the feed distributor with

only a thin film of water remaining in the inner-middle zone to carry the particles.
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The dense particle fed in the inner-middle section will thus be less affected by the

outward flow, and will follow the steep downward slope of the trough close to the

central post.
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Figure 5.8 – Radial displacement for a medium size (300 to 355 µm) hematite tracer
(Run P31H0355) in the spiral 1st turn (Elevation 0 to −100 mm).

Figure 5.9 presents the velocities, acceleration and force averages of a medium size

(300 to 355 µm) hematite tracer. The observation of the velocity magnitude for the

passes fed at the inner edge of the feed distributor confirm that those passes have a

lower initial velocity magnitude and are less affected by the rapid flow of water. The

average velocity magnitude in this zone is below 0.4 m/s. Once again, the passes at

the outer edge of the profile appear to be affected by the turbulence in the outer zone,

but to a lesser extent than the small tracer, as the acceleration magnitude is much

lower in the case of the medium particle (≈6 m/s2) compared to the acceleration on

the small tracers (≈12 m/s2). A component of this overall acceleration is related to

the general curved motion of the pulp in the helix.
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Figure 5.9 – Flow field for a medium size (300 to 355 µm) hematite tracer (Run
P31H0355) in the spiral 1st turn (Elevation 0 to −100 mm).

5.2.4 Medium quartz particle (Run P31Q0355)

Figure 5.10 presents the trajectory of a medium size (300 to 355 µm) quartz tracer.

The same effect than for the similar size hematite tracer is seen at the inner side

of the feed discharge for some passes of the tracer flowing down to the inner zone

in the step section of the helix. However, this behaviour is not observed in many

passes. The vast majority of the passes are found to be fed in the middle-outer zone

as per the design of the feed distributor. Once on the trough, some passes will stay

in the inner side of the slurry film while others will stay completely outward. A large

portion of the passes are found to be interchanging places within the middle-outer
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zone region of the trough. Some of the passes originating in the middle zone are

even seen flowing over other passes originating in the outer zone. This is an excellent

visualisation of the particle motion happening due to the secondary motion of the

fluid. This outward-inward motion is localised in a band at the inner side of the outer

zone.
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Figure 5.10 – Trajectory for a medium size (300 to 355 µm) quartz tracer (Run
P31Q0355) in the spiral 1st turn (Elevation 0 to −100 mm).

Figure 5.11 presents the radial displacement of a medium size (300 to 355 µm) quartz

tracer. The few passes moving inside the step section of the helix are present on the

region just above 100 mm in radial feed position. In the region of 120 mm (radial feed
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position), the passes show an outward motion while in the region of 145 mm they

exhibit an inward motion. This is potentially related to the secondary flow which,

in this case, would happen in the band situated between 115 and 155 mm (radial

position).
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Figure 5.11 – Radial displacement for a medium size (300 to 355 µm) quartz tracer
(Run P31Q0355) in the spiral 1st turn (Elevation 0 to −100 mm).

Figure 5.12 presents the velocities, acceleration and force averages of the medium

quartz tracer. The particles initially fed at a velocity magnitude of about 0.7 m/s

were observed to quickly separate in two patterns; the first one of velocity below

0.4 m/s in the inner section of the trough; while the second one in the outer zone

exhibit particle velocity up to 1 m/s. Once again, the higher acceleration is found on

the particles found at the outer edge of the pulp film. The outward-inward general

motion of the pulp film can be observed through radial velocity (Figure 5.12).
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Figure 5.12 – Flow field for a medium size (300 to 355 µm) quartz tracer (Run
P31Q0355) in the spiral 1st turn (Elevation 0 to −100 mm).

5.2.5 Medium hematite particle (Run P32H0355)

Figure 5.13 presents the trajectory of a medium size (300 to 355 µm) hematite tracer

for the second slice of the first turn of the spiral (Elevation -75 to −175 mm). The

passes recorded in this slice clearly show how the first turn is important in the sep-

aration. From the first slice (Figure 5.7) where most of the medium hematite tracer

passes ended up in the inner side of the outer zone to the end of this second slice, the

hematite passes are mostly grouped in a band towards the inner side of the middle

zone. A few passes are the exception, and are in the outer zone. The band of material

is forming the concentrate band, which will slowly move inward in the later turns. An
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interesting observation is the increase in velocity magnitude of the band as it reaches

the last tier of the slice (from 0.3 to 0.5 m/s). This likely is due to the outward-inward

flow of pulp originating from the feed distributor. This outward-inward pattern dis-

appears in the later turns as the pulp flow becomes helical, and seems to play an

important role in the formation of this concentrate band.

Figure 5.13 – Trajectory for a medium size (300 to 355 µm) hematite tracer (Run
P32H0355) in the spiral 1st turn (Elevation -75 to −175 mm).

Figure 5.14 presents the radial displacement of a medium size (300 to 355 µm) hematite

tracer in the second slice of the 1st turn. The consolidation toward a concentrated
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band of dense particle is shown by the closely pack group of passes in the region from

100 to 125 mm in initial radial position. This group of passes generally moves further

inwards.

50 100 150
FOV Entrance Radial Position (mm)

20

40

60

80

100

120

140

160

180
FO

V
 E

xi
t R

ad
ia

l P
os

iti
on

 (m
m

)

P32H0355

No Concentration Line
Hematite 300-355 7m

Figure 5.14 – Radial displacement for a medium size (300 to 355 µm) hematite
tracer (Run P32H0355) in the spiral 1st turn (Elevation -75 to −175 mm).

Figure 5.15 presents the velocities, acceleration and average force acting on a medium

size (300 to 355 µm) hematite tracer. The velocity field indicates a difference between

the passes forming the concentrate band and those nearer to the outer zone. The

latter ones appear to take longer to regroup towards the inner zone. The higher

angular velocity in the inner zone is explained by the fact that at a similar particle

velocity magnitude, the particles at the inner radial position are travelling through

a larger angular section of the helix for the same absolute displacement. Another

observation is the straightening of the overall particle flow, which becomes radially

more stable with a radial velocity closer to 0 m/s at the end of this slice.
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Figure 5.15 – Flow field for a medium size (300 to 355 µm) hematite tracer (Run
P32H0355) in the spiral 1st turn (Elevation -75 to −175 mm).

5.2.6 Medium quartz particle (Run P32Q0355)

Figure 5.16 presents the trajectory of a medium size (300 to 355 µm) quartz tracer.

The quartz passes show significant radial motion, with passes starting in the outer

zone moving to the inner zone and passes starting in the inner zone moving toward

the outer zone. However, compared with the hematite tracer of the same size (Figure

5.13), the passes of the medium quartz tracer do not regroup toward the inner zone

of the spiral trough. This is where the separation happens between the hematite and

quartz particle for this size class. This observation is in good agreement with the

presence of the secondary flow. In this specific case, the secondary flow appears to
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prevent the quartz particle from moving radially inward, which was observed for the

hematite particle of the same size.

Figure 5.16 – Trajectory for a medium size (300 to 355 µm) quartz tracer (Run
P32Q0355) in the spiral 1st turn (Elevation -75 to −175 mm).

Figure 5.17 presents the radial displacement of a medium size (300 to 355 µm) quartz

tracer. It shows that the light particle has a lower inward motion than the hematite

particle of the same size (Figure 5.14). There is no consolidation of the passes, even

if there is no clear rejection of this low density particle.
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Figure 5.17 – Radial displacement for a medium size (300 to 355 µm) quartz tracer
(Run P32Q0355) in the spiral 1st turn (Elevation -75 to −175 mm).

Figure 5.18 presents the velocities, acceleration and force averages of a medium size

(300 to 355 µm) quartz tracer. Compared with the hematite tracer (Figure 5.15),

there is no particle with high angular velocity as less quartz particles are found in

the inner zone. Similarly to the hematite tracer of the same size, the particle flow is

establishing itself toward a steady state.
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Figure 5.18 – Flow field for a medium size (300 to 355 µm) quartz tracer (Run
P32Q0355) in the spiral 1st turn (Elevation -75 to −175 mm).

5.2.7 Coarse hematite particle (Run P31H1180)

Figure 5.19 presents the trajectory of a coarse (1000 to 1180 µm) hematite tracer.

The majority of the passes were fed at a constant velocity of 0.7 m/s. The outer zone

passes are seen to accelerate to a velocity just under 0.8 m/s while the inner-middle

zone passes quickly move radially inward, while reducing their velocity.
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Figure 5.19 – Trajectory for a coarse size (1000 to 1180 µm) hematite tracer (Run
P31H1180) in the spiral 1st turn (Elevation 0 to −100 mm).

Figure 5.20 presents the radial displacement of the coarse (1000 to 1180 µm) hematite

tracer. The low velocity of the passes moving inward are observed close to the 100 mm

initial radial position. Many passes are seen to have no significant radial motion when

originating from an initial radial position of 110 mm. This contrasts with the outward-

fed passes (having an initial radial position greater than 125 mm), which are observed

to move inwards. This is potentially related with the secondary flow behaviour where

the dense particle settle at the trough surface of the outer zone and are carried inward.

In this case, the tracer seems to be too heavy to be lifted and carried outward by the
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top fluid layer when in the middle zone, which could explain why it does not exhibit

significant outward motion. This is a detail of the concentration mechanism.
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Figure 5.20 – Radial displacement for a coarse size (1000 to 1180 µm) hematite
tracer (Run P31H1180) in the spiral 1st turn (Elevation 0 to −100 mm).

Figure 5.21 presents the velocities, acceleration and force averages of a coarse (1000

to 1180 µm) hematite tracer. In the outer zone, average accelerations are observed to

be of lower magnitude than smaller tracers in the same slice, which is to be expected

considering the mass, surface area and drag on this particle size. Considering the same

parameters, the total force magnitude is much higher for this large dense particle with

values reaching 20 µN in the fast flowing outer zone. The velocity magnitude shows

that the flow is moving at low velocity in the inner-middle zone or at a larger velocity

in the outer zone.
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Figure 5.21 – Flow field for a coarse size (1000 to 1180 µm) hematite tracer (Run
P31H1180) in the spiral 1st turn (Elevation 0 to −100 mm).

5.2.8 Coarse quartz particle (Run P31Q1180)

Figure 5.22 presents the trajectory of a coarse (1000 to 1180 µm) quartz tracer. A very

similar behaviour to that of the the coarse hematite tracer (Figure 5.19) is observed,

with similar velocities. The only difference being that the passes are slightly more

outward at the end of this slice. An interesting observation is the deceleration of a

few passes on the inner side of the group of passes. This deceleration is most likely

due to the settling of the tracer at the trough surface, while most of the water in the

pulp flows outward.
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Figure 5.22 – Trajectory for a coarse size (1000 to 1180 µm) quartz tracer (Run
P31Q1180) in the spiral 1st turn (Elevation 0 to −100 mm).

Figure 5.23 presents the radial displacement of a coarse quartz tracer. Similar be-

haviour to the hematite tracer of the same size (Figure 5.20) is observed, with the

exception being that a few passes show an outward motion when originating close to

115 mm. This potentially shows a small rejection of the large quartz tracer caused

by the outward moving fluid top layer in this band. Another difference is that the

inward motion is of a lower extent.
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Figure 5.23 – Radial displacement for a coarse size (1000 to 1180 µm) quartz tracer
(Run P31Q1180) in the spiral 1st turn (Elevation 0 to −100 mm).

Figure 5.24 presents the velocities, acceleration and force averages of the coarse quartz

tracer. A difference with the coarse hematite tracer (Figure 5.21) is observed by the

smaller region of low velocity magnitude at the end of the slice. This shows that

most of the passes of the quartz tracer stay outside of the low velocity flow in the

inner-middle zone section of the trough. The passes are affected by the general

outward/inward motion of the pulp, as can be observed by the radial velocity. The

force on the coarse quartz tracer are of smaller magnitude than for the hematite

tracer. This is to be expected, considering the density difference and the fact that

acceleration magnitude is similar than for the hematite tracer.
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Figure 5.24 – Flow field for a coarse size (1000 to 1180 µm) quartz tracer (Run
P31Q1180) in the spiral 1st turn (Elevation 0 to −100 mm).

5.2.9 1st turn combined radial motion

Figure 5.25 presents the values of radial displacement for the different tracers tracked

in the top slice (Elevation 0 to −100 mm) of the 1st turn. It shows a better separation

(largest differential displacement) for the 300 to 355 µm tracers. In this specific case,

the difference between the mean radial displacements is 14 mm, meaning that the

group of hematite passes averages an inward displacement 14 mm more pronounced

than a quartz tracer of the same size. This is a measure of the separation due to

density difference happening in this 100 mm horizontal slice of the spiral 1st turn.

Interestingly, the 1000 to 1180 µm tracers are observed to have a similar behaviour in
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this section with only a slight difference in radial displacement (4 mm).

Figure 5.25 shows that the quartz particles are moving inward, but to a lesser extent

when compared to the hematite particles. This inward radial motion of light particles

shows that the spiral is not yet “rejecting” the light particles outward, it is rather

“recovering” them at a lower rate than the dense particles. It should be mentioned

that the spiral feed is in the outer zone which provide a situation in which the particles

starts in this outer zone, and will tend to slide inward based on the inward inclination

of the profile. This inward sliding is reduced by the outward flow of pulp, as discussed

in Section 5.3, which has a greater effect on light density particles.
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Figure 5.25 – Radial displacement (negative value representing inward motion) for
the different tracers in a 100 mm horizontal slice (Elevation 0 to −100 mm) of the
spiral 1st turn with error bars representing the standard deviation of each group of

passes.
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5.3 Particle secondary flow

Previous secondary flow observation were obtained for fluid only systems [161, 162].

For the first time, the effect of the fluid secondary flow on the motion of particle

in a dense pulp (20% solids) can be quantified. This observation was possible with

the performance achieved with the new set-up of modular detectors (Section 4.4.2)

coupled with the new DAB mineral tracer production method (Section 4.2.2).

With a combination of both trajectory and velocity observation, it is possible to

display and quantify particle motion inside the secondary flow. The result is a mea-

surement of the radial velocity of the mineral tracer particle, which depends on its

vertical distance from the trough profile. Figure 5.26 shows the particle velocity in

the secondary flow in a radial cut of first turn for a quartz tracer of 300-355 µm in

diameter. The passes in which the mineral tracer was in the upper layer of the pulp

film (further away from the profile surface) show a positive radial velocity signifying

an outward motion. On the other passes, in which the tracer is found in the lower

layer of the pulp film (close to the profile surface), the radial velocity is negative

which signifies an inward motion. In this latter case, the radial velocity is of lower

magnitude, meaning that the inward particle flow is slower than the outward parti-

cle flow. This measurement is in agreement with clear-water velocity measurements

[161, 162], and the theoretical basis of film flow in which the layer in contact with the

solid surface is at rest, with increasing velocity further away from the solid surface.

In the case of the helical flow of the spiral, the layer of pulp eventually reaches a

point where the radial velocity is null, and then becomes positive (outward-moving

top layer).
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Figure 5.26 – Particle location coloured by radial velocity showing the secondary
circulation (top outward, bottom inward) for many passes of a quartz tracer of 300

to 355 µm in the first turn of the spiral.

The particle secondary flow was not observed for all tracers and across the entire

length of the spiral. The situation presented in Figure 5.26 occurs in the specific

case in which the pulp film reaches the vertical rising section of the profile during the

general inward outward pulp motion. In other situations, the superposed inward and

outward moving layer of particle have not been observed to the same extent.

5.4 Wash water injection

The aim of this section is to detail the particle behaviour around a wash water injec-

tion point situated in the 3rd turn of the spiral. The modified spiral set-up presented

in Section 3.9.4 was used with the ADAC detector set-up described in Section 4.6.1.

141



5.4. Wash water injection PARTICLE FLOW

5.4.1 Effect of wash water on trajectories

Figure 5.27 presents the passes of a 300-355 µm hematite tracer in the 2nd, 3rd and

4th turns. Both cases (wash water on and wash water off) behave the same in the

2nd turn. The difference in trajectory for the passes with wash water is revealed in

the 3rd turn where the passes exhibit an outward shift. The concentrate band, well

established by the end of the 2nd turn, is larger with wash water injection. On the

4th turn, the passes with wash water move inward again, without being as packed as

the concentrate band shown by the passes without wash water.

Figure 5.27 – Trajectory for the hematite tracer of size 300 to 355 µm while wash
water is ON (green) and OFF (red) (view of turn 2, 3 and 4).

Figure 5.28 presents the passes of a 1000 to 1180 µm quartz tracer in the 2nd, 3rd and

4th turns. The passes without wash water are found to be spread from the middle
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zone to the outer zone on the three last turns of the spiral. In the case of the passes

with wash water, the large quartz tracer is diverted in the 3rd turn to move outward

in the outer zone. Once the pulp area affected by wash water is passed, certain passes

move back inward, but to a lower extent than their outward motion thus the inner

zone is effectively cleaned from the coarse quartz tracer.

Figure 5.28 – Trajectory for the quartz tracer of size 1000 to 1180 µm while wash
water is ON (green) and OFF (blue) (view of turn 2, 3 and 4).

5.4.2 Effect of wash water on separation

Figure 5.29 presents the radial displacement of the passes of the hematite tracer of

size 300 to 355 µm without wash water. The group of passes is tightly packed in the

inner zone as most of the radial displacement for this dense medium particle happened

in the first turn and a half of the trough. There is only a slight inward motion of the
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concentrate band.
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Figure 5.29 – Radial displacement for the hematite tracer of size 300 to 355 µm
while wash water is OFF.

Figure 5.30 presents the radial displacement of the passes of the hematite tracer of

size 300 to 355 µm with wash water. In comparison to the case where there is no wash

water (Figure 5.29), the passes radial motion is more disperse, but centered on the

no concentration line. The slight inward motion is thus prevented by the wash water

injection in the 3rd turn.
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Figure 5.30 – Radial displacement for the hematite tracer of size 300 to 355 µm
while wash water is ON.

Figure 5.31 presents the radial displacement of the passes of the quartz tracer of

size 1000 to 1180 µm without wash water. The passes are mostly aligned on the no

concentration line and situated in the middle-outer zone. There is a slight inward

motion for the passes in the region of 120 mm, but the general behaviour is a stable

radial position.
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Figure 5.31 – Radial displacement for the quartz tracer of size 1000 to 1180 µm
while wash water is OFF.

Figure 5.32 presents the radial displacement of the passes of the quartz tracer of size

1000 to 1180 µm with wash water. A clear rejection is observed for this tracer size and

density. In the first turns, most of the pulp initial water content is moving radially

outward to the outer zone. The addition of wash water at the 3rd turn inner zone

dilute the high solids content pulp film remaining in the inner and middle zone. The

wash water is moving radially outward and unlock the large light particle motion.

This effect is happening up to the outer zone as even particle with an FOV entrance

radial position of around 120 mm are moving outward.
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Figure 5.32 – Radial displacement for the quartz tracer of size 1000 to 1180 µm
while wash water is ON.

The average wash water influence on the mineral tracers radial displacement is pre-

sented in Table 5.1. As described, the medium hematite tracer’s slight inward motion

(−10 mm) is reduced to a very low amount (−0.1 mm) by the addition of wash water.

The larger dispersion of the passes is observed by the larger standard deviation for

the passes with wash water. In the case of the large quartz tracer, radial motion is

much more affected by the wash water addition (from -4.0 to 20.4 mm). Once again,

the standard deviation is higher with wash water and shows a more disperse radial

motion.
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Table 5.1 – Effect of wash water on the particle radial displacement in the FOV.

Tracer mineral Size (µm) Wash water ∆r (mm) σ (mm) ∆̃r (mm)
Hematite 300 to 355 OFF -10.0 10.0 -8.6
Hematite 300 to 355 ON -0.1 14.9 2.5
Quartz 1000 to 1180 OFF -4.0 12.4 -3.3
Quartz 1000 to 1180 ON 20.4 17.4 24.6

5.4.3 Effect of wash water on particle flow field

In this section, the effect of wash water on the particle flow field is presented in

detail with the square toroid bins averaged values for the tracer particles velocities

(magnitude, radial and angular).

5.4.3.1 Wash water effect on medium hematite

The particle radial displacement in the spiral is associated with establishing a flow

parallel to the helical trough surface. Once this flow is established and most of the

water has reached the rising section of the profile, only a small amount of radial

displacement occurs if no flow disturbance is induced.

The flow of an hematite tracer of size 300 to 355 µm in the 2nd, 3rd and 4th turn is

an excellent example of this situation. Figure 5.33 presents the flow of this medium-

sized tracer without wash water addition or any other disturbance. The observation is

clear about the particle radial motion already completed as all the passes recorded are

forming a narrow band in the inner zone of the trough. The average radial velocity

of the bins in this band is close to 0 m/s. The angular velocity shows a minimal

decrease in the 4th turn in comparison to the 2nd turn. This is likely to be related to

the movement of water to the outer zone, which results in a higher solids content in

the inner concentrate band moving down the trough at a gradually slower pace.
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Figure 5.33 – Velocity for the hematite tracer of size 300 to 355 µm while wash
water is OFF.

The constant flow field of Figure 5.33 was disturbed by the injection of wash water

to obtain the flow field presented in Figure 5.34.

Just before reaching the wash water injection point, an increase in the hematite tracer

velocity magnitude is observed. This might seem counter intuitive as it happens

before the injection, but can be explained by the later fast flowing dilute pulp locally

generated by the wash water. The diluted pulp is quickly moving outward which frees

some space on the trough for the dense pulp ahead of the injection point to increase

in velocity magnitude. The angular velocity increase at this position supports this

argument as it does not include the change in radial velocity.

After the wash water disturbance, the medium hematite particle moves slightly in-

ward. However, the width of the concentrate band remains wider for the 4th turn.
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One pass originated in the middle zone (end of 1st turn), and showed an inward/out-

ward motion, potentially related to the secondary flow in the middle zone. An inter-

esting behaviour is the velocity magnitude of this pass which resemble the secondary

flow (faster outward on top of the film, slower inward at the trough surface). Once

this pass reaches the disturbance created by the wash water injection, it migrates

inward to integrate with the now wider concentrate band. In this particular situa-

tion, the particle was captured in the concentrate band due to the addition of wash

water. However, considering that the radial motion happening in the 1st turn already

brought most of the passes in the inner concentrate band, it is possible to say that

wash water effect on the medium dense particle recovery could be mitigated by a

wider opening of the bottom cutter to capture the wider concentrate band.
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Figure 5.34 – Velocity for the hematite tracer of size 300 to 355 µm while wash
water (WW) is ON.

150



5.4. Wash water injection PARTICLE FLOW

5.4.3.2 Wash water effect on coarse quartz

Figure 5.35 presents the flow field of the large quartz tracer in the last three turn

of the spiral without wash water. The velocity magnitude in this case is a excellent

example showing the lower flow velocity in the inner zone increasing up to the outer

zone. Once again here, radial displacement of the tracer is limited, with only slight

radial motion in the middle zone. An hypothesis for this can be the secondary flow

as it appears that the outward motion has higher velocity.

0 100
Radius (mm)

-800

-750

-700

-650

-600

-550

-500

-450

-400

-350

E
le

va
tio

n 
(m

m
)

0

0.2

0.4

0.6

0.8

1

1.2
V

el
oc

ity
 m

ag
ni

tu
de

 (m
/s

)

0 100
Radius (mm)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

R
ad

ia
l v

el
oc

ity
 (m

/s
)

0 100
Radius (mm)

0

2

4

6

8

10

12

A
ng

ul
ar

 v
el

oc
ity

 (r
ad

/s
)

Figure 5.35 – Velocity for the quartz tracer of size 1000 to 1180 µm while wash
water is OFF.

In comparison to Figure 5.35, Figure 5.36 presents the particle velocities while inject-

ing wash water. A clear radial displacement is observed up to the outer side of the

middle zone. The injection send a wave of clean water which pushes the large quartz

tracer further outward. When the wave is passed by, quickly, some passes come back

inward, but without reaching the previous radial position. The inner-middle zone
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is effectively cleaned out of the large quartz. The injection of wash water is then

positively affecting the grade of the concentrate band by rejecting the coarse quartz

particles. Finally, the passes at the outer section of the profile seems to slightly in-

crease in velocity, however, it is difficult to confirm if it is due to the extra a mount

of water added by the injection.
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Figure 5.36 – Velocity for the quartz tracer of size 1000 to 1180 µm while wash
water (WW) is ON.
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Chapter 6

Conclusions

This chapter summarises the important outcomes of the experimental program and

describes the scientific advancements made during this project. In addition, directions

and ideas for future work are presented.

6.1 Conclusions

After discussing the key notions of mineral processing and gravity concentration

(Chapter 2), an extensive review of the published literature focussing on the spi-

ral concentrator was presented (Chapter 3). This review has shown a recent trend

toward numerical particle flow simulations of the spiral concentrator operation. In

addition, it highlighted a lack of information on the measured behaviour of dense and

light mineral particles within the pulp flow. This information has now become critical

to further advances in numerical spiral simulation. Accordingly, the work presented

in this thesis focussed on measuring detailed particle flow field within a spiral concen-

trator. The achievement of the three objectives stated in the introduction (Chapter

1) enabled the particle flow field information to be retrieved.

The first objective completed was the successful design, assembly and characterisation
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of a positron emission particle tracking (PEPT) experimental set-up able to provide

information about mineral particle motion in the spiral concentrator. The develop-

ment of this system (Chapter 4) enabled the high resolution tracking of the spiral’s

upper turn.

In addition, the extension of the direct activation technique to the direct activation

and breakage (DAB) procedure enabled the generation of representative hematite

(5260 kg/m3) and quartz (2650 kg/m3) mineral tracers between 90 µm to 1400 µm in

diameter. The lower end of this range represents a substancial decrease in size for

mineral PEPT tracers. This is the first time such small representative mineral tracers

were produced and enabled the observation of particle behaviour in dense and opaque

pulp. This advance is already in use for other studies investigating other important

techniques of mineral processing such as flotation [5].

Another important component of the first objective was the development of data

analysis codes for the treatment of the tracking signal. This enabled production of

quality data representing particle trajectory, velocity, acceleration and particle force

resultant. This made reporting the particle flow field (Chapter 5) possible.

Thanks to the tracking performance achieved in the first objective, the completion of

the second objective was possible. This second objective was the determination of the

particle behaviour inside the secondary flow. Motion inside the secondary flow is of

key importance for the mineral separation. This is the first time that the secondary

flow has been measured for particle radial migration and velocity. For quartz particles

of size 300 to 355 µm, the radial velocity magnitude within the secondary flow (second

turn) ranged from 0.1 m/s in the lower inward moving layer of the flow and reached

up to 0.2 m/s in the upper outward moving layers. This information is critical for

the development of more efficient spiral concentrators, since ore separation is a direct

result of particle behaviour in this secondary flow.

The use of an established tracking system (ADAC Forte) in combination with the

DAB tracer production technique enabled representative particles to be tracked dur-

ing injection of wash water on a longer section of the spiral trough. This fulfilled the
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third objective of measuring the wash water effect on the separation at the particle

scale. The particle flow field is now available for representative iron ore mineral par-

ticles in different trough locations and under different conditions of wash water. This

flow field highlighted the fact that the spiral first and second turns are extremely im-

portant in the separation as most of the radial motion was complete before entrance

of the particle in the third turn. Addition of wash water disturbed the flow of solids

and acted to reject light particle. Wash water enlarged the concentrate band width

which has an effect on the take off port setting during operation.

6.2 Contributions to original knowledge

The main original contribution of this research project is the direct observation of

the typical behaviour of gangue and valuable mineral particles inside a dense pulp

(20% solids by mass) flowing on a spiral trough. The work allowed, for the first time,

measured particle trajectory, velocity and acceleration to be determined during the

separation occurring on the spiral. This particle flow field was recovered from real

mineral particles of representative densities and sizes taken from a typical iron ore

sample. These experimental results provide new information on particle behaviour

in the spiral concentrator. A reference flow field is now known and can be used to

advance particle flow simulations of the spiral.

6.3 Future work

More and better tracking could improve knowledge about smaller particle flow or other

minerals’ behaviour in other spiral geometries. This information is of importance in

the optimisation of actual spiral concentrator. However, in consideration of the work

presented in this thesis, the next logical step should be one of simulation, either

by means of fundamental particle-fluid flow mechanics or numerical simulation. This

thesis presents a reference case for the development of these simulations as they require
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detailed flow field information as particle trajectories, velocities, and accelerations for

assessing their performance.

The presented data are of interest for validation of simulations depicting smaller scale

models as single first turn or wash water injection point, with only a few particle sizes

present. These could form a interesting starting point and could then be integrated

in a larger multiscale simulation. The later step would be a complete simulation of

a full spiral with a full size and mineral distribution present on the trough. Dif-

ferent approaches towards these simulations have been discussed in the litterature

review (Chapter 3) and use of other methods of simulation should also be considered.

Interesting cases for inspiration are present in recent literature [243].

The development of numerical simulations in the field of mineral processing has the

potential to truly revolutionise the separator of the future. The fact that design ideas

can be tested virtually before any physical prototyping or experimental work is un-

dertaken is a significant advantage. An interesting task to be completed to help in the

development of new separator concept is the development of an extensive framework

for dimensional analysis of mineral pulp system. This framework should focus on the

particle and pulp properties typically found in the field of mineral processing. This

could enable detailed correlation of separation efficiency with system geometry and

feed composition.

On the tracking technique side, the activity level of tracer and the amount of gamma

rays recovered by the detectors is still a challenge for applications with small tracers

carrying low activity and moving at high speed. Considering the breakage and division

of the activity in the DAB technique, a relatively small sized tracer (<100 µm carry

lower activity. This creates a tracking of lower resolution both in frequency and

location precision. Better ways to directly activate small particles could improve this

aspect. This requires review and design improvements of the cyclotron beam and

target system. Detecting a larger portion of the emitted radiation could additionally

lead to a better tracking performance, but this would require new detectors or even

more packed detector setup. Evaluation of the effect of tracer activity on location

156



6.4. Concluding remarks CONCLUSIONS

error can be pushed further than presented here. In addition, new tracking algorithms

are now being developed [211] with a focus on multiple particle tracking. This has

the potential to provide much more refined flow fields.

On the spiral experimental side, measurement of the variation of the spiral perfor-

mance in relation to a variation in the feed pulp injection direction and velocity (not

just flow rate) would be an interesting avenue to pursue. The dispersion of the pulp

across the profile is seen as a important factor in the particle separation which occurs

in the first few turns. The dispersion pattern is affected by the feed direction and

velocity.

Spiral surface roughness or micro pattern can have an effect on the pulp film velocity

profile and particle motion on the trough. This should be investigated thoroughly

as the wear life of spiral concentrator is debatable, and no comprehensive studies

are available as to which surface finish is acceptable or not. Increased precision in

moulding techniques now allows for specific patterns to be imprinted on the polymer

trough surface, and this may be beneficial in channelling particles or water on the

trough.

6.4 Concluding remarks

Improving metallurgical efficiency and reducing water and energy requirements of

mineral processing devices and circuits is key to a successful and sustainable mineral

processing industry. Observation and understanding of the fundamentals of such

devices and circuits is an important step towards improvement in their performance.

A suggested work flow for the optimization of a mineral processing system (MPS)

should contains the following items:

1. Geometallurgy to provide ore characteristics associated with different zones of

the ore body;
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2. Comminution test and mineral liberation analysis to provide representative par-

ticle shape, size and composition of the ground ore to be processed;

3. Particle fluid flow simulation based on representative ore characteristics to be

used to optimize the design of a MPS;

4. Particle fluid flow simulation based on representative ore characteristics to pro-

vide simulated operating dataset on the MPS (covering a range of operational

parameters and ore variability);

5. Generalized relationship obtained from the simulated dataset to represent the

process performance and for process control;

6. Real operational process records which can be added to the simulated dataset

to further improve the generalized relationship representing the process perfor-

mance.

The last item is important in the optimisation of currently existing mineral processing

systems. At a plant scale, mineralogical understanding of grain size, distribution and

liberation of valuable and gangue minerals in the ore feed, concentrate and tailings

is fundamental in the selection of processing parameters. This information should

be made available on a continuous basis. Integrating all the observed and simu-

lated mineral parameters (particle size, shape, composition, feed rate, pulp density,

equipment parameters, recovery, feed and product grade) inside a database can en-

able instantaneous automated optimisation of process parameters in response to fresh

mineralogical data from the plant feed and products.
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Appendix A

Preliminary numerical simulation

This appendix presents a preliminary simulation of particle and fluid flow in the spiral

concentrator. The material presented here formed a paper presented at the Mineral

Engineering International - Computational Modelling Conference held in Falmouth,

UK in 2015 [244].

A.1 Information

Title: A Eulerian-dense discrete phase model (DDPM) for simulation of a 8.4 % solids

mass of iron ore particles (500 µm, hematite and quartz) in a spiral concentrator - A

preliminary study

Authors and affiliations: D. Bouchera, J. Sovechlesa, A. Sasmitoa, K. Watersa

aDepartment of Mining and Materials Engineering, McGill University, 3610 University

Street, Montreal, Quebec, H3A 0C5, Canada

A.1.1 Highlights

1. Eulerian fluid description and Lagrangian particle tracking are coupled together.
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2. Discrete element method was used in the Lagrangian particle tracking.

3. Particle content in the spiral slurry flow was 8.4 % by mass of hematite and

quartz.

4. Water flow velocity and patterns are similar to experimental values.

5. Momentum exchange between phase requires further development.

A.1.2 Abstract

A multi-fluid Eulerian model combined with a dense discrete phase model (DDPM)

was used to simulate water and iron ore particles (hematite and quartz) flowing in a

spiral concentrator. The particles’ diameter was set to 500 µm and the slurry mass

solid concentration at 8.4 %. The model solves for sets of conservation equations of

mass and momentum for each continuous phase (air, water) in the Eulerian domain,

coupled with a source term in the momentum equation to track the solid particle forces

calculated in the Lagrangian domain by the discrete element method. This technique

highlights the potential to simulate high particle concentrations. Flow behaviour,

particle velocities and particles migration are discussed. This research demonstrates

the potential of the Eulerian-DDPM modelling approach for the simulation of spiral

concentrators, and other density-based concentrators.

A.1.3 Keywords

Computational fluid dynamics; Dense discrete particle model; Gravity concentration;

Spiral concentrators.
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A.2 Introduction

The spiral concentrator is a gravity concentration device used to separate minerals of

different densities. This separator is important in the iron ore industry, considering

the large quantity of ore treated annually. For some operations, yearly tonnage can

range up to tens of millions of tons. These ores are mostly composed of quartz (specific

gravity of 2.65) and iron bearing minerals, such as hematite and magnetite (specific

gravity of 5.26 and 5.18 respectively). The difference in densities of the valuable

and gangue minerals make these types of ore good candidates for gravity separation.

The interest in the use of the spiral concentrator to achieve separation relies on the

simplicity and low cost of a unit per throughput mass, which ranges from 4 to 8 tons

per hour per spiral start [119, 124].

Spiral concentrators are composed of a rubber-lined trough forming a helix around

a central post, as shown in Figure A.1. The ground ore (75 to 3000 µm) is mixed

with water to form a slurry (15 to 45 % solids by mass) which is fed at the top of

the helix [17]. The slurry forms a thin film on the trough as it flows down. The

top layer of the film is under the influence of a lower shear (air-slurry interface) than

the lower layer of the film (slurry-trough interface). This low shear coupled with the

ever changing direction of the flow caused by the helical trajectory makes the top

layer of the film divert towards the outside radius of the trough. An accumulation

of fluid at the trough’s outer, vertical, edge creates a higher pressure region near

the lower slurry-trough interface causing the lower layer of the film to move radially

inward [81, 161]. This pattern, present in the primary downward circulation, will

preferentially bring dense particles inwards, as settling will cause them to be closer

to the slurry-trough interface. In the case of the low density particles settling at a

slower rate, they will be affected by the top layer of the film to a greater extent, thus

moving outwards. The trough geometry (profile, pitch and diameter) and operating

parameters (feed rate, slurry solid content and particle size) are of importance in the

separation as they enable this specific flow pattern to occur.
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Figure A.1 – General view of the first turn of a spiral concentrator (Wallaby trough
from Mineral Technologies).

When the dense particles are found at the inner radius, a cutter is positioned to

divert them into a recovery channel, or into the central hollow post holding the

trough. The lighter particle stream is then discarded to the tailings or to retreatment.

Reported main flow velocities range from 0.4 to 2.1 m/s at the inner and outer radius

respectively [157, 162]. Flow velocities are dependent upon operating and trough

parameters and require careful testing to optimise process conditions for specific ore

and spiral designs. Currently, most spiral development is carried out by laboratory

and pilot scale testing [119, 152]. Having fundamental simulation techniques using

geometrical and feed properties is of interest to foster advances in the design and

operation of spiral concentrators. The main objective is to predict the macroscopic

interactions which occur in the mixture of liquid (water), solids (ore particles) and

gas (air) based on fluid mechanics and particle motion. This paper describes how a

new computational fluid dynamic (CFD) approach, a Eulerian-dense discrete phase

model, is applied to the simulation of particle-fluid flow on a spiral trough.
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A.3 CFD model of the spiral

A.3.1 Available models

Preliminary CFD models of the spiral were aimed at the prediction of the liquid flow

in a helical channel (with a rectangular cross section) without including any particles

[9, 192]. These models were able to show and quantify the secondary circulation

present in the primary downward flow. Since then, a few researchers have provided

computational models which include particulate flow.

The volume of fluid (VOF) method has been used in a CFD model by Matthews et al.

to predict free surface, flow depth and mainstream velocity for water flow [195]. In this

model, 100 spherical particles were simulated by a Lagrangian method and provided

similar migration behaviour to those obtained experimentally [162] considering their

size and densities.

A combination of CFD and discrete element method (DEM) with Matthews et al.’s

model for the water velocity profile [195] was used to create a one way coupled (par-

ticles affected by fluid drag) model with 12,000 spherical particles of two different

densities [203]. This model predicted particle separation and a concentrate grade

within 11 % of experimental results from literature.

These models are only accurate below a solids concentration of approximately 10 %

by volume. This limitation is due to the fact that the particle-particle interactions

and the effect of the particle volume fraction on the continuous (fluid) phase are

considered negligible and, as such, are not accounted for. For a high particle content,

the effect of the particles on the fluid should be taken into consideration. This is a

limitation for the simulation of real spiral operations.

To overcome this limitation, Matthews et al. presented a two-fluids (Eulerian) model

with approximately 0.3 % solids by mass [197]. A similar model by Doheim et al. had

a content of up to 3 % solids by mass [198]. These simulations first determined the free

surface of water flowing on the trough by the VOF method. This free surface was then
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fixed as a domain boundary for the computation of the particle-fluid flow using the

two-fluids model. A drawback of this technique is the description of the free surface

as it is normally influenced by the slurry viscosity which is unaccounted for when

retrieving the water only free surface. These two models presented realistic particle

behaviour (radial mass distribution) for small particles (which closely follow water

flow), while larger particles were highly affected by the description of the contact

with the trough surface and gravity.

The extent by which a particle will follow the flow of a moving fluid is represented by

the Stokes number. A Stokes number greater than one means there is slip between

particles and fluid and that it will have a different trajectory. For the spiral slurry

flow, the particle’s Stokes number (Eq. A.1) ranged from around zero to 10 for

hematite particles of 10 to 1500 µm in diameter (dp) respectively. This is for a flow

velocity (u0) of 2 m/s using the trough outer radius (166 mm) as the characteristic

length (l0). The particle density (ρp) is 5260 kg/m3 for hematite and water viscosity

(µl) is 0.001 Pa s. Considering these Stokes number values, the particles trajectories

are then expected to be different of the flow field, at least for the larger particles.

Therefore, the particles’ trajectories should be described in a realistic model.

St =
ρpd

2
pu0

18µll0
(A.1)

A.3.2 High particle content

Typically, for spirals processing iron ore, the feed slurry is approximately 35 % solids

by mass (13 % solids by volume). However, during operation, most of the water from

the mixture will report outwards creating a dilute slurry with as low as 10 % solids by

mass (3 % solids by volume) at the outer section of the trough. Conversely, a dense

slurry containing up to 70 % solids by mass (39 % solids by volume) will be found close

to the central post [156]. The spiral case should then be considered as a dense particle-

fluid flow where particle motion is controlled by particle-particle and particle-trough

collisions in addition to the drag force created by the water. Furthermore, considering

A6



A.3. CFD model of the spiral PRELIMINARY NUMERICAL SIMULATION

this high solids volume content, it is thought that the water motion close to the central

post will be affected by the particles’ motion. It is of interest to model the free surface

and the liquid spread across the trough in conjunction with the particles’ motion. In

this paper, the set-up will include two fluid phases (water and air) and two particle

phases (hematite and quartz).

Two approaches to include particles in a CFD model are commonly used: the La-

grangian; and the Eulerian approaches [245, 246]. The Lagrangian approach treats

the solids as they are, many discrete particles moving inside the flow. The coupling

between the liquid and solid particles is completed by the addition of source terms

(representing fluid drag, particle-geometry contact forces, etc.) in the equations of

each cell where particles are present [9]. This approach retrieves each particle’s speed

and trajectory using Newton’s equation of motion [247]. This information is of prime

importance in the case of a spiral separator, as the goal is to produce different tra-

jectories for the gangue and valuable particles, such that they can be separated. This

approach can be computationally intensive considering the amount of particles and

information for each one. This is a drawback when looking at flow fields with a high

particle content, local solids concentration or mean particle velocities.

The Eulerian approach can easily provide local solids concentration and mean particle

velocities as it simulates the many particles as a continuum interpenetrating the other

phases in the model [246]. The simulation is then one of many fluids (phases) of

which one or more represents the particles, with each phase having its own governing

equations and rheological properties. The coupling between the phases takes place

as source terms in the governing equations of the interacting phases. The extent

of this coupling is dependent on the amount of particles [248]. For high particle

concentrations, as found in the spiral, a multi-way coupling is required; this means

that particle phases and liquid phase will both have source terms in their momentum

equations [9]. The Eulerian approach can provide this multi-way coupling and it is

generally better suited for high solid concentrations. However, some of the granular

phase rheological properties are difficult to obtain as they are difficult to measure

experimentally.
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A.3.3 Mixed approach

To resolve the dense particle fluid flow of the spiral, the use of a multi-fluid (Eulerian)

model coupled with a dense discrete phase model (DDPM) was investigated. In this

arrangement, each of the fluid phases (water, air) and particulate phases (hematite,

quartz) are described as Eulerian phases. This treatment enables a greater parti-

cle volume content while the effect of the non negligible volume fraction of solids

is accounted for [245]. Additional to the Eulerian phase description, a Lagrangian

tracking is performed on the solid particles and enable the addition of source terms in

the equations of each phases [249]. The value of those sources terms are determined

by the DDPM model which uses the discrete element method (DEM) to balance the

forces and contact acting on the particles. Those forces and their balanced reaction

from the fluid are thus included in the multiphase Eulerian momentum equations

solution.

A.3.4 Governing equations and coupling

All phases (water, air, hematite, and quartz) have independent mass and momentum

conservation equations (Eq. A.2 and A.3). There is no mass transfer between phases

as the ore is inert and the ambient temperature is constant. The model solves the

mass and momentum conservation equations only for the continuous phases (water

and air). The particle velocity field and amount of particles in the cell for each discrete

phases (hematite and quartz) is taken from the Lagrangian tracking solution.

∂

∂t
(εiρi) +∇ · (εiρiui) = 0 (A.2)

∂

∂t
(εiρiui)+∇(εiρiuiui) = −εi∇pi+∇τi+εiρig+

n∑
j=1

(
Kji(uj−ui)

)
+SDDPM (A.3)
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In Eq. A.3, εi represents the volume fraction, ρi is the density and ui is the velocity

vector all of phase i. τi is the stress-strain tensor described by Eq. A.4 for a fluid

phase. The pressure is pi and g is the gravitational acceleration. Kij is the interphase

momentum exchange coefficient as defined by Eq. A.5 for fluid-fluid exchange (phase

i and j) and Eq. A.6 for fluid-solid exchange (phase f and s). SDDPM is the source

term associated with the forces retrieved by the dense discrete phase model.

τf = εfµf
(
∇uf +∇uTf

)
− εf

2

3
µf∇ufI (A.4)

Kji =
εjεiρjfi
Ti

(A.5)

Ksf =
εsρsff
Ts

(A.6)

In Eq. A.5 and A.6, T is the fluid or solid particle relaxation time and fi are described

by Schiller et al. [250] and Syamlal et al. [251] respectively.

The Lagrangian tracking uses Newton’s second law of motion as the particle force

summation (Eq. A.7) to determine each particle displacement in the domain over the

particle motion time step.

mp
dup
dt

= Fg + FD + FVM + FC + FP (A.7)

In Eq. A.7, mp is the discrete particle’s mass and up is its velocity. Fg is the gravity

related force, FD is the drag force, FVM is a virtual mass force, FC is the forces

related to the particle contact with other particles and the geometry and FP is the

force related to the pressure.

The gravity related force Fg is given by Eq. A.8 which includes the effect of buoyancy.
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Fg =
πd3p
6

(ρf − ρp)g (A.8)

The drag force FD is calculated using Eq. A.9, which represents the drag for a non-

spherical particle with a drag coefficient CD given by Eq. A.10. In this equation, the

coefficients b1−4 are a function of the shape factor (chosen to be 0.5) representing the

ratio of the surfaces of a sphere to a particle of non-spherical shape with the same

mass [252].

FD =
3µfCDRe

4ρpd2p
(uf − up) (A.9)

CD =
24

Resph

(
1 + b1Re

b2
sph

)
+

b3Resph
b4 +Resph

(A.10)

The virtual mass force FVM represents the effect of the inertia from a fluid phase

when the particle is moving and is provided by Eq. A.11.

FVM =
1

2

ρf
ρs

d

dt
(uf − up) (A.11)

FC is the force resultant of particle-particle and particle-geometry contact (Eq. A.12).

This force is based on particle deformation as by the soft sphere overlap approach of

the discrete element method (DEM) [253]. The spring-dashpot force (Eq. A.13) and

the friction force (Eq. A.14) are the two contact forces accounted for. In Eq. A.13, k

is the spring constant, δ is the particles overlap, v12 is the velocity difference between

colliding particle 1 and 2 and e12 is a unit vector in the direction between colliding

particle 1 and 2. In Eq. A.14, µF is the friction coefficient and FN is the normal force

based on FSD.

FC = FSD + FF (A.12)
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FSD =
(
kδ + γ(v12e12)

)
e12 (A.13)

FF = µFFN (A.14)

FP is given by Eq. A.15.

FP = − 1

ρp
(pf − pp) (A.15)

A.3.5 Turbulence model

The flow regime is mostly laminar close to the centre post (Reynolds number for open

channel flow: Re<400) and transforms into a turbulent regime as velocity increases

toward the edge of the trough (Re ≈30000). In the model here, the RNG k − ε

turbulence description is used based on the work conducted by Doheim et al. [198].

A.4 Simulation set-up

This section describe the simulation set-up used. The simulation is carried on with

ANSYS FLUENT V14.0 (2014).

A.4.1 Geometry and meshing

The simulation domain used represents the first 1.125 turn of a Walkabout Wallaby

Trough spiral manufactured by Mineral Technologies. The volume domain is repre-

sented by a layer of thickness of 15 mm over the trough surface, this geometry was

created using SolidWorks (2015). A cut view of the mesh used is shown in Figure

A.2. It is composed mostly of elongated quadrilateral prisms with a maximum end
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face edge of 1.5 mm and Table A.1 presents the key values of this mesh created with

ANSYS Meshing.

Figure A.2 – Cut view of the mesh used for the simulation.

Table A.1 – Mesh properties

Elements type Hexahedral
Number of elements 286 470

Element minimum volume (mm3) 1.1
Element maximum volume (mm3) 13.2
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The average mesh element size is smaller (≈30 %) than other models found in litera-

ture [9, 195, 198]. In the present case, a mesh with larger elements created problems

with the free surface.

A.4.2 Conditions and materials properties

Table A.2, Table A.3 and Table A.4 details the properties of the materials used. Some

are based on initial assumptions.

Table A.2 – Properties of the solid materials used.

Parameter Quartz Hematite Rubber
Density kg/m3 2650 5260 860

Coefficient of restitution 0.5 0.5 0.5

Table A.3 – Properties of the fluid materials used.

Parameter Water Air
Density kg/m3 998.2 1.225

Viscosity kg/m s 0.001003 0.00001789

Table A.4 – DEM contact model parameters for the solid materials.

Parameter Quartz Hematite Rubber
Spring constant k 0.0001 0.0001 0.0001

Damping coefficient γ 0.8 0.8 0.8
Friction coefficient µstick 0.5 0.5 0.5

A feed surface was defined for the addition of water and particles. This surface had

a velocity inlet boundary condition. The water volume fraction at this boundary

was set to unity, with a velocity of 0.6 m/s (derived from a one ton per hour feed

rate). The turbulence specification of this inlet was defined by a hydraulic diameter

(0.075 m) and a turbulence intensity (5 %). The trough surface acts as a wall boundary

condition with a roughness constant of 0.5. The material of this surface was defined

A13



A.4. Simulation set-up PRELIMINARY NUMERICAL SIMULATION

as rubber for the purpose of the DEM collision calculations. The top of the domain

was also defined to be a wall, and considering the thickness 15 mm of the domain, no

contact with water was expected by this surface as an air layer was to be superposed

on the water-particles mixture. Surface tension coefficient between air and water is

0.0728 N/m. The outlet of the spiral was an atmospheric pressure outlet boundary

condition. Backflow of air was allowed, and the turbulence defined with a hydraulic

diameter (0.075 m) and a turbulence intensity (5 %).

The coefficient used in the RNG k − ε turbulence model are given in Table A.5.

Table A.5 – Turbulence model coefficients.

Cµ 0.0845
C1ε 1.42
C2ε 1.68

Prandtl Number 0.75

Spherical particles of hematite and quartz were added at the same surface as the

water inlet boundary condition, with the domain initially filled with air. The time

step for computing the fluid phase was 0.005 s and the particles’ motion computed

with a time step of 0.001 s. Table A.6 presents the under-relaxation factor used for

the simulation.

Table A.6 – Under-relaxation factors

Factor Value
Pressure 0.3
Density 1.0

Momentum 0.2
Volume fraction 0.2

Turbulent kinetic energy 0.4
Turbulent dissipation rate 0.4

Turbulent viscosity 1.0
Discrete phase source 1.0

The pressure velocity coupling scheme used is phase coupled SIMPLE. The spatial
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discretisation was performed by the QUICK method for the momentum, volume frac-

tion, turbulent kinetic energy and dissipation rate. Residual values used to trigger

convergence were all set at 0.0001. Additionally, the amount of fluid and solid present

on the domain and the outlet velocity was monitored to ensure a steady state was

attained.

A.5 Results and discussion

A.5.1 Simulated water pattern

The general slurry shape is presented in Figure A.3, where the colour indicates water

velocity. The maximum velocity (1.81 m/s) is found at the end of the first turn close

to the upper layer of the outer side of the slurry film. This maximum velocity is

similar to values reported by Holtham et al. [157].
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Figure A.3 – General shape of the water on the trough.

Figure A.4 and A.5 present the radial velocity contour magnitude for a cut view of

the 0.5 and 0.75 turn points respectively. In both cases, the top layer of the slurry

film is seen to be moving outwards as expected by literature [161]. More importantly,

the velocity values are in the same range as those reported [157]. In the case of the

0.75 turn, the inward motion is much lower than in the case of the 0.5 turn. This

is important to note as the free surface profile is also showing more slurry close to

the vertical edge of the trough. The slurry is not in a complete circular motion, as it

is found in the first turn of a real spiral. This behaviour seems to have an effect on

the secondary circulation pattern. The free surface shown here is situated at a 0.05

volume fraction of water. The water air surface tension coefficient and the mesh size
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affects the accuracy of this free surface, and further testing is required to validate the

surface profile obtained.

x 

y 

Figure A.4 – Secondary flow (here as x axis velocity) at 0.5 turn (particle content
reduced by a factor of 10 for clarity, red dot is hematite, blue dot is quartz).
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z 

y 

Figure A.5 – Secondary flow (here as z axis velocity) at 0.75 turn (particle content
reduced by a factor of 10 for clarity, red dot is hematite, blue dot is quartz).

A.5.2 Simulated particles pattern

Once a steady trough loading state was reached (approximately one second of simula-

tion), the amount of 500 µm particles was approximately 466 000, representing a solid

mass of 0.121 kg. Considering the water loading of 1.322 kg, the solids content by

mass was 8.4 %. The particles composition was of 50 % quartz and 50 % hematite by

volume (similar amount of particle). Figure A.6 and Figure A.7, respectively, present

the particles radial position and radial velocity. The data is compiled over height

horizontal slice each representing 1/8 of a turn, with ”Slice 1” being the top part of

the computational domain (i.e. the slice where particles and water addition takes

place).

Based on Figure 6, which shows the mean radial position for each slice, there is no

clear separation of the hematite from the quartz particles. This is surprising even

if the simulation represents the first turn of the spiral. The radial particle velocity
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shown in Figure 7 is in accordance with this as there is no clear difference between the

hematite and quartz radial separation. This behaviour shows that the particles do

not separate in different layers of the slurry film to being carried inwards or outwards.

The high value of the drag caused by the shape factor of the particle is thought to

be in cause here.
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Figure A.6 – Simulated particle mean radial position.

-0.100 

-0.075 

-0.050 

-0.025 

0.000 

0.025 

0.050 

0.075 

0.100 

Slice 1 Slice 2 Slice 3 Slice 4 Slice 5 Slice 6 Slice 7 Slice 8 

M
ea

n 
ra

di
al

 v
el

oc
ity

 (m
/s

) Hematite Quartz 

Figure A.7 – Simulated particle mean radial velocity.
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A.6 Conclusions

A preliminary Eulerian dense discrete phase model of particle-fluid flow in the spiral

separator has been presented. This model includes a larger mass solids concentration

(8.4 %) than previous models. This is made possible by the accounting of each phases

volume fraction in the Eulerian description while the particles trajectories are com-

puted by a Lagrangian method. The solids comprised of 500 µm diameter particles

representing a quartz and hematite mixed ore. The fluid velocity magnitude is of

similar values than what is found within the literature on spiral concentrator. In the

case of particle separation, the variations in the radial position of the two different

density particles is not significant enough to conclude in separation. The particles

simply follow the flow of water which gives an indication that a better interphase ex-

change relationship (between particle and water) should be developed. Additionally,

the free surface definition will be improved, and once again the interphase exchange

relationship (between air and water) requires further work.
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Appendix B

Particle tracking analysis code

MATLAB code

1 %Copyright Darrye l Boucher , 2016

2

3 %INITIALIZATION

4 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

5 c l e a r a l l ; c l c ; c l o s e a l l ;

6

7 %Load l o c a t i o n data s e t ( f i l e provided by TRACK.EXE)

8 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

9 [T, X, Y, Z , Error , Nbevent ] = text read ( '

S 06 AM 002 N050 L050 f040 . a01' , '%f %f %f %f %f %f '

,2000000 , ' h e a d e r l i n e s ' , 16) ; %2 000 000 i s max number o f

row to be read .

10 %T: Time (ms) X: X a x i s coo rd inate (mm) Y: Y a x i s coo rd inate

(mm) Z : Z a x i s coo rd inate (mm)

11
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12

13 %DATA PREPARATION

14 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

15 Z=−Z ;

16 T=T/1000; %From (ms) to ( s ) .

17 id=f i n d (T) ;

18

19 %Rotate l o c a t i o n s to a l i g n x , y , z a x i s to geometry

20 thetaX =5.5/180* pi ( ) ; %Rotation ang le on X a x i s ( deg /180* pi ( )=

rad )

21 thetaY=0/180* pi ( ) ;

22 thetaZ =9.5/180* pi ( ) ;

23

24 RX = [ 1 , 0 , 0 ; 0 , cos ( thetaX ) , s i n ( thetaX ) ;0 ,− s i n ( thetaX ) , cos (

thetaX ) ] ; % Rotation matrix on X

25 RY = [ cos ( thetaY ) ,0 ,− s i n ( thetaY ) ; 0 , 1 , 0 ; s i n ( thetaY ) ,0 , cos (

thetaY ) ] ;

26 RZ = [ cos ( thetaZ ) , s i n ( thetaZ ) ,0;− s i n ( thetaZ ) , cos ( thetaZ )

, 0 ; 0 , 0 , 1 ] ;

27

28 Locat ions =[X Y Z ] ; %Creat ion o f a matrix to be ro ta ted

29 Locat ions=Locat ions *RX; %Applying the r o t a t i o n around X a x i s

30 Locat ions=Locat ions *RY;

31 Locat ions=Locat ions *RZ;

32

33 X=Locat ions ( : , 1 ) ; %Replac ing with the new rota ted

coo rd ina t e s

34 Y=Locat ions ( : , 2 ) ;

35 Z=Locat ions ( : , 3 ) ;

36
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37 %Center view on geometry

38 Xtrans l a t i on =12;% %Trans la t i on on X a x i s (mm)

39 Ytrans l a t i on =−40;

40 Z t r a n s l a t i o n =−5;

41 X=X+Xtrans l a t i on ;

42 Y=Y+Ytrans l a t i on ;

43 Z=Z+Z t r a n s l a t i o n ;

44

45 %PASSES SPLIT

46 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

47 maxlength =500000; %Max number o f l o c a t i o n in a pass

48 pcount =0; %i n i t i a l i s e pass count

49

50 pTadd=ze ro s ( maxlength , 1 ) ; pTadd ( : )=NaN; %Creat ing an array

f o r the f i r s t pas s e s with every array value to Not a

Number marker

51 pTaddreset=pTadd ; %Creat ing an array f o r the pass time

r e s e t e d to 0 at the beg in ing o f the pass

52 pXadd=pTadd ; %Array f o r the X value o f each l o c a t i o n o f the

pass

53 pYadd=pTadd ;

54 pZadd=pTadd ;

55 pidadd=pTadd ;

56

57 aTi=0;

58 Treset=T(1) ; %used to make pass time s t a r t i n g at 0 .

59 minlocpass =5000; %min number o f l o c a t i o n per pass

60

61 %Check a l l l o c a t i o n to see in which pass i t i s

62 f o r i =1: l ength (T)−1
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63 i f T( i +1)−T( i ) <0.0017 %checking time i n t e r v a l between

po int i and i+1 and d e t e c t i n g end o f pass i f time too

long

64 aTi=aTi+1; %Counting the l o c a t i o n rank in the pass

65 pTadd( aTi )=T( i ) ; %a t t r i b u t i n the T value to the pass

66 pTaddreset ( aTi )=T( i )−Treset ; %a t t r i b u t i n g the r e s e t e d

time value to the pass

67 pXadd( aTi )=X( i ) ; %a t t r i b u t i n the X value to the pass

68 pYadd( aTi )=Y( i ) ;

69 pZadd ( aTi )=Z( i ) ;

70 pidadd ( aTi )=id ( i ) ;

71

72 e l s e %time between l o c a t i o n i s too long , means end o f

pass

73 i f pcount==0 %i f i t i s the f i r s t pass

74 i f aTi>minlocpass %Check how many l o c a t i o n in the

pass

75 pcount=pcount +1; %a new pass has been

completed

76 pT=pTadd ; %a t t r i b u t i n g the pass to the T

matrix o f pass

77 pTreset=pTaddreset ;

78 pX=pXadd ;

79 pY=pYadd ;

80 pZ=pZadd ;

81 pid=pidadd ;

82 e l s e % do not keep the pass i f not enough

l o c a t i o n

83 end

84 pTadd ( : )=NaN; %Reset ing the pass array
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85 pTaddreset=pTadd ;

86 pXadd=pTadd ;

87 pYadd=pTadd ;

88 pZadd=pTadd ;

89 pidadd=pTadd ;

90

91 aTi=0; %r e s e t i n g the l o c a t i o n rank in the pass

92 Treset=T( i +1) ; %g e t t i n g the time o f the f i r s t

l o c a t i o n o f the next pass as the r e s e t time

93

94 e l s e %i f not f i r s t pass

95 i f aTi>minlocpass %Check how many l o c a t i o n in the

pass

96 pcount=pcount +1; %a new pass has been

completed

97

98 pT=[pT pTadd ] ; %addng the pass to the T

matrix o f pas s e s

99 pTreset =[ pTreset pTaddreset ] ;

100 pX=[pX pXadd ] ;

101 pY=[pY pYadd ] ;

102 pZ=[pZ pZadd ] ;

103 pid =[ pid pidadd ] ;

104 e l s e % do not keep the one with not enough

l o c a t i o n

105 end

106

107 pTadd ( : )=NaN; %Reset ing the pass array

108 pTaddreset=pTadd ;

109 pXadd=pTadd ;
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110 pYadd=pTadd ;

111 pZadd=pTadd ;

112 pidadd=pTadd ;

113

114 aTi=0; %r e s e t i n g the l o c a t i o n rank in the pass

115 Treset=T( i +1) ; %g e t t i n g the time o f the f i r s t

l o c a t i o n o f the next pass as the r e s e t time

116 end

117 end

118 end

119

120 % Write the l a s t pass i f i t has enough l o c a t i o n s

121 i f aTi>minlocpass %Check how many l o c a t i o n in the pass

122 pcount=pcount +1; %a new pass has been completed

123

124 pT=[pT pTadd ] ; %addng the pass to the T matrix o f pas s e s

125 pTreset =[ pTreset pTaddreset ] ;

126 pX=[pX pXadd ] ;

127 pY=[pY pYadd ] ;

128 pZ=[pZ pZadd ] ;

129 pid =[ pid pidadd ] ;

130 e l s e % do not keep the one with not enough l o c a t i o n

131 end

132

133 %Reconstruct the datase t with only the good pass

134 [m, n]= s i z e (pT) ;

135

136 T2 = [ ] ; %T2 i s used to s t o r e the data o f kept pas s e s

137 X2 = [ ] ;

138 Y2 = [ ] ;
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139 Z2 = [ ] ;

140 id2 = [ ] ;

141

142 f o r i =1:n ;

143 T2=cat (1 ,T2 ,pT ( : , i ) ) ; %concatenate a l l the pas s e s T value

in to 1 array

144 X2=cat (1 ,X2 ,pX( : , i ) ) ;

145 Y2=cat (1 ,Y2 ,pY( : , i ) ) ;

146 Z2=cat (1 , Z2 , pZ ( : , i ) ) ;

147 id2=cat (1 , id2 , pid ( : , i ) ) ;

148 end

149

150 T2( i snan (T2) ) = [ ] ; %remove the NaN from the array

151 X2( i snan (X2) ) = [ ] ;

152 Y2( i snan (Y2) ) = [ ] ;

153 Z2( i snan (Z2 ) ) = [ ] ;

154 id2 ( i snan ( id2 ) ) = [ ] ;

155 %T2 , X2 , Y2 , and Z2 are now arrays conta in ing only good

pas s e s o r i g i n a l l o c a t i o n s ( i d e n t i f i e d by i n d i c e 2) .

156

157 %FIT AND INTERPOLATION PASS BY PASS AND VELOCITIES

CALCULATIONS

158 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

159 f o r f =1:n %f o r a l l the pass in pT, t h i s has the e f f e c t o f

us ing only the good pas s e s

160 I n t e r =1; %I n t e r v a l l ength f o r f i t t i n g ( s )

161 Overlap =0.05; %I n t e r v a l over lap at both end o f i n t e r v a l

162 TStart=min (pT ( : , f ) ) ; %Begining time o f a pass

163 TEnd=max(pT ( : , f ) ) ; %End time o f a pass

164 WantedRate=100; %l o c a t i o n ra t e wanted (Hz)
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165 I n t e r F i t =1/WantedRate ; %i n t e r v a l time f o r f i t t e d l o c a t i o n

( s )

166

167 T f i t =(TStart : I n t e r F i t :TEnd) ' ; %Generat ing time data f o r

gene ra t ing f i t t e d l o c a t i o n s

168 T r e s e t f i t=Tf i t−min ( T f i t ) ;

169 n b l o c f i t=length ( T f i t ) ;

170 Xf i t=NaN( n b l o c f i t , 1 ) ;

171 Yf i t=NaN( n b l o c f i t , 1 ) ;

172 Z f i t=NaN( n b l o c f i t , 1 ) ;

173 XRes=NaN( length (pT ( : , f ) ) , 1 ) ;

174 YRes=NaN( length (pT ( : , f ) ) , 1 ) ;

175 ZRes=NaN( length (pT ( : , f ) ) , 1 ) ;

176 NRes=NaN( length (pT ( : , f ) ) , 1 ) ;

177

178 TinterS=TStart ; %s e t f i r s t time i n t e r v a l s t a r t time

179 TinterE=TinterS+I n t e r ; %s e t f i r s t time i n t e r v a l end time

180

181 whi l e TinterS<TEnd %Not at the end o f the data yet

182

183 %S e l e c t data in time i n t e r v a l

184 Tsel=T(T>TinterS & T<TinterE ) ;

185 Xsel=X(T>TinterS & T<TinterE ) ;

186 Ysel=Y(T>TinterS & T<TinterE ) ;

187 Zse l=Z(T>TinterS & T<TinterE ) ;

188 i d s e l=id (T>TinterS & T<TinterE ) ;

189

190 nb l o c in t=length ( Tse l ) ; %number o f l o c a t i o n in the

s e l e c t e d i n t e r v a l

191
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192 %Fit data in time i n t e r v a l

193 L=10; %Number o f polynomial p i e c e

194 K=4; %Order o f the s p l i n e 4=cubic sp l i n e , 2= l i n e a r

195

196 i f l ength ( Tse l )<=L

197 e l s e

198

199 sp1X=spap2 (L ,K, Tsel , Xsel ) ; %Least square s p l i n e

approximation

200 sp1Y=spap2 (L ,K, Tsel , Ysel ) ;

201 sp1Z=spap2 (L ,K, Tsel , Z s e l ) ;

202

203 %e x t r a p o l a t e data with new time and ra t e

204 i d T f i t=f i n d ( T f i t ) ; %get id from makeup time

205 i d f i t=i d T f i t ( Tf i t>=(TinterS+(Overlap* I n t e r ) ) &

Tf i t <(TinterE−(Overlap* I n t e r ) ) ) ; %s e l e c t ID in

the 0.25−0.75 o f the i n t e r v a l

206 Xf i t ( i d f i t )=f nv a l ( sp1X , T f i t ( i d f i t ) ) ; %Generating

the f i t t e d l o c a t i o n s

207 Yf i t ( i d f i t )=f nv a l ( sp1Y , T f i t ( i d f i t ) ) ;

208 Z f i t ( i d f i t )=fn v a l ( sp1Z , T f i t ( i d f i t ) ) ;

209

210 XRes( i d s e l )=fn v a l ( sp1X ,T( i d s e l ) )−X( i d s e l ) ; %

Calcu l and s t o r e r e s i d u a l f o r each i n i t i a l

l o c a t i o n po int

211 YRes( i d s e l )=fn v a l ( sp1Y ,T( i d s e l ) )−Y( i d s e l ) ;

212 ZRes ( i d s e l )=fn v a l ( sp1Z ,T( i d s e l ) )−Z( i d s e l ) ;

213
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214 % f o r i =1: l ength ( i d s e l ) %Find s h o r t e s t

d i s t ance between i n i t i a l l o c a t i o n and f i t

p o s i t i o n

215 % A=Xf i t ( Tf i t>TinterS & Tf i t<TinterE )−X( i d s e l

( i ) ) ;

216 % B=Yf i t ( Tf i t>TinterS & Tf i t<TinterE )−Y( i d s e l

( i ) ) ;

217 % C=Z f i t ( Tf i t>TinterS & Tf i t<TinterE )−Z( i d s e l

( i ) ) ;

218 % di s tVect=s q r t ( (A) .ˆ2+(B) .ˆ2+(C) . ˆ 2 ) ;

219 % NRes( i d s e l ( i ) )=min ( d i s tVect ) ; %Store the

s h o r t e s t d i s t anc e f o r each i n i t i a l l o c a t i o n

220 % end

221

222 c l c ;

223 percent=max( Tse l ) /max(T) *100

224

225 end

226 %Go to next time i n t e r v a l

227 TinterS=TinterE−2*Overlap* I n t e r ; %Overlap i n t e r v a l

228 TinterE=TinterS+I n t e r ;

229 end

230

231 i d s t a r t=f i n d ( T f i t ( Tf i t<=(TStart+Overlap* I n t e r ) ) ) ;

232 Xf i t ( i d s t a r t )=Xf i t (max( i d s t a r t ) +1) ;

233 Yf i t ( i d s t a r t )=Yf i t (max( i d s t a r t ) +1) ;

234 Z f i t ( i d s t a r t )=Z f i t (max( i d s t a r t )+1) ;

235

236 Rf i t =( Xf i t .ˆ2+ Z f i t . ˆ 2 ) . ˆ ( 1 / 2 ) ; %Radius around y a x i s

237
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238 Af i t=T f i t ; %Angle from f i r s t p o s i t i o n on xz plan

239 vect1 =[0 0 1 ] ;

240 vect2 =[ X f i t (1 ) 0 Z f i t (1 ) ] ;

241 Af i tp rev=atan2 (norm( c r o s s ( vect1 , vect2 ) ) , dot ( vect1 , vect2 ) )

;

242 Af i t (1 )=Af i tp rev ;

243

244 f o r i =2: l ength ( T f i t )

245 vect1 =[ X f i t ( i −1) 0 Z f i t ( i −1) ] ;

246 vect2 =[ X f i t ( i ) 0 Z f i t ( i ) ] ;

247 Af i t ( i )=Af i tprev+atan2 (norm( c r o s s ( vect1 , vect2 ) ) , dot (

vect1 , vect2 ) ) ;

248 Af i tp rev=Af i t ( i ) ;

249 end

250

251

252 vRf i t=T f i t ; %Radial v e l o c i t y

253 endi =0;

254 s t a r t i =0;

255 f o r i =1: l ength ( T f i t )

256 j=i ;

257 i f i<6 %i f you are at the beg in ing o f the pass , use

the l a t e r po in t s

258 s t a r t i =1;

259 i=i +6;

260 end

261 i f i>=(length ( T f i t )−6) %i f you are at the end o f the

pass , use the prev ious poo int s

262 endi =1; i=i −6;

263 end

B11



PARTICLE TRACKING ANALYSIS CODE

264 vRf i t ( j )=...

265 0 . 1 0* ( ( R f i t ( i +5)−Rf i t ( i −0) ) /( T f i t ( i +5)−T f i t ( i −0) )

)+...

266 0 . 1 5* ( ( R f i t ( i +4)−Rf i t ( i −1) ) /( T f i t ( i +4)−T f i t ( i −1) )

)+...

267 0 . 2 5* ( ( R f i t ( i +3)−Rf i t ( i −2) ) /( T f i t ( i +3)−T f i t ( i −2) )

)+...

268 0 . 2 5* ( ( R f i t ( i +2)−Rf i t ( i −3) ) /( T f i t ( i +2)−T f i t ( i −3) )

)+...

269 0 . 1 5* ( ( R f i t ( i +1)−Rf i t ( i −4) ) /( T f i t ( i +1)−T f i t ( i −4) )

)+...

270 0 . 1 0* ( ( R f i t ( i +0)−Rf i t ( i −5) ) /( T f i t ( i +0)−T f i t ( i −5) )

) ;

271 i f s t a r t i==1 %r e s e t i to i t s o r i g i n a l va lue

272 i=i −6;

273 end

274 i f endi==1 %r e s e t i to i t s o r i g i n a l va lue

275 i=i +6;

276 end

277 s t a r t i =0;

278 endi =0;

279 end

280 vRf i t=vRf i t /1000 ; %from mm/ s to m/ s

281

282 aRf i t=T f i t ; %Radial a c c e l e r a t i o n

283 endi =0;

284 s t a r t i =0;

285 f o r i =1: l ength ( T f i t )

286 j=i ;
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287 i f i<6 %i f you are at the beg in ing o f the pass , use

the l a t e r po in t s

288 s t a r t i =1; i=i +6;

289 end

290 i f i>=(length ( T f i t )−6) %i f you are at the end o f the

pass , use the prev ious poo int s

291 endi =1; i=i −6;

292 end

293 aRf i t ( j )=...

294 0 . 1 0* ( ( vRf i t ( i +5)−vRf i t ( i −0) ) /( T f i t ( i +5)−T f i t ( i

−0) ) )+...

295 0 . 1 5* ( ( vRf i t ( i +4)−vRf i t ( i −1) ) /( T f i t ( i +4)−T f i t ( i

−1) ) )+...

296 0 . 2 5* ( ( vRf i t ( i +3)−vRf i t ( i −2) ) /( T f i t ( i +3)−T f i t ( i

−2) ) )+...

297 0 . 2 5* ( ( vRf i t ( i +2)−vRf i t ( i −3) ) /( T f i t ( i +2)−T f i t ( i

−3) ) )+...

298 0 . 1 5* ( ( vRf i t ( i +1)−vRf i t ( i −4) ) /( T f i t ( i +1)−T f i t ( i

−4) ) )+...

299 0 . 1 0* ( ( vRf i t ( i +0)−vRf i t ( i −5) ) /( T f i t ( i +0)−T f i t ( i

−5) ) ) ;

300 i f s t a r t i==1 %r e s e t i to i t s o r i g i n a l va lue

301 i=i −6;

302 end

303 i f endi==1 %r e s e t i to i t s o r i g i n a l va lue

304 i=i +6;

305 end

306 s t a r t i =0; endi =0;

307 end

308 aRf i t=aRf i t ; %from m/ s to m/ s
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309

310

311 vAf i t=T f i t ; %Angular v e l o c i t y

312 endi =0;

313 s t a r t i =0;

314 f o r i =1: l ength ( T f i t )

315 j=i ;

316 i f i<6 %i f you are at the beg in ing o f the pass , use

the l a t e r po in t s

317 s t a r t i =1; i=i +6;

318 end

319 i f i>=(length ( T f i t )−6) %i f you are at the end o f the

pass , use the prev ious poo int s

320 endi =1; i=i −6;

321 end

322 vAf i t ( j )=...

323 0 . 5* ( ( A f i t ( i +1)−Af i t ( i −0) ) /( T f i t ( i +1)−T f i t ( i −0) ) )

+...

324 0 . 5* ( ( A f i t ( i +0)−Af i t ( i −1) ) /( T f i t ( i +0)−T f i t ( i −1) ) )

;

325 % 0 . 1 0* ( ( A f i t ( i +5)−Af i t ( i −0) ) /( T f i t ( i +5)−T f i t

( i −0) ) ) + . . .

326 % 0 . 1 5* ( ( A f i t ( i +4)−Af i t ( i −1) ) /( T f i t ( i +4)−T f i t

( i −1) ) ) + . . .

327 % 0 . 2 5* ( ( A f i t ( i +3)−Af i t ( i −2) ) /( T f i t ( i +3)−T f i t

( i −2) ) ) + . . .

328 % 0 . 2 5* ( ( A f i t ( i +2)−Af i t ( i −3) ) /( T f i t ( i +2)−T f i t

( i −3) ) ) + . . .

329 % 0 . 1 5* ( ( A f i t ( i +1)−Af i t ( i −4) ) /( T f i t ( i +1)−T f i t

( i −4) ) ) + . . .
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330 % 0 . 1 0* ( ( A f i t ( i +0)−Af i t ( i −5) ) /( T f i t ( i +0)−T f i t

( i −5) ) ) ;

331 i f s t a r t i==1 %r e s e t i to i t s o r i g i n a l va lue

332 i=i −6;

333 end

334 i f endi==1 %r e s e t i to i t s o r i g i n a l va lue

335 i=i +6;

336 end

337 s t a r t i =0; endi =0;

338 end

339

340 aAf i t=T f i t ; %Angular a c c e l e r a t i o n

341 endi =0;

342 s t a r t i =0;

343 f o r i =1: l ength ( T f i t )

344 j=i ;

345 i f i<6 %i f you are at the beg in ing o f the pass , use

the l a t e r po in t s

346 s t a r t i =1; i=i +6;

347 end

348 i f i>=(length ( T f i t )−6) %i f you are at the end o f the

pass , use the prev ious poo int s

349 endi =1; i=i −6;

350 end

351 aAf i t ( j )=...

352 0 . 5* ( ( vAf i t ( i +1)−vAf i t ( i −0) ) /( T f i t ( i +1)−T f i t ( i −0)

) )+...

353 0 . 5* ( ( vAf i t ( i +0)−vAf i t ( i −1) ) /( T f i t ( i +0)−T f i t ( i −1)

) ) ;
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354 % 0 . 1 0* ( ( vAf i t ( i +5)−vAf i t ( i −0) ) /( T f i t ( i +5)−
T f i t ( i −0) ) ) + . . .

355 % 0 . 1 5* ( ( vAf i t ( i +4)−vAf i t ( i −1) ) /( T f i t ( i +4)−
T f i t ( i −1) ) ) + . . .

356 % 0 . 2 5* ( ( vAf i t ( i +3)−vAf i t ( i −2) ) /( T f i t ( i +3)−
T f i t ( i −2) ) ) + . . .

357 % 0 . 2 5* ( ( vAf i t ( i +2)−vAf i t ( i −3) ) /( T f i t ( i +2)−
T f i t ( i −3) ) ) + . . .

358 % 0 . 1 5* ( ( vAf i t ( i +1)−vAf i t ( i −4) ) /( T f i t ( i +1)−
T f i t ( i −4) ) ) + . . .

359 % 0 . 1 0* ( ( vAf i t ( i +0)−vAf i t ( i −5) ) /( T f i t ( i +0)−
T f i t ( i −5) ) ) ;

360 i f s t a r t i==1 %r e s e t i to i t s o r i g i n a l va lue

361 i=i −6;

362 end

363 i f endi==1 %r e s e t i to i t s o r i g i n a l va lue

364 i=i +6;

365 end

366 s t a r t i =0; endi =0;

367 end

368

369

370 vXf i t=T f i t ; %X v e l o c i t y

371 endi =0;

372 s t a r t i =0;

373 f o r i =1: l ength ( T f i t )

374 j=i ;

375 i f i<6 %i f you are at the beg in ing o f the pass , use

the l a t e r po in t s

376 s t a r t i =1; i=i +6;
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377 end

378 i f i>=(length ( T f i t )−6) %i f you are at the end o f the

pass , use the prev ious poo int s

379 endi =1; i=i −6;

380 end

381 vXf i t ( j )=...

382 0 . 1 0* ( ( X f i t ( i +5)−Xf i t ( i −0) ) /( T f i t ( i +5)−T f i t ( i −0) )

)+...

383 0 . 1 5* ( ( X f i t ( i +4)−Xf i t ( i −1) ) /( T f i t ( i +4)−T f i t ( i −1) )

)+...

384 0 . 2 5* ( ( X f i t ( i +3)−Xf i t ( i −2) ) /( T f i t ( i +3)−T f i t ( i −2) )

)+...

385 0 . 2 5* ( ( X f i t ( i +2)−Xf i t ( i −3) ) /( T f i t ( i +2)−T f i t ( i −3) )

)+...

386 0 . 1 5* ( ( X f i t ( i +1)−Xf i t ( i −4) ) /( T f i t ( i +1)−T f i t ( i −4) )

)+...

387 0 . 1 0* ( ( X f i t ( i +0)−Xf i t ( i −5) ) /( T f i t ( i +0)−T f i t ( i −5) )

) ;

388 i f s t a r t i==1 %r e s e t i to i t s o r i g i n a l va lue

389 i=i −6;

390 end

391 i f endi==1 %r e s e t i to i t s o r i g i n a l va lue

392 i=i +6;

393 end

394 s t a r t i =0; endi =0;

395 end

396 vXf i t=vXf i t /1000 ; %from mm/ s to m/ s

397

398 aXf i t=T f i t ; %X a c c e l e r a t i o n

399 endi =0;
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400 s t a r t i =0;

401 f o r i =1: l ength ( T f i t )

402 j=i ;

403 i f i<6 %i f you are at the beg in ing o f the pass , use

the l a t e r po in t s

404 s t a r t i =1; i=i +6;

405 end

406 i f i>=(length ( T f i t )−6) %i f you are at the end o f the

pass , use the prev ious poo int s

407 endi =1; i=i −6;

408 end

409 aXf i t ( j )=...

410 0 . 1 0* ( ( vXf i t ( i +5)−vXf i t ( i −0) ) /( T f i t ( i +5)−T f i t ( i

−0) ) )+...

411 0 . 1 5* ( ( vXf i t ( i +4)−vXf i t ( i −1) ) /( T f i t ( i +4)−T f i t ( i

−1) ) )+...

412 0 . 2 5* ( ( vXf i t ( i +3)−vXf i t ( i −2) ) /( T f i t ( i +3)−T f i t ( i

−2) ) )+...

413 0 . 2 5* ( ( vXf i t ( i +2)−vXf i t ( i −3) ) /( T f i t ( i +2)−T f i t ( i

−3) ) )+...

414 0 . 1 5* ( ( vXf i t ( i +1)−vXf i t ( i −4) ) /( T f i t ( i +1)−T f i t ( i

−4) ) )+...

415 0 . 1 0* ( ( vXf i t ( i +0)−vXf i t ( i −5) ) /( T f i t ( i +0)−T f i t ( i

−5) ) ) ;

416 i f s t a r t i==1 %r e s e t i to i t s o r i g i n a l va lue

417 i=i −6;

418 end

419 i f endi==1 %r e s e t i to i t s o r i g i n a l va lue

420 i=i +6;

421 end
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422 s t a r t i =0; endi =0;

423 end

424 aXf i t=aXf i t ; %from m/ s to m/ s

425

426

427 vYf i t=T f i t ; %Y v e l o c i t y

428 endi =0;

429 s t a r t i =0;

430 f o r i =1: l ength ( T f i t )

431 j=i ;

432 i f i<6 %i f you are at the beg in ing o f the pass , use

the l a t e r po in t s

433 s t a r t i =1; i=i +6;

434 end

435 i f i>=(length ( T f i t )−6) %i f you are at the end o f the

pass , use the prev ious poo int s

436 endi =1; i=i −6;

437 end

438 vYf i t ( j )=...

439 0 . 1 0* ( ( Y f i t ( i +5)−Yf i t ( i −0) ) /( T f i t ( i +5)−T f i t ( i −0) )

)+...

440 0 . 1 5* ( ( Y f i t ( i +4)−Yf i t ( i −1) ) /( T f i t ( i +4)−T f i t ( i −1) )

)+...

441 0 . 2 5* ( ( Y f i t ( i +3)−Yf i t ( i −2) ) /( T f i t ( i +3)−T f i t ( i −2) )

)+...

442 0 . 2 5* ( ( Y f i t ( i +2)−Yf i t ( i −3) ) /( T f i t ( i +2)−T f i t ( i −3) )

)+...

443 0 . 1 5* ( ( Y f i t ( i +1)−Yf i t ( i −4) ) /( T f i t ( i +1)−T f i t ( i −4) )

)+...
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444 0 . 1 0* ( ( Y f i t ( i +0)−Yf i t ( i −5) ) /( T f i t ( i +0)−T f i t ( i −5) )

) ;

445 i f s t a r t i==1 %r e s e t i to i t s o r i g i n a l va lue

446 i=i −6;

447 end

448 i f endi==1 %r e s e t i to i t s o r i g i n a l va lue

449 i=i +6;

450 end

451 s t a r t i =0; endi =0;

452 end

453 vYf i t=vYf i t /1000 ; %from mm/ s to m/ s

454

455 aYf i t=T f i t ; %Y a c c e l e r a t i o n

456 endi =0;

457 s t a r t i =0;

458 f o r i =1: l ength ( T f i t )

459 j=i ;

460 i f i<6 %i f you are at the beg in ing o f the pass , use

the l a t e r po in t s

461 s t a r t i =1; i=i +6;

462 end

463 i f i>=(length ( T f i t )−6) %i f you are at the end o f the

pass , use the prev ious poo int s

464 endi =1; i=i −6;

465 end

466 aYf i t ( j )=...

467 0 . 1 0* ( ( vYf i t ( i +5)−vYf i t ( i −0) ) /( T f i t ( i +5)−T f i t ( i

−0) ) )+...

468 0 . 1 5* ( ( vYf i t ( i +4)−vYf i t ( i −1) ) /( T f i t ( i +4)−T f i t ( i

−1) ) )+...
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469 0 . 2 5* ( ( vYf i t ( i +3)−vYf i t ( i −2) ) /( T f i t ( i +3)−T f i t ( i

−2) ) )+...

470 0 . 2 5* ( ( vYf i t ( i +2)−vYf i t ( i −3) ) /( T f i t ( i +2)−T f i t ( i

−3) ) )+...

471 0 . 1 5* ( ( vYf i t ( i +1)−vYf i t ( i −4) ) /( T f i t ( i +1)−T f i t ( i

−4) ) )+...

472 0 . 1 0* ( ( vYf i t ( i +0)−vYf i t ( i −5) ) /( T f i t ( i +0)−T f i t ( i

−5) ) ) ;

473 i f s t a r t i==1 %r e s e t i to i t s o r i g i n a l va lue

474 i=i −6;

475 end

476 i f endi==1 %r e s e t i to i t s o r i g i n a l va lue

477 i=i +6;

478 end

479 s t a r t i =0; endi =0;

480 end

481 aYf i t=aYf i t ; %from m/ s to m/ s

482

483

484 v Z f i t=T f i t ; %Z v e l o c i t y

485 endi =0;

486 s t a r t i =0;

487 f o r i =1: l ength ( T f i t )

488 j=i ;

489 i f i<6 %i f you are at the beg in ing o f the pass , use

the l a t e r po in t s

490 s t a r t i =1; i=i +6;

491 end

492 i f i>=(length ( T f i t )−6) %i f you are at the end o f the

pass , use the prev ious poo int s
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493 endi =1; i=i −6;

494 end

495 v Z f i t ( j )=...

496 0 . 1 0* ( ( Z f i t ( i +5)−Z f i t ( i −0) ) /( T f i t ( i +5)−T f i t ( i −0) )

)+...

497 0 . 1 5* ( ( Z f i t ( i +4)−Z f i t ( i −1) ) /( T f i t ( i +4)−T f i t ( i −1) )

)+...

498 0 . 2 5* ( ( Z f i t ( i +3)−Z f i t ( i −2) ) /( T f i t ( i +3)−T f i t ( i −2) )

)+...

499 0 . 2 5* ( ( Z f i t ( i +2)−Z f i t ( i −3) ) /( T f i t ( i +2)−T f i t ( i −3) )

)+...

500 0 . 1 5* ( ( Z f i t ( i +1)−Z f i t ( i −4) ) /( T f i t ( i +1)−T f i t ( i −4) )

)+...

501 0 . 1 0* ( ( Z f i t ( i +0)−Z f i t ( i −5) ) /( T f i t ( i +0)−T f i t ( i −5) )

) ;

502 i f s t a r t i==1 %r e s e t i to i t s o r i g i n a l va lue

503 i=i −6;

504 end

505 i f endi==1 %r e s e t i to i t s o r i g i n a l va lue

506 i=i +6;

507 end

508 s t a r t i =0; endi =0;

509 end

510 v Z f i t=v Z f i t /1000 ; %from mm/ s to m/ s

511

512 a Z f i t=T f i t ; %Z a c c e l e r a t i o n

513 endi =0;

514 s t a r t i =0;

515 f o r i =1: l ength ( T f i t )

516 j=i ;
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517 i f i<6 %i f you are at the beg in ing o f the pass , use

the l a t e r po in t s

518 s t a r t i =1; i=i +6;

519 end

520 i f i>=(length ( T f i t )−6) %i f you are at the end o f the

pass , use the prev ious poo int s

521 endi =1; i=i −6;

522 end

523 a Z f i t ( j )=...

524 0 . 1 0* ( ( v Z f i t ( i +5)−v Z f i t ( i −0) ) /( T f i t ( i +5)−T f i t ( i

−0) ) )+...

525 0 . 1 5* ( ( v Z f i t ( i +4)−v Z f i t ( i −1) ) /( T f i t ( i +4)−T f i t ( i

−1) ) )+...

526 0 . 2 5* ( ( v Z f i t ( i +3)−v Z f i t ( i −2) ) /( T f i t ( i +3)−T f i t ( i

−2) ) )+...

527 0 . 2 5* ( ( v Z f i t ( i +2)−v Z f i t ( i −3) ) /( T f i t ( i +2)−T f i t ( i

−3) ) )+...

528 0 . 1 5* ( ( v Z f i t ( i +1)−v Z f i t ( i −4) ) /( T f i t ( i +1)−T f i t ( i

−4) ) )+...

529 0 . 1 0* ( ( v Z f i t ( i +0)−v Z f i t ( i −5) ) /( T f i t ( i +0)−T f i t ( i

−5) ) ) ;

530 i f s t a r t i==1 %r e s e t i to i t s o r i g i n a l va lue

531 i=i −6;

532 end

533 i f endi==1 %r e s e t i to i t s o r i g i n a l va lue

534 i=i +6;

535 end

536 s t a r t i =0; endi =0;

537 end

538 a Z f i t=a Z f i t ; %from m/ s to m/ s
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539

540 vMfit=(vXf i t .ˆ2+ vYf i t .ˆ2+ v Z f i t . ˆ 2 ) . ˆ ( 1 / 2 ) ; %3D v e l o c i t y

magnitude as the s q r t o f the sum of square o f each

a x i s speed

541 aMfit=( aXf i t .ˆ2+ aYf i t .ˆ2+ a Z f i t . ˆ 2 ) . ˆ ( 1 / 2 ) ; %3D

a c c e l e r a t i o n magnitude as the s q r t o f the sum of

square o f each a x i s a c c e l e r a t i o n

542

543 %Adding the f i t t e d pass to the c e l l array o f f i t t e d

pas s e s

544 pTf i t {1 , f}=T f i t ;

545 p T r e s e t f i t {1 , f}=T r e s e t f i t ;

546 pXf i t {1 , f}=Xf i t ;

547 pYf i t {1 , f}=Yf i t ;

548 p Z f i t {1 , f}=Z f i t ;

549 p i d f i t {1 , f}= i d f i t ;

550 pRf i t {1 , f}=Rf i t ;

551 pAf i t {1 , f}=Af i t ;

552 pvRf i t {1 , f}=vRf i t ;

553 pvAf it {1 , f}=vAf i t ;

554 pvXf it {1 , f}=vXf i t ;

555 pvYf it {1 , f}=vYf i t ;

556 pvZ f i t {1 , f}=v Z f i t ;

557 pvMfit {1 , f}=vMfit ;

558 paRf i t {1 , f}=aRf i t ;

559 paAf i t {1 , f}=aAf i t ;

560 paXf i t {1 , f}=aXf i t ;

561 paYf i t {1 , f}=aYf i t ;

562 paZ f i t {1 , f}=a Z f i t ;

563 paMfit {1 , f}=aMfit ;
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564 end

565

566 %Assemble the f i t t e d pas s e s in a s i n g l e array ( i n d i c e 3 i s

f o r i d e n t i f i c a t i o n as f i t t e d l o c a t i o n s ) .

567 T3=v e r t ca t ( pTf i t { :} ) ; %V e r t i c a l concatenat ion o f the c e l l

array

568 X3=v e r t c a t ( pXf i t { :} ) ;

569 Y3=v e r t c a t ( pYf i t { :} ) ;

570 Z3=v e r t c a t ( p Z f i t { :} ) ;

571 id3=v e r t c a t ( p i d f i t { :} ) ;

572 R3=ve r t c a t ( pRf i t { :} ) ;

573 A3=v e r t c a t ( pAf i t { :} ) ;

574 vR3=v e r t c a t ( pvRf i t { :} ) ;

575 vA3=v e r t c a t ( pvAf it { :} ) ;

576 vX3=v e r t c a t ( pvXf it { :} ) ;

577 vY3=v e r t c a t ( pvYf it { :} ) ;

578 vZ3=v e r t c a t ( pvZ f i t { :} ) ;

579 vM3=v e r t c a t ( pvMfit { :} ) ;

580 aR3=v e r t c a t ( paRf i t { :} ) ;

581 aA3=v e r t c a t ( paAf i t { :} ) ;

582 aX3=v e r t c a t ( paXf i t { :} ) ;

583 aY3=v e r t c a t ( paYf i t { :} ) ;

584 aZ3=ve r t c a t ( paZ f i t { :} ) ;

585 aM3=v e r t c a t ( paMfit { :} ) ;

586

587 %FORCES CALCULATIONS BASED ON PARTICLE SIZE , DENSITY AND

ACCELERATION

588 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

589

590 Dp=1180; %P a r t i c l e diameter (um)
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591 Rp=Dp/2/1000000;%P a r t i c l e rad iu s (m)

592 Vp=4/3*pi ( ) *Rpˆ3 ; %P a r t i c l e volume (mˆ3)

593 rhop =2650; %P a r t i c l e dens i ty ( kg/mˆ3)

594 Mp=Vp* rhop ; %P a r t i c l e mass ( kg )

595

596 FpR3=Mp*aR3 ; %Force in R a x i s ( combination o f x and z )

597 FpX3=Mp*aX3 ; %Force in x a x i s equal p a r t i c l e mass time

a c c e l e r a t i o n in x a x i s

598 FpY3=Mp*aY3 ;

599 FpZ3=Mp*aZ3 ;

600 FpM3=Mp*aM3; %Force Magnitude

601 Fpcheck=FpM3−(FpX3.ˆ2+FpY3.ˆ2+FpZ3 . ˆ 2 ) . ˆ ( 1 / 2 ) ; %Should be

zero or r e a l l y c l o s e to 0

602

603 %FIELD OF VIEW BOUNDARIES

604 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

605 Tmin=50; %Remove value with T value lower than ( s )

606 Tmax=10000; %Remove value with T value h igher than ( s )

607 tT3=(T3>=Tmin & T3<Tmax) ;

608 tT=(T>=Tmin & T<Tmax) ;

609

610 Xmin=−190; %Remove po in t s with X value lower than (mm)

611 Xmax=190; %Remove po in t s with X value h igher than (mm)

612 tX3=(X3>=Xmin & X3<Xmax) ;

613 tX=(X>=Xmin & X<Xmax) ;

614

615 Ymin=−100;

616 Ymax=0;

617 tY3=(Y3>=Ymin & Y3<Ymax) ;

618 tY=(Y>=Ymin & Y<Ymax) ;
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619

620 Zmin=−190;

621 Zmax=190;

622 tZ3=(Z3>=Zmin & Z3<Zmax) ;

623 tZ=(Z>=Zmin & Z<Zmax) ;

624

625 % Keep only f i t t e d po in t s i n s i d e the boundar ies

626 S e l e c t=ones ( s i z e (T3) ) ; %Creat ing a array with t rue (1 ) f o r

each e x i s t i n g l o c a t i o n s

627 S e l e c t=S e l e c t .* tT3 .* tX3 .* tY3 .* tZ3 ; %Applying the cond i t i on to

convert from true (1 ) to f a l s e (0 ) i f l o c a t i o n s to be

r e j e c t e d

628 S e l e c t=Se l e c t >0;

629

630 S e l e c t I n i=ones ( s i z e (T) ) ; %Creat ing a array with t rue (1 ) f o r

each e x i s t i n g l o c a t i o n s

631 S e l e c t I n i=S e l e c t I n i .* tT .* tX .* tY .* tZ ; %Applying the cond i t i on

to convert from true (1 ) to f a l s e (0 ) i f l o c a t i o n s to be

r e j e c t e d

632 S e l e c t I n i=S e l e c t I n i >0;

633

634 T3=T3( S e l e c t ) ; %T ( or T1) i s kept as u n f i l t e r e d data

635 id3=f i n d (T3) ;

636 X3=X3( S e l e c t ) ;

637 Y3=Y3( S e l e c t ) ;

638 Z3=Z3( S e l e c t ) ;

639 R3=R3( S e l e c t ) ;

640 A3=A3( S e l e c t ) ;

641 vR3=vR3( S e l e c t ) ;

642 vA3=vA3( S e l e c t ) ;
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643 vX3=vX3( S e l e c t ) ;

644 vY3=vY3( S e l e c t ) ;

645 vZ3=vZ3 ( S e l e c t ) ;

646 vM3=vM3( S e l e c t ) ;

647 aR3=aR3( S e l e c t ) ;

648 aA3=aA3( S e l e c t ) ;

649 aX3=aX3( S e l e c t ) ;

650 aY3=aY3( S e l e c t ) ;

651 aZ3=aZ3 ( S e l e c t ) ;

652 aM3=aM3( S e l e c t ) ;

653 FpR3=FpR3( S e l e c t ) ;

654 FpX3=FpX3( S e l e c t ) ;

655 FpY3=FpY3( S e l e c t ) ;

656 FpZ3=FpZ3( S e l e c t ) ;

657 FpM3=FpM3( S e l e c t ) ;

658

659 T=T( S e l e c t I n i ) ; %Keep only the i n i t i a l data cor re spond ing to

boundar ies ( f o r comparison )

660 X=X( S e l e c t I n i ) ;

661 Y=Y( S e l e c t I n i ) ;

662 Z=Z( S e l e c t I n i ) ;

663 XRes=XRes( S e l e c t I n i ) ;

664 YRes=YRes( S e l e c t I n i ) ;

665 ZRes=ZRes ( S e l e c t I n i ) ;

666

667

668

669 %DATA SET BASICS INFORMATION

670 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

671 nbLocin i=length (T) ;
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672 nbLocFit=length (T3) ;

673 sampleT=max(T3)−min (T3) ;

674 l o c r a t e=nbLocini /sampleT ; %Locat ion f requency c a l c u l a t i o n

675 l o c r a t e F i t=nbLocFit /sampleT ;

676

677 T1=[T; mean(T) ] ;

678 T2=[mean(T) ;T ] ;

679 Tdelta=T2−T1 ;

680 MeanTdelta=mean( Tdelta ) ;

681 StdTdelta=std ( Tdelta ) ;

682

683 T1 f i t =[T3 ; mean(T3) ] ;

684 T2 f i t =[mean(T3) ; T3 ] ;

685 T d e l t a f i t=T2f i t−T1f i t ;

686 MeanTdeltaFit=mean( T d e l t a f i t ) ;

687 StdTdeltaFit=std ( T d e l t a f i t ) ;

688

689 X1=[X; mean(X) ] ;

690 X2=[mean(X) ;X ] ;

691 Xdelta=X2−X1 ;

692 MeanXdelta=mean( Xdelta ) ;

693 StdXdelta=std ( Xdelta ) ;

694

695 X1f i t =[X3 ; mean(X3) ] ;

696 X2 f i t =[mean(X3) ; X3 ] ;

697 X d e l t a f i t=X2f it−X1f i t ;

698 MeanXdeltaFit=mean( X d e l t a f i t ) ;

699 StdXdeltaFit=std ( X d e l t a f i t ) ;

700

701 Y1=[Y; mean(Y) ] ;
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702 Y2=[mean(Y) ;Y ] ;

703 Ydelta=Y2−Y1 ;

704 MeanYdelta=mean( Ydelta ) ;

705 StdYdelta=std ( Ydelta ) ;

706

707 Y1f i t =[Y3 ; mean(Y3) ] ;

708 Y2 f i t =[mean(Y3) ; Y3 ] ;

709 Y d e l t a f i t=Y2f it−Y1f i t ;

710 MeanYdeltaFit=mean( Y d e l t a f i t ) ;

711 StdYdeltaFit=std ( Y d e l t a f i t ) ;

712

713 Z1=[Z ; mean(Z) ] ;

714 Z2=[mean(Z) ; Z ] ;

715 Zde l ta=Z2−Z1 ;

716 MeanZdelta=mean( Zde l ta ) ;

717 StdZdelta=std ( Zde l ta ) ;

718

719 Z 1 f i t =[Z3 ; mean(Z3) ] ;

720 Z 2 f i t =[mean(Z3) ; Z3 ] ;

721 Z d e l t a f i t=Z2 f i t−Z 1 f i t ;

722 MeanZdeltaFit=mean( Z d e l t a f i t ) ;

723 StdZde l taFi t=std ( Z d e l t a f i t ) ;

724

725 XYZdelta=(Xdelta .ˆ2.+ Ydelta .ˆ2.+ Zdel ta . ˆ 2 ) . ˆ ( 1 / 2 ) ;

726 MeanXYZdelta=mean( XYZdelta ) ; %Average d i s t anc e between

subsequent l o c a t i o n s

727 StdXYZdelta=std ( XYZdelta ) ;

728

729 XYZdeltaf i t=( X d e l t a f i t .ˆ2 .+ Y d e l t a f i t .ˆ2 .+ Z d e l t a f i t . ˆ 2 ) . ˆ ( 1 / 2 )

;
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730 MeanXYZdeltaFit=mean( XYZdelta f i t ) ; %Average d i s t ance between

subsequent l o c a t i o n s ( f i t )

731 StdXYZdeltaFit=std ( XYZdelta f i t ) ;

732

733 %Display i n f o

734 d i sp ( [ 'P a r t i c l e diameter (um) : ' , num2str (Dp) ] )

735 d i sp ( [ 'P a r t i c l e dens i ty ( kg/mˆ3) : ' , num2str ( rhop ) ] )

736 d i sp ( [ 'Number o f l o c a t i o n s : ' , num2str ( nbLocin i ) ] )

737 d i sp ( [ 'Number o f l o c a t i o n s ( f i t ) : ' , num2str ( nbLocFit ) ] )

738 d i sp ( [ 'Sample time ( s ) : ' , num2str ( sampleT ) ] )

739 d i sp ( [ 'Locat ion ra t e (Hz) : ' , num2str ( l o c r a t e ) ] )

740 d i sp ( [ 'Locat ion ra t e ( f i t ) (Hz) : ' , num2str ( l o c r a t e F i t ) ] )

741 d i sp ( [ 'Mean de l t a subsequent l o c a t i o n s (mm) : ' , num2str (

MeanXYZdelta ) ] )

742 d i sp ( [ 'Mean de l t a subsequent l o c a t i o n s ( f i t ) (mm) : ' , num2str (

MeanXYZdeltaFit ) ] )

743 d i sp ( [ 'Std dev d e l t a subsequent l o c a t i o n s (mm) : ' , num2str (

StdXYZdelta ) ] )

744 d i sp ( [ 'Std dev d e l t a subsequent l o c a t i o n s ( f i t ) (mm) : ' ,

num2str ( StdXYZdeltaFit ) ] )

745 d i sp ( [ 'Number o f pas s e s : ' , num2str ( pcount ) ] )

746

747

748 %DISPLAY LOCATIONS VALUES X, Y, Z , T

749 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

750 f i g u r e (01)

751

752 subplot ( 3 , 1 , 1 )

753 p lo t (T3−min (T3) ,X3 , ' ro' , 'LineWidth' , 2 , 'MarkerSize ' , 5 ) ;

754 hold on
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755 p lo t (T−min (T3) ,X, 'bo' , 'LineWidth' , 1 , 'MarkerSize ' , 3 ) ;

756 a x i s ( [ Tmin−min (T3) Tmax−min (T3) Xmin Xmax ] )

757 x l a b e l ( 'T ( s ) ' , 'FontSize ' , 20) ;

758 y l a b e l ( 'X (mm) ' , 'FontSize ' , 20) ;

759 g r id on

760 legend ( 'Fit ' , ' I n i t i a l l o c a t i o n s ' )

761 s e t ( gca , 'FontSize ' , 20)

762

763 subplot ( 3 , 1 , 2 )

764 p lo t (T3−min (T3) ,Y3 , ' ro' , 'LineWidth' , 2 , 'MarkerSize ' , 5 ) ;

765 hold on

766 p lo t (T−min (T3) ,Y, 'bo' , 'LineWidth' , 1 , 'MarkerSize ' , 3 ) ;

767 a x i s ( [ Tmin−min (T3) Tmax−min (T3) Ymin Ymax ] )

768 x l a b e l ( 'T ( s ) ' , 'FontSize ' , 20) ;

769 y l a b e l ( 'Y (mm) ' , 'FontSize ' , 20) ;

770 g r id on

771 s e t ( gca , 'FontSize ' , 20)

772

773 subplot ( 3 , 1 , 3 )

774 p lo t (T3−min (T3) ,Z3 , ' ro' , 'LineWidth' , 2 , 'MarkerSize ' , 5 ) ;

775 hold on

776 p lo t (T−min (T3) ,Z , 'bo' , 'LineWidth' , 1 , 'MarkerSize ' , 3 ) ;

777 a x i s ( [ Tmin−min (T3) Tmax−min (T3) Zmin Zmax ] )

778 x l a b e l ( 'T ( s ) ' , 'FontSize ' , 20) ;

779 y l a b e l ( 'Z (mm) ' , 'FontSize ' , 20) ;

780 g r id on

781 s e t ( gca , 'FontSize ' , 20)

782

783

784 %DISPLAY VELOCITIES VALUES vX, vY, vZ , T
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785 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

786 f i g u r e (02)

787

788 subplot ( 4 , 1 , 1 )

789 p lo t (T3 , vX3 , 'mo' , 'LineWidth' , 2 , 'MarkerSize ' , 2 ) ;

790 a x i s ( [ Tmin Tmax min (vX3) max(vX3) ] )

791 x l a b e l ( 'T ( s ) ' , 'FontSize ' , 20) ;

792 y l a b e l ( 'vX (mm) ' , 'FontSize ' , 20) ;

793 g r id on

794 s e t ( gca , 'FontSize ' , 20)

795

796 subplot ( 4 , 1 , 2 )

797 p lo t (T3 , vY3 , 'mo' , 'LineWidth' , 2 , 'MarkerSize ' , 2 ) ;

798 a x i s ( [ Tmin Tmax min (vY3) max(vY3) ] )

799 x l a b e l ( 'T ( s ) ' , 'FontSize ' , 20) ;

800 y l a b e l ( 'vY (mm) ' , 'FontSize ' , 20) ;

801 g r id on

802 s e t ( gca , 'FontSize ' , 20)

803

804 subplot ( 4 , 1 , 3 )

805 p lo t (T3 , vZ3 , 'mo' , 'LineWidth' , 2 , 'MarkerSize ' , 2 ) ;

806 a x i s ( [ Tmin Tmax min ( vZ3 ) max( vZ3 ) ] )

807 x l a b e l ( 'T ( s ) ' , 'FontSize ' , 20) ;

808 y l a b e l ( 'vZ (mm) ' , 'FontSize ' , 20) ;

809 g r id on

810 s e t ( gca , 'FontSize ' , 20)

811

812 subplot ( 4 , 1 , 4 )

813 p lo t (T3 ,vM3, 'mo' , 'LineWidth' , 2 , 'MarkerSize ' , 2 ) ;

814 a x i s ( [ Tmin Tmax min (vM3) max(vM3) ] )
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815 x l a b e l ( 'T ( s ) ' , 'FontSize ' , 20) ;

816 y l a b e l ( 'vM (mm) ' , 'FontSize ' , 20) ;

817 g r id on

818 s e t ( gca , 'FontSize ' , 20)

819

820

821 %RADIUS STATS

822 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

823 StatR=ze ro s ( pcount , 3 ) ;

824 f o r i =1: pcount

825 rad=ce l l 2mat ( pRf i t ( : , i ) ) ;

826 %rad ( i snan ( rad ) ) = [ ] ;

827 r a d i n i=rad (1) ;

828 r a d f i n=rad ( l ength ( rad ) ) ;

829 de l rad=rad f in−r a d i n i ;

830 StatR ( i , : ) =[ r a d i n i r a d f i n de l rad ] ;

831 end

832 meanDelRad=mean( StatR ( : , 3 ) )

833 stdDelRad=std ( StatR ( : , 3 ) )

834 medianDelRad=median ( StatR ( : , 3 ) )

835

836 %DISPLAY PASSES CONCENTRATION

837 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

838 f i g u r e (03)

839

840 l i n e =[0 0 ;200 2 0 0 ] ;

841 p l o t ( l i n e ( : , 1 ) , l i n e ( : , 2 ) , '−−k' , 'LineWidth' , 2 , 'MarkerSize ' , 5 ) ;

842 hold on

843 p lo t ( StatR ( : , 1 ) , StatR ( : , 2 ) , ' ro' , 'LineWidth' , 2 , 'MarkerSize ' , 8 )

;
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844 hold o f f

845 x l a b e l ( 'Entrance FOV r a d i a l p o s i t i o n (mm) ' , 'FontSize ' , 20) ;

846 y l a b e l ( 'Exit FOV r a d i a l p o s i t i o n (mm) ' , 'FontSize ' , 20) ;

847 a x i s ( [ 2 0 180 20 1 80 ] )

848 g r id on

849 a x i s square

850 s e t ( gca , 'FontSize ' , 20)

851 legend ( 'No Concentrat ion Line ' , 'Pass' , 'Locat ion ' , 'northwest ' )

852 % legend1='No Concentrat ion Line ' ;

853 % legend2='Pass ' ;

854 % legend3=s p r i n t f ('Mean r a d i a l change = %.1 f ' ,meanDelRad ) ;

855 % legend4=s p r i n t f ('Mean r a d i a l change = %.1 f ' , stdDelRad ) ;

856 % legend ({ legend1 , legend2 , legend3 , legend4 } , 'FontSize ' ,18) ;

857

858 % %Print image in pdf

859 % h1=f i g u r e (' pos i t i on ' , [ 5 , 5 , 495 , 49 5 ] ) ;

860 %

861 % l i n e =[0 0 ;200 2 0 0 ] ;

862 % p lo t ( l i n e ( : , 1 ) , l i n e ( : , 2 ) ,'−−k' , 'LineWidth ' ,2 , 'MarkerSize

' , 5 ) ;

863 % hold on

864 % p lo t ( StatR ( : , 1 ) , StatR ( : , 2 ) , 'bo' , 'LineWidth ' ,2 , 'MarkerSize

' , 8 ) ;

865 % hold o f f

866 %

867 % xlim=get ( gca , 'XLim') ;

868 % ylim=get ( gca , 'YLim') ;
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869 % ht = text (0 .65* xlim (1) +0.77* xlim (2) , 0 . 1* ylim (1) +0.175* ylim

(2) , 'P31Q1180' , 'Color ' , ' black ' , 'EdgeColor ' , ' black ' , '

BackgroundColor ' , 'white ' , 'LineWidth ' , 0 .5 , '

HorizontalAl ignment ' , ' center ' , 'Vert ica lAl ignment ' , 'middle

') ;

870 % %s e t ( ht , 'Rotation ' ,45) ;

871 % s e t ( ht , ' FontSize ' ,16) ;

872 %

873 % x l a b e l ('FOV Entrance Radial Po s i t i on (mm) ') ;

874 % y l a b e l ('FOV Exit Radial Po s i t i on (mm) ') ;

875 % a x i s ( [ 2 0 180 20 1 8 0 ] ) ;

876 % gr id on

877 % a x i s square

878 % s e t ( gca , ' FontSize ' ,14) ;

879 % legend ('No Concentrat ion Line ' , 'Quartz 1000−1180 \mum' , '

Location ' , ' northwest ')

880 %

881 % s e t ( h1 , 'PaperUnits ' , ' inches ') ;

882 % s e t ( h1 , ' paper s i z e ' , [ 5 5 ] ) ;

883 % s e t ( h1 , ' PaperPosit ion ' , [ 0 . 0 5 0 .05 4 .95 4 . 9 5 ] ) ;

884 % p r i n t ( h1 , '1000 1180 P31 Quartz Concentrat ion ' , '−dpdf ') ;

885

886

887 %CREATE GEOMETRY FOR DISPLAY ( c i r c l e s and s t r a i g h t l i n e s )

888 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

889 p i t ch =203; %p i t ch in mm

890 nbt=4; %number o f turn

891 ppt =40; %point per turn

892 maxZ=nbt* p i t ch ;

893 maxA=nbt*2* pi ;
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894 nbp=ppt*nbt ; %number o f po int t o t a l

895 Zzero=−28;%O f f s e t o f the geometry to he ight o f o r i g i n (0 , 0 , 0 )

896 Zbase=Zzero :−maxZ/nbp : Zzero−maxZ ;

897 Rin=38/2;

898 % Rout=141;

899 nbh=22;

900 % R=l i n s p a c e ( Rin , Rout , nbh ) ;

901 % P=l i n s p a c e (0 ,50 , nbh ) ;

902 % f o r n=1: l ength (P)

903 % P(n)=P(n)*n/ length (P)*n/ length (P)*n/ length (P) ;

904 % end

905 P0=0;

906 R=[19 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105

110 115 120 125 130 135 140 145 150 155 160 163 160 155

1 5 0 ] ;

907 P=[6 3 0 −1 −1 −0.3 0 .5 1 .4 2 .3 3 .2 4 .1 5 .0 5 .9 6 .8 7 .7 8 .6

9 .5 10 .4 11 .3 12 .2 13 .1 14 .0 14 .9 15 .8 16 .7 17 .6 18 .5 19 .4

21 .9 28 .4 38 .4 48 .4 54 .9 5 7 . 4 ] ;

908 Zbase=Zbase ' ;

909 Z f u l l=Zbase ;

910 f o r n=1: l ength (R)−1

911 Z f u l l =[ Z f u l l Zbase+P(n+1) ] ;

912 end

913

914

915 %DISPLAY 3D LOCATIONS COLORED BY PASS TIME

916 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

917 f i g u r e (04)

918

919 f o r n=1: l ength (R)−1
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920 [ x1 z1 y1]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n) ,

Z f u l l ( : , n ) ') ;

921 [ x2 z2 y2]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n+1) ,

Z f u l l ( : , n+1) ') ;

922 s u r f a c e ( [ x1 ; x2 ] , [ y1 ; y2 ] , [ z1 ; z2 ] , 'FaceColor' , ' [ 0 . 6 0 .6

0 . 6 ] ' , 'FaceAlpha' , 0 . 3 , 'EdgeColor' , ' [ 0 . 4 0 .4 0 . 4 ] ' , '

EdgeAlpha' , 0 . 7 ) ;

923 end

924 f o r i =1: pcount

925 hold on

926 h = s u r f a c e ( [ pXf i t {1 , i } , pXf i t {1 , i } ] , [ pYf i t {1 , i } , pYf i t

{1 , i } ] , [ p Z f i t {1 , i } , p Z f i t {1 , i } ] , [ p T r e s e t f i t {1 , i } ,

p T r e s e t f i t {1 , i } ] , 'LineWidth' , 2 , 'EdgeColor' , ' f l a t ' , '

FaceColor' , 'none' ) ;

927 end

928 hold o f f

929 c o l = co l o rba r ;

930 colormap j e t

931 y l a b e l ( co l , 'Pass Time ( s ) ' , 'FontSize ' , 18) ;

932 c a x i s ( [ 0 , 5 ] )

933 x l a b e l ( 'X (mm) ' , 'FontSize ' , 18) ;

934 y l a b e l ( 'Y (mm) ' , 'FontSize ' , 18) ;

935 z l a b e l ( 'Z (mm) ' , 'FontSize ' , 18) ;

936 a x i s equal

937 a x i s ( [ Xmin Xmax Ymin Ymax Zmin Zmax ] )

938 g r id on

939 s e t ( gca , 'FontSize ' , 18)

940 AZ=0;

941 EL=90;

942 view (AZ,EL) ;
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943 camorbit ( 225 , 22 . 5 , 'camera' )

944

945

946 %DISPLAY 3D LOCATIONS COLORED BY VELOCITY MAGNITUDE

947 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

948 f i g u r e (05)

949

950 f o r n=1: l ength (R)−1

951 [ x1 z1 y1]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n) ,

Z f u l l ( : , n ) ') ;

952 [ x2 z2 y2]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n+1) ,

Z f u l l ( : , n+1) ') ;

953 s u r f a c e ( [ x1 ; x2 ] , [ y1 ; y2 ] , [ z1 ; z2 ] , 'FaceColor' , ' [ 0 . 6 0 .6

0 . 6 ] ' , 'FaceAlpha' , 0 . 3 , 'EdgeColor' , ' [ 0 . 4 0 .4 0 . 4 ] ' , '

EdgeAlpha' , 0 . 7 ) ;

954 end

955 f o r i =1: pcount

956 hold on

957 h = s u r f a c e ( [ pXf i t {1 , i } , pXf i t {1 , i } ] , [ pYf i t {1 , i } , pYf i t

{1 , i } ] , [ p Z f i t {1 , i } , p Z f i t {1 , i } ] , [ pvMfit {1 , i } , pvMfit

{1 , i } ] , 'LineWidth' , 2 , 'EdgeColor' , ' f l a t ' , 'FaceColor' , '

none' ) ;

958 end

959 hold o f f

960 c o l = co l o rba r ;

961 colormap j e t

962 y l a b e l ( co l , 'Ve loc i ty Magnitude (m/ s ) ' , 'FontSize ' , 18) ;

963 c a x i s ( [ 0 , 1 . 2 ] )

964 x l a b e l ( 'X (mm) ' , 'FontSize ' , 18) ;

965 y l a b e l ( 'Y (mm) ' , 'FontSize ' , 18) ;
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966 z l a b e l ( 'Z (mm) ' , 'FontSize ' , 18) ;

967 a x i s equal

968 a x i s ( [ Xmin Xmax Ymin Ymax Zmin Zmax ] )

969 g r id on

970 s e t ( gca , 'FontSize ' , 18)

971 AZ=0;

972 EL=90;

973 view (AZ,EL) ;

974 camorbit ( 225 , 22 . 5 , 'camera' )

975

976

977 %DISPLAY 3D LOCATIONS COLORED BY RADIAL VELOCITY MAGNITUDE

978 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

979 f i g u r e (051)

980

981 f o r n=1: l ength (R)−1

982 [ x1 z1 y1]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n) ,

Z f u l l ( : , n ) ') ;

983 [ x2 z2 y2]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n+1) ,

Z f u l l ( : , n+1) ') ;

984 s u r f a c e ( [ x1 ; x2 ] , [ y1 ; y2 ] , [ z1 ; z2 ] , 'FaceColor' , ' [ 0 . 6 0 .6

0 . 6 ] ' , 'FaceAlpha' , 0 . 3 , 'EdgeColor' , ' [ 0 . 4 0 .4 0 . 4 ] ' , '

EdgeAlpha' , 0 . 7 ) ;

985 end

986 f o r i =1: pcount

987 hold on

988 h = s u r f a c e ( [ pXf i t {1 , i } , pXf i t {1 , i } ] , [ pYf i t {1 , i } , pYf i t

{1 , i } ] , [ p Z f i t {1 , i } , p Z f i t {1 , i } ] , [ pvRf i t {1 , i } , pvRf i t

{1 , i } ] , 'LineWidth' , 2 , 'EdgeColor' , ' f l a t ' , 'FaceColor' , '

none' ) ;
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989 end

990 hold o f f

991 c o l = co l o rba r ;

992 colormap j e t

993 y l a b e l ( co l , 'Radial Ve loc i ty Magnitude (m/ s ) ' , 'FontSize ' , 18) ;

994 c a x i s ( [ − 0 . 1 , 0 . 1 ] )

995 x l a b e l ( 'X (mm) ' , 'FontSize ' , 18) ;

996 y l a b e l ( 'Y (mm) ' , 'FontSize ' , 18) ;

997 z l a b e l ( 'Z (mm) ' , 'FontSize ' , 18) ;

998 a x i s equal

999 a x i s ( [ Xmin Xmax Ymin Ymax Zmin Zmax ] )

1000 g r id on

1001 s e t ( gca , 'FontSize ' , 18)

1002 AZ=0;

1003 EL=90;

1004 view (AZ,EL) ;

1005 camorbit ( 225 , 22 . 5 , 'camera' )

1006

1007 %DISPLAY 3D LOCATIONS COLORED BY INITIAL RADIAL POSITION

1008 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1009 f i g u r e (052)

1010

1011 f o r n=1: l ength (R)−1

1012 [ x1 z1 y1]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n) ,

Z f u l l ( : , n ) ') ;

1013 [ x2 z2 y2]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n+1) ,

Z f u l l ( : , n+1) ') ;

1014 s u r f a c e ( [ x1 ; x2 ] , [ y1 ; y2 ] , [ z1 ; z2 ] , 'FaceColor' , ' [ 0 . 6 0 .6

0 . 6 ] ' , 'FaceAlpha' , 0 . 3 , 'EdgeColor' , ' [ 0 . 4 0 .4 0 . 4 ] ' , '

EdgeAlpha' , 0 . 7 ) ;
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1015 end

1016

1017 p R i f i t=pRf i t ;

1018

1019 f o r i =1: pcount

1020 hold on

1021 p R i f i t {1 , i } ( : )=pRf i t {1 , i } (1) ;

1022 h = s u r f a c e ( [ pXf i t {1 , i } , pXf i t {1 , i } ] , [ pYf i t {1 , i } , pYf i t

{1 , i } ] , [ p Z f i t {1 , i } , p Z f i t {1 , i } ] , [ p R i f i t {1 , i } , p R i f i t

{1 , i } ] , 'LineWidth' , 2 , 'EdgeColor' , ' f l a t ' , 'FaceColor' , '

none' ) ;

1023 end

1024 hold o f f

1025 c o l = co l o rba r ;

1026 colormap j e t

1027 y l a b e l ( co l , ' I n i t i a l Radial Po s i t i on (mm) ' , 'FontSize ' , 18) ;

1028 c a x i s ( [ 9 0 , 1 5 0 ] )

1029 x l a b e l ( 'X (mm) ' , 'FontSize ' , 18) ;

1030 y l a b e l ( 'Y (mm) ' , 'FontSize ' , 18) ;

1031 z l a b e l ( 'Z (mm) ' , 'FontSize ' , 18) ;

1032 a x i s equal

1033 a x i s ( [ Xmin Xmax Ymin Ymax Zmin Zmax ] )

1034 g r id on

1035 s e t ( gca , 'FontSize ' , 18)

1036 AZ=0;

1037 EL=90;

1038 view (AZ,EL) ;

1039 camorbit ( 225 , 22 . 5 , 'camera' )

1040

1041 %DISPLAY 3D LOCATIONS COLORED BY ANGULAR POSITION
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1042 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1043 f i g u r e (051)

1044

1045 f o r n=1: l ength (R)−1

1046 [ x1 z1 y1]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n) ,

Z f u l l ( : , n ) ') ;

1047 [ x2 z2 y2]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n+1) ,

Z f u l l ( : , n+1) ') ;

1048 s u r f a c e ( [ x1 ; x2 ] , [ y1 ; y2 ] , [ z1 ; z2 ] , 'FaceColor' , ' [ 0 . 6 0 .6

0 . 6 ] ' , 'FaceAlpha' , 0 . 3 , 'EdgeColor' , ' [ 0 . 4 0 .4 0 . 4 ] ' , '

EdgeAlpha' , 0 . 7 ) ;

1049 end

1050 f o r i =1: pcount

1051 hold on

1052 h = s u r f a c e ( [ pXf i t {1 , i } , pXf i t {1 , i } ] , [ pYf i t {1 , i } , pYf i t

{1 , i } ] , [ p Z f i t {1 , i } , p Z f i t {1 , i } ] , [ pAf i t {1 , i } , pAf i t {1 ,

i } ] , 'LineWidth' , 2 , 'EdgeColor' , ' f l a t ' , 'FaceColor' , '

none' ) ;

1053 end

1054 hold o f f

1055 c o l = co l o rba r ;

1056 colormap j e t

1057 y l a b e l ( co l , 'Angular p o s i t i o n ( rad ) ' , 'FontSize ' , 18) ;

1058 c a x i s ( [ 0 , 6 ] )

1059 x l a b e l ( 'X (mm) ' , 'FontSize ' , 18) ;

1060 y l a b e l ( 'Y (mm) ' , 'FontSize ' , 18) ;

1061 z l a b e l ( 'Z (mm) ' , 'FontSize ' , 18) ;

1062 a x i s equal

1063 a x i s ( [ Xmin Xmax Ymin Ymax Zmin Zmax ] )

1064 g r id on
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1065 s e t ( gca , 'FontSize ' , 18)

1066 AZ=0;

1067 EL=90;

1068 view (AZ,EL) ;

1069 camorbit ( 225 , 22 . 5 , 'camera' )

1070

1071

1072 % %DISPLAY SECONDARY FLOW ( and make video )

1073 % %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1074 %

1075 % f o r i =2: pcount

1076 %

1077 % Asf=pAf i t {1 , i } ;

1078 % Rsf=pRf i t {1 , i } ;

1079 % Xsf=pXf i t {1 , i } ;

1080 % Ysf=pYf i t {1 , i } ;

1081 % Zsf=p Z f i t {1 , i } ;

1082 % vYsf=pvYfit {1 , i } ;

1083 % vRsf=pvRf i t {1 , i } ;

1084 %

1085 % t e s t =(Asf>=(4*pi ( ) /16) & Asf<(9*pi ( ) /16) ) ;

1086 %

1087 % Asf=Asf ( t e s t ) ;

1088 % Rsf=Rsf ( t e s t ) ;

1089 % Xsf=Xsf ( t e s t ) ;

1090 % Ysf=Ysf ( t e s t ) ;

1091 % Zsf=Zs f ( t e s t ) ;

1092 % vYsf=vYsf ( t e s t ) ;

1093 % vRsf=vRsf ( t e s t ) ;

1094 %
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1095 % delY=pi t ch * ( ( Asf−Asf (1 ) ) /(2* pi ( ) ) ) ;

1096 %

1097 % SFpAfit {1 , i}=Asf ; %Angular p o s i t i o n between p i ( ) /4 and

pi ( ) /2

1098 % SFpRfit {1 , i}=Rsf +1;

1099 % SFpXfit {1 , i}=Xsf ;

1100 % SFpYfit {1 , i}=Ysf+delY +40; %y without downward , y

adjustement

1101 % SFpZfit {1 , i}=Zsf ;

1102 % SFpvYfit {1 , i}=vYsf ;

1103 % SFpvRfit {1 , i}=vRsf ;

1104 %

1105 % end

1106 %

1107 % RRR= [ ] ;

1108 % YYY= [ ] ;

1109 % vRRR= [ ] ;

1110 % vYYY= [ ] ;

1111 %

1112 % f o r i =1: pcount

1113 % RRR=[RRR; SFpRfit {1 , i } ] ;

1114 % YYY=[YYY; SFpYfit {1 , i } ] ;

1115 % vRRR=[vRRR; SFpvRfit {1 , i } ] ;

1116 % vYYY=[vYYY; SFpvYfit {1 , i } ] ;

1117 % end

1118 %

1119 % nbtot=length (RRR) ;

1120 % n b p a r t i c l e =15;

1121 % nbfr=f l o o r ( nbtot / n b p a r t i c l e ) ;

1122 % maxc=max(vRRR) ;
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1123 % minc=min (vRRR) ;

1124 %

1125 % f o r f f i =1: nbfr

1126 % h=f i g u r e (' pos i t i on ' , [ 0 , 0 , 800 , 36 0 ] ) ;

1127 %

1128 % %Get only po int f o r cur r ent frame

1129 % f r i =1: nbfr : ( nbtot−nbfr ) ;

1130 % p i i=f r i+f f i −1;

1131 % vRRRfr=vRRR( p i i ) ;

1132 % RRRfr=RRR( p i i ) ;

1133 % YYYfr=YYY( p i i ) ;

1134 %

1135 % %Plot

1136 % p lo t (R,P, 'k' , 'LineWidth ' , 2 ) ; %p r o f i l

1137 % hold on

1138 % c=vRRRfr ;

1139 % s c a t t e r (RRRfr , YYYfr , 4 0 , c , ' f i l l e d ') ; %point

1140 % a x i s equal

1141 % a x i s ( [ 0 170 −5 6 0 ] )

1142 % x l a b e l ('Radial Pos i t i on (mm) ' ,'FontSize ' ,20) ;

1143 % y l a b e l (' P r o f i l e Height (mm) ' ,'FontSize ' ,20) ;

1144 % gr id on

1145 % c o l = co l o rba r ;

1146 % colormap j e t

1147 % y l a b e l ( co l , ' Radial Ve loc i ty (m/ s ) ' ,'FontSize ' ,18) ;

1148 % c a x i s ( [ − 0 . 2 , 0 . 2 ] )

1149 % s e t ( gca , ' FontSize ' ,20)

1150 %

1151 % % %Save pdf

1152 % % s e t (h , 'Units ' , ' Inches ') ;
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1153 % % pos = get (h , ' Pos i t ion ') ;

1154 % % s e t (h , 'PaperPositionMode ' , 'Auto' , 'PaperUnits ' , ' Inches

' , 'PaperSize ' , [ pos (3 ) , pos (4 ) ] )

1155 % % p r i n t (h , 'FigName','−dpdf ','−r0 ')

1156 %

1157 % %Save image

1158 % I=getframe ( gc f ) ;

1159 % imwrite ( I . cdata , s p r i n t f ('FIG%d . png ' , f f i ) ) ;

1160 % c l o s e a l l ;

1161 %

1162 % end

1163 %

1164 %

1165 %COMBINE FRAME INTO VIDEO

1166 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1167

1168 % writerObj = VideoWriter (' Secondary f low . avi ') ;

1169 % writerObj . FrameRate=10;

1170 % %writerObj . Qual i ty =100;

1171 % open ( wr iterObj ) ;

1172 % f o r i l o o p =1:5

1173 % f o r K = 1 : f f i

1174 % f i l ename = s p r i n t f ('FIG%d . png ' , K) ;

1175 % thi s image = imread ( f i l ename ) ;

1176 % writeVideo ( writerObj , th i s image ) ;

1177 % end

1178 % end

1179 % c l o s e ( wr i terObj ) ;

1180 %

1181 %
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1182 %

1183 % f i g u r e (101)

1184 %

1185 % f o r n=1: l ength (R)−1

1186 % [ x1 z1 y1]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n) ,

Z f u l l ( : , n ) ') ;

1187 % [ x2 z2 y2]= po l 2 c a r t ((0+ pi /2 :maxA/nbp :maxA+pi /2) ,R(n+1) ,

Z f u l l ( : , n+1) ') ;

1188 % s u r f a c e ( [ x1 ; x2 ] , [ y1 ; y2 ] , [ z1 ; z2 ] , ' FaceColor ' , ' [ 0 . 6 0 .6

0 .6 ] ' , 'FaceAlpha ' , 0 .3 , 'EdgeColor ' , ' [ 0 . 4 0 . 4 0 .4 ] ' , '

EdgeAlpha ' , 0 . 7 ) ;

1189 % end

1190 % f o r i =1: pcount

1191 % hold on

1192 % h = s u r f a c e ( [ SFpXfit {1 , i } , SFpXfit {1 , i } ] , [ SFpYfit {1 , i

} , SFpYfit {1 , i } ] , [ SFpZfit {1 , i } , SFpZfit {1 , i } ] , [ SFpvRfit

{1 , i } , SFpvRfit {1 , i } ] , 'LineWidth ' ,2 , 'EdgeColor ' , ' f l a t ' , '

FaceColor ' , 'none ') ;

1193 % end

1194 %

1195 %

1196 % hold o f f

1197 % c o l = c o l o rba r ;

1198 % colormap j e t

1199 % y l a b e l ( co l , ' Radial Ve loc i ty (m/ s ) ' ,'FontSize ' ,18) ;

1200 % c a x i s ( [ − 0 . 1 , 0 . 1 ] )

1201 % x l a b e l ('X (mm) ' ,'FontSize ' ,18) ;

1202 % y l a b e l ('Y (mm) ' ,'FontSize ' ,18) ;

1203 % z l a b e l ('Z (mm) ' ,'FontSize ' ,18) ;

1204 % a x i s equal
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1205 % a x i s ( [ Xmin Xmax Ymin Ymax Zmin Zmax ] )

1206 % gr id on

1207 % s e t ( gca , ' FontSize ' ,18)

1208 % AZ=0;

1209 % EL=90;

1210 % view (AZ,EL) ;

1211 % camorbit (225 ,22 .5 , ' camera ')

1212

1213

1214 %CUBIC BINNING ( For volume averag ing o f q u a n t i t i e s )

1215 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1216 b i n s i z e =5; % Edge l ength o f the cubic occupancy bin (mm)

1217

1218 EdgesX=[Xmin : b i n s i z e :Xmax ] ; % Creat ing the b ins boundar ies

1219 EdgesY=[Ymin : b i n s i z e :Ymax ] ;

1220 EdgesZ=[Zmin : b i n s i z e : Zmax ] ;

1221

1222 nbbinX=( length ( EdgesX )−1) ; % Counting the b ins

1223 nbbinY=( length ( EdgesY )−1) ;

1224 nbbinZ=( length ( EdgesZ )−1) ;

1225 nbbin=nbbinX*nbbinY*nbbinZ ;

1226 bincount =0;

1227

1228 MatCount=ze ro s ( nbbinX , nbbinY , nbbinZ ) ; %I n i t i a l i s a t i o n o f a 3D

matrix to count l o c a t i o n in the b ins .

1229

1230 MatCenterX=MatCount ; %I n i t i a l i s a t i o n o f a 3D matrix to s t o r e

X l o c a t i o n o f the cen te r o f the b ins .

1231 MatCenterY=MatCount ;

1232 MatCenterZ=MatCount ;
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1233

1234 MatTime=MatCount ; %I n i t i a l i s a t i o n o f a 3D matrix to s t o r e the

Time in the bin .

1235 % MatX=MatCount ; %I n i t i a l i s a t i o n o f a 3D matrix to s t o r e the

X a x i s t r a v e l d i s t anc e in the bin .

1236 % MatY=MatCount ;

1237 % MatZ=MatCount ;

1238 MatvX=MatCount ; %I n i t i a l i s a t i o n o f a 3D matrix to s t o r e X

speed in the bin .

1239 MatvY=MatCount ;

1240 MatvZ=MatCount ;

1241 %MatR=MatCount ;

1242 MatvR=MatCount ;

1243 MatvA=MatCount ;

1244

1245 f o r kk=1:nbbinZ

1246 ET=T3 ; %Reset the matrix o f l o c a t i o n s

1247 EX=X3 ;

1248 EY=Y3 ;

1249 EZ=Z3 ;

1250 Eid=id3 ;

1251

1252 EZmin=EdgesZ ( kk ) ; %S e l e c t i n g the bin Z lower boundary

1253 EZmax=EdgesZ ( kk+1) ; %S e l e c t i n g the bin Z upper boundary

1254 EtZ=EZ>=EZmin & EZ<EZmax ; %F i l t e r i n g the data to keep

only data po int found in to the Z Edges o f the bin

1255

1256 ET=ET(EtZ) ;

1257 EX=EX(EtZ) ;

1258 EY=EY(EtZ) ;
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1259 EZ=EZ(EtZ) ;

1260 Eid=Eid (EtZ) ;

1261

1262 f o r j j =1:nbbinY

1263 EET=ET; %Reset the matrix o f l o c a t i o n s

1264 EEX=EX;

1265 EEY=EY;

1266 EEZ=EZ;

1267 EEid=Eid ;

1268

1269 EEYmin=EdgesY ( j j ) ; %S e l e c t i n g the bin Y lower

boundary

1270 EEYmax=EdgesY ( j j +1) ; %S e l e c t i n g the bin Y upper

boundary

1271 EEtY=EEY>=EEYmin & EEY<EEYmax; %F i l t e r i n g the data to

keep only data po int found in to the Y Edges o f

the bin

1272

1273 EET=EET(EEtY) ;

1274 EEX=EEX(EEtY) ;

1275 EEY=EEY(EEtY) ;

1276 EEZ=EEZ(EEtY) ;

1277 EEid=EEid (EEtY) ;

1278

1279 f o r i i =1:nbbinX

1280 EEET=EET; %Reset the matrix o f l o c a t i o n s

1281 EEEX=EEX;

1282 EEEY=EEY;

1283 EEEZ=EEZ;

1284 EEEid=EEid ;
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1285

1286 EEEXmin=EdgesX ( i i ) ; %S e l e c t i n g the bin X lower

boundary

1287 EEEXmax=EdgesX ( i i +1) ; %S e l e c t i n g the bin X upper

boundary

1288 EEEtX=EEEX>=EEEXmin & EEEX<EEEXmax; %F i l t e r i n g

the data to keep only data po int found in to

the X Edges o f the bin

1289

1290 EEET=EEET(EEEtX) ;

1291 EEEX=EEEX(EEEtX) ;

1292 EEEY=EEEY(EEEtX) ;

1293 EEEZ=EEEZ(EEEtX) ;

1294 EEEid=EEEid(EEEtX) ;

1295

1296 nbpoints=length (EEET) ; % Counting how many

l o c a t i o n s

1297 MatCount ( i i , j j , kk )=nbpoints ; % Writt ing the

number o f l o c a t i o n in the bin

1298 MatCenterX ( i i , j j , kk )=EdgesX ( i i )+b i n s i z e /2 ; %

Writt ing the bin cent e r X coord ina te

1299 MatCenterY ( i i , j j , kk )=EdgesY ( j j )+b i n s i z e /2 ;

1300 MatCenterZ ( i i , j j , kk )=EdgesZ ( kk )+b i n s i z e /2 ;

1301

1302 id1=EEEid ; % Gett ing the id o f each l o c a t i o n in

the bin

1303 Tbin=0; % I n i t i a l i s a t i o n o f time count

1304 Xbin=0; % I n i t i a l i s a t i o n o f d i s t anc e count

1305 Ybin=0;

1306 Zbin =0;
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1307 Rbin=0;

1308 Abin=0;

1309 vXbin=0;

1310 vYbin=0;

1311 vZbin =0;

1312 vRbin=0;

1313 vAbin=0;

1314

1315

1316 bincount=bincount +1;

1317

1318 i f l ength ( id1 )>1

1319 f o r iT=1: nbpoints

1320 Tbin=Tbin+T3( id1 ( iT ) ) ;

1321

1322 Xbin=Xbin+X3( id1 ( iT ) ) ;

1323 Ybin=Ybin+Y3( id1 ( iT ) ) ;

1324 Zbin=Zbin+Z3( id1 ( iT ) ) ;

1325 Rbin=Rbin+R3( id1 ( iT ) ) ;

1326 Abin=Abin+A3( id1 ( iT ) ) ;

1327 vXbin=vXbin+vX3( id1 ( iT ) ) ;

1328 vYbin=vYbin+vY3( id1 ( iT ) ) ;

1329 vZbin=vZbin+vZ3 ( id1 ( iT ) ) ;

1330 vRbin=vRbin+vR3( id1 ( iT ) ) ;

1331 vAbin=vAbin+vA3( id1 ( iT ) ) ;

1332

1333 end

1334 MatTime( i i , j j , kk )=Tbin ;

1335 MatvX( i i , j j , kk )=vXbin/ nbpoints ;

1336 MatvY( i i , j j , kk )=vYbin/ nbpoints ;
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1337 MatvZ( i i , j j , kk )=vZbin/ nbpoints ;

1338 MatvR( i i , j j , kk )=vRbin/ nbpoints ;

1339 MatvA( i i , j j , kk )=vAbin/ nbpoints ;

1340 e l s e

1341 end

1342 end

1343 end

1344 %c l c ;

1345 %per c en t b in=bincount /nbbin *100

1346 end

1347

1348

1349 %DISPLAY BIN COUNT SLICE BY SLICE

1350 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1351 f i g u r e (06)

1352

1353 f o r i =1: l ength ( EdgesY )−1

1354 C=squeeze (MatCount ( : , i , : ) ) ;

1355 s u r f ( squeeze ( MatCenterX ( : , i , : ) ) , squeeze ( MatCenterY ( : , i , : )

) , squeeze ( MatCenterZ ( : , i , : ) ) ,C) ; hold on

1356 end

1357 c o l = co l o rba r ;

1358 y l a b e l ( co l , 'Number o f l o c a t i o n s per bin ' , 'FontSize ' , 20) ;

1359 a x i s equal

1360 x l a b e l ( 'X (mm) ' , 'FontSize ' , 20) ;

1361 y l a b e l ( 'Y (mm) ' , 'FontSize ' , 20) ;

1362 z l a b e l ( 'Z (mm) ' , 'FontSize ' , 20) ;

1363 s e t ( gca , 'FontSize ' , 20)

1364 AZ=−37.5;

1365 EL=37.5 ;
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1366 view (AZ,EL) ;

1367

1368

1369 %DISPLAY BIN COUNT SUMMED ON Z AXIS IN % OF TOTAL NUMBER OF

LOCATIONS

1370 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1371 f i g u r e (07)

1372

1373 MatCountSum=squeeze (sum(MatCount , 2 ) ) ;

1374 MatCountSumPercent=MatCountSum/ nbLocFit *100;

1375 C=MatCountSumPercent ;

1376 SX=squeeze ( MatCenterX ( : , 1 , : ) ) ;

1377 SY=squeeze ( MatCenterY ( : , 1 , : ) ) ;

1378 SZ=squeeze ( MatCenterZ ( : , 1 , : ) ) ;

1379

1380 s u r f (SX,SY, SZ ,C) ; hold on

1381 c o l = co l o rba r ;

1382 y l a b e l ( co l , 'Percent o f l o c a t i o n s (summed on Y a x i s ) ' , '

FontSize ' , 20) ;

1383 colormap hot

1384 c a x i s ( [ 0 , 0 . 0 5 ] )

1385 a x i s equal

1386 x l a b e l ( 'X (mm) ' , 'FontSize ' , 20) ;

1387 y l a b e l ( 'Y (mm) ' , 'FontSize ' , 20) ;

1388 z l a b e l ( 'Z (mm) ' , 'FontSize ' , 20) ;

1389 s e t ( gca , 'FontSize ' , 20)

1390 AZ=−37.5;

1391 EL=37.5 ;

1392 view (AZ,EL) ;

1393
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1394

1395 %DISPLAY BIN TIME SUMMED ON Z AXIS IN % OF LONGEST TIME

1396 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1397 f i g u r e (08)

1398

1399 MatTimeSum=squeeze (sum(MatTime , 2 ) ) ;

1400 MatTimeSumPercent=MatTimeSum/( sampleT ) *100;

1401 C=MatTimeSumPercent ;

1402 SX=squeeze ( MatCenterX ( : , 1 , : ) ) ;

1403 SY=squeeze ( MatCenterY ( : , 1 , : ) ) ;

1404 SZ=squeeze ( MatCenterZ ( : , 1 , : ) ) ;

1405

1406 s u r f (SX,SY, SZ ,C) ; hold on

1407 c o l = co l o rba r ;

1408 y l a b e l ( co l , '% time in bin (summed on Y a x i s ) ' , 'FontSize ' , 20) ;

1409 c a x i s ( [ 0 , 1 ] )

1410 a x i s equal

1411 x l a b e l ( 'X (mm) ' , 'FontSize ' , 20) ;

1412 y l a b e l ( 'Y (mm) ' , 'FontSize ' , 20) ;

1413 z l a b e l ( 'Z (mm) ' , 'FontSize ' , 20) ;

1414 s e t ( gca , 'FontSize ' , 20)

1415 AZ=−37.5;

1416 EL=37.5 ;

1417 view (AZ,EL) ;

1418

1419

1420 % %DISPLAY 3D VELOCITY FIELD ( heavy on GPU)

1421 % %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1422 % f i g u r e (09)

1423 %
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1424 % quiver3 ( MatCenterX , MatCenterY , MatCenterZ , MatvX , MatvY , MatvZ

,10 , ' l inewidth ' ,1 , ' co lo r ' , ' r ')

1425 % a x i s equal

1426 % x l a b e l ('X (mm) ' ,'FontSize ' ,20) ;

1427 % y l a b e l ('Y (mm) ' ,'FontSize ' ,20) ;

1428 % z l a b e l ('Z (mm) ' ,'FontSize ' ,20) ;

1429 % s e t ( gca , ' FontSize ' ,20)

1430 % AZ=−37.5;

1431 % EL=37.5 ;

1432 % view (AZ,EL) ;

1433

1434

1435 %TOROID BINNING

1436 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1437 b i n s i z e=b i n s i z e ; %Spacing o f the square g r id d e f i n i n g b ins (

mm) ( same as cubic bin )

1438

1439 Rmin=0;

1440 Rmax=Xmax;

1441

1442 EdgesR=[Rmin : b i n s i z e :Rmax ] ; % Creat ing the b ins boundar ies

1443 EdgesY=[Ymin : b i n s i z e :Ymax ] ;

1444

1445 nbbinR=( length ( EdgesR )−1) ; % Counting the b ins

1446 nbbinY=( length ( EdgesY )−1) ;

1447

1448 MatRCount=ze ro s ( nbbinR , nbbinY ) ; %I n i t i a l i s a t i o n o f a 2D (R, Y

) matrix to count l o c a t i o n in the b ins .

1449 MatRCenterR=MatRCount ; %I n i t i a l i s a t i o n o f a 2D matrix to

s t o r e R l o c a t i o n o f the cent e r o f the b ins .
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1450 MatRCenterY=MatRCount ;

1451 MatRT=MatRCount ; %I n i t i a l i s a t i o n o f a 2D matrix to s t o r e Time

in the b ins .

1452 MatRVol=MatRCount ; %Volume o f the bin

1453 MatRvM=MatRCount ; %Ve loc i ty Magnitude o f the bin

1454 MatRvR=MatRCount ;

1455 MatRvY=MatRCount ;

1456 MatRvA=MatRCount ;

1457 MatRaM=MatRCount ; %Acce l e r a t i on magnitude o f the bin

1458 MatRaR=MatRCount ;

1459 MatRaY=MatRCount ;

1460 MatRaA=MatRCount ;

1461 MatRFpM=MatRCount ; %Force magnitude o f the bin

1462 MatRFpR=MatRCount ;

1463 MatRFpY=MatRCount ;

1464

1465 f o r j j =1:nbbinY

1466 ET=T3 ; %Set the matrix o f l o c a t i o n s

1467 ER=R3 ;

1468 EY=Y3 ;

1469 Eid=id3 ;

1470

1471 EYmin=EdgesY ( j j ) ; %S e l e c t i n g the bin Y lower boundary

1472 EYmax=EdgesY ( j j +1) ; %S e l e c t i n g the bin Y upper boundary

1473 EtY=EY>=EYmin & EY<EYmax; %F i l t e r i n g the data to keep

only data po int found in to the Y Edges o f the bin

1474

1475 ET=ET(EtY) ;

1476 ER=ER(EtY) ;

1477 EY=EY(EtY) ;
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1478 Eid=Eid (EtY) ;

1479

1480 f o r r r =1:nbbinR

1481 EET=ET; %Set the matrix o f l o c a t i o n s

1482 EER=ER;

1483 EEY=EY;

1484 EEid=Eid ;

1485

1486 EERmin=EdgesR ( r r ) ; %S e l e c t i n g the bin R lower

boundary

1487 EERmax=EdgesR ( r r +1) ; %S e l e c t i n g the bin R upper

boundary

1488 EEtR=EER>=EERmin & EER<EERmax; %F i l t e r i n g the data to

keep only data po int found in to the R Edges o f

the bin

1489

1490 EET=EET(EEtR) ;

1491 EER=EER(EEtR) ;

1492 EEY=EEY(EEtR) ;

1493 EEid=EEid (EEtR) ;

1494

1495 nbpoints=length (EET) ; % Counting how many l o c a t i o n s

remains in the Y and R boundar ies

1496 MatRCount( rr , j j )=nbpoints ;% Writt ing the number o f

l o c a t i o n in the bin

1497 MatRVol( rr , j j )=pi ( ) * ( ( EdgesR ( r r )+b i n s i z e )ˆ2−EdgesR ( r r

) ˆ2)* b i n s i z e ; %Writt ing the volume o f the bin (mm3

)

1498 MatRCenterR( rr , j j )=EdgesR ( r r )+b i n s i z e /2 ; %Writt ing

the bin cent e r R coord ina te
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1499 MatRCenterY( rr , j j )=EdgesY ( j j )+b i n s i z e /2 ;

1500

1501 id1=EEid ; % Gett ing the id o f each l o c a t i o n in the

bin

1502

1503 Tbin=0; % I n i t i a l i s a t i o n o f time count

1504 Ybin=0;

1505 Rbin=0;

1506 Abin=0;

1507 vYbin=0;

1508 vMbin=0;

1509 vRbin=0;

1510 vAbin=0;

1511 aYbin=0;

1512 aMbin=0;

1513 aRbin=0;

1514 aAbin=0;

1515 FpYbin=0;

1516 FpMbin=0;

1517 FpRbin=0;

1518

1519 i f nbpoints >1;%Min number o f po int in the bin

1520 f o r iT=1: nbpoints

1521 i f id1 ( iT )−1<1

1522 Tbin=Tbin+0;

1523 e l s e

1524 Tbin=Tbin+(T3( id1 ( iT ) )−T3( id1 ( iT )−1) ) ;

1525 end

1526 Ybin=Ybin+Y3( id1 ( iT ) ) ;

1527 Rbin=Rbin+R3( id1 ( iT ) ) ;
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1528 Abin=Abin+A3( id1 ( iT ) ) ;

1529 vYbin=vYbin+vY3( id1 ( iT ) ) ;

1530 vMbin=vMbin+vM3( id1 ( iT ) ) ;

1531 vRbin=vRbin+vR3( id1 ( iT ) ) ;

1532 vAbin=vAbin+vA3( id1 ( iT ) ) ;

1533 aYbin=aYbin+aY3( id1 ( iT ) ) ;

1534 aMbin=aMbin+aM3( id1 ( iT ) ) ;

1535 aRbin=aRbin+aR3( id1 ( iT ) ) ;

1536 aAbin=aAbin+aA3( id1 ( iT ) ) ;

1537 FpYbin=FpYbin+FpY3( id1 ( iT ) ) ;

1538 FpMbin=FpMbin+FpM3( id1 ( iT ) ) ;

1539 FpRbin=FpRbin+FpR3( id1 ( iT ) ) ;

1540 end

1541 MatRT( rr , j j )=Tbin ; % Attr ibute the value to the

bin

1542 MatRvM( rr , j j )=vMbin/ nbpoints ; % average on the

number o f l o c a t i o n in t h i s bin

1543 MatRvR( rr , j j )=vRbin/ nbpoints ;

1544 MatRvY( rr , j j )=vYbin/ nbpoints ;

1545 MatRvA( rr , j j )=vAbin/ nbpoints ;

1546 MatRaY( rr , j j )=aYbin/ nbpoints ;

1547 MatRaM( rr , j j )=aMbin/ nbpoints ;

1548 MatRaR( rr , j j )=aRbin/ nbpoints ;

1549 MatRaA( rr , j j )=aAbin/ nbpoints ;

1550 MatRFpY( rr , j j )=FpYbin/ nbpoints ;

1551 MatRFpM( rr , j j )=FpMbin/ nbpoints ;

1552 MatRFpR( rr , j j )=FpRbin/ nbpoints ;

1553 e l s e

1554 end

1555 end
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1556 end

1557

1558 maxspeed=100; %Limit the max speed value m/ s

1559 MatRCount(MatRCount==0)=NaN; %Put NaN when no l o c a t i o n in

b ins

1560 MatRT(MatRT==0)=NaN;

1561 MatRVol(MatRVol==0)=NaN;

1562 MatRvM(MatRvM==0)=NaN;

1563 MatRvR(MatRvR==0)=NaN;

1564 MatRvR(MatRvR>maxspeed )=maxspeed ;

1565 MatRvR(MatRvR<(−maxspeed ) )=−maxspeed ;

1566 MatRvY(MatRvY==0)=NaN;

1567 MatRvY(MatRvY>maxspeed )=maxspeed ;

1568 MatRvY(MatRvY<(−maxspeed ) )=−maxspeed ;

1569 MatRvA(MatRvA==0)=NaN;

1570 MatRaM(MatRaM==0)=NaN;

1571 MatRaR(MatRaR==0)=NaN;

1572 MatRaY(MatRaY==0)=NaN;

1573 MatRaA(MatRaA==0)=NaN;

1574 MatRFpM(MatRFpM==0)=NaN;

1575 MatRFpR(MatRFpR==0)=NaN;

1576 MatRFpY(MatRFpY==0)=NaN;

1577

1578 %DISPLAY RADIAL LOCATION

1579 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1580 f i g u r e (10)

1581

1582 C=MatRCount ;

1583 C( : )=NaN;

1584 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;
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1585 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

1586 hold on

1587 p lo t (R3 , Y3 , 'bo' , 'LineWidth' , 1 , 'MarkerSize ' , 5 )

1588 hold o f f

1589 a x i s equal

1590 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1591 g r id on

1592 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1593 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

1594 s e t ( gca , 'FontSize ' , 20)

1595

1596

1597 %DISPLAY VELOCITY FIELD (TOROID BINS)

1598 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1599 f i g u r e (11)

1600

1601 C=MatRCount ;

1602 C( : )=NaN;

1603 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

1604 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

1605 hold on

1606 qu iver (MatRCenterR , MatRCenterY , MatRvR, MatRvY, 1 . 5 , ' c o l o r ' , '

k' ) %Be c a r e f u l l with s c a l e

1607 hold o f f

1608 a x i s equal

1609 g r id on

1610 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1611 box on

1612 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20)

1613 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20)
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1614 s e t ( gca , 'FontSize ' , 20)

1615

1616

1617 %DISPLAY OCCUPANCY (TOROID BINS)

1618 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1619 f i g u r e (12)

1620

1621 C=MatRCount ;

1622 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

1623 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

1624 c o l = co l o rba r ;

1625 y l a b e l ( co l , 'Occupancy ( Locat ion per bin ) ' , 'FontSize ' , 20) ;

1626 c a x i s ( [ 0 , 1 0 0 0 ] )

1627 colormap ( coo l )

1628 a x i s equal

1629 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1630 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1631 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

1632 s e t ( gca , 'FontSize ' , 20)

1633

1634

1635 %DISPLAY OCCUPANCY (VOLUME NORMALISED) (TOROID BINS)

1636 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1637 f i g u r e (121)

1638

1639 MatROccV=MatRCount . / MatRVol ; %Occupancy count per un i t volume

( count /mm3)

1640

1641 C=MatROccV ;

1642 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;
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1643 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

1644 c o l = co l o rba r ;

1645 y l a b e l ( co l , 'Occupancy ( Locat ion /mmˆ{3})' , 'FontSize ' , 20) ;

1646 c a x i s ( [ 0 , 0 . 0 5 ] )

1647 colormap ( coo l )

1648 a x i s equal

1649 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1650 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1651 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

1652 s e t ( gca , 'FontSize ' , 20)

1653

1654

1655 %DISPLAY FRACTIONNAL OCCUPANCY (TOROID BINS)

1656 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1657 f i g u r e (13)

1658

1659 FracOccV=MatROccV/(sum(sum(MatRCount , 'omitnan' ) , 'omitnan' ) ) ;

%Frac t i onna l occupancy ( number o f time p a r t i c l e l o ca t ed in

bin ) /( volume ) /( t o t a l number o f l o c a t i o n )

1660

1661 C=FracOccV ;

1662 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

1663 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

1664 c o l = co l o rba r ;

1665 y l a b e l ( co l , 'Occupancy ( f r a c t i o n o f l o c a t i o n /mmˆ{3})' , '

FontSize ' , 20) ;

1666 c a x i s ( [ 0 , 0 . 0 0 0 0 0 0 2 5 ] )

1667 colormap ( coo l )

1668 a x i s equal

1669 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )
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1670 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1671 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

1672 s e t ( gca , 'FontSize ' , 20)

1673

1674

1675 %DISPLAY RESIDUALS (TOROID BINS)

1676 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1677 f i g u r e (131)

1678

1679 subplot ( 2 , 2 , 1 )

1680 p lo t (X, XRes , ' ro' , 'LineWidth' , 2 , 'MarkerSize ' , 5 ) ;

1681 a x i s ( [ Xmin Xmax −25 2 5 ] )

1682 x l a b e l ( 'X (mm) ' , 'FontSize ' , 20) ;

1683 y l a b e l ( 'X Res idua l (mm) ' , 'FontSize ' , 20) ;

1684 g r id on

1685 s e t ( gca , 'FontSize ' , 20)

1686

1687 subplot ( 2 , 2 , [ 2 , 4 ] )

1688 p lo t (YRes ,Y, ' ro' , 'LineWidth' , 2 , 'MarkerSize ' , 5 ) ;

1689 a x i s ([−25 25 Ymin Ymax ] )

1690 x l a b e l ( 'Y Res idua l s (mm) ' , 'FontSize ' , 20) ;

1691 y l a b e l ( 'Y (mm) ' , 'FontSize ' , 20) ;

1692 g r id on

1693 s e t ( gca , 'FontSize ' , 20)

1694

1695 subplot ( 2 , 2 , 3 )

1696 p lo t (Z , ZRes , ' ro' , 'LineWidth' , 2 , 'MarkerSize ' , 5 ) ;

1697 a x i s ( [ Zmin Zmax −25 2 5 ] )

1698 x l a b e l ( 'Z (mm) ' , 'FontSize ' , 20) ;

1699 y l a b e l ( 'Z Res idual (mm) ' , 'FontSize ' , 20) ;
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1700 g r id on

1701 s e t ( gca , 'FontSize ' , 20)

1702

1703

1704 %DISPLAY VELOCITY MAGNITUDE (TOROID BINS)

1705 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1706 f i g u r e (14)

1707

1708 C=MatRvM;

1709 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

1710 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

1711 c o l = co l o rba r ;

1712 y l a b e l ( co l , 'Ve loc i ty magnitude (m/ s ) ' , 'FontSize ' , 20) ;

1713 c a x i s ( [ 0 , 1 . 2 ] )

1714 colormap ( j e t )

1715 a x i s equal

1716 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1717 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1718 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

1719 s e t ( gca , 'FontSize ' , 20)

1720

1721

1722 %DISPLAY VELOCITY MAGNITUDE/Vtip (TOROID BINS)

1723 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1724 f i g u r e (141)

1725

1726 C=MatRvM/vTip ;

1727 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

1728 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

1729 c o l = co l o rba r ;
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1730 y l a b e l ( co l , 'Ve loc i ty magnitude (m/ s ) ' , 'FontSize ' , 20) ;

1731 c a x i s ( [ 0 , 1 ] )

1732 colormap ( hot )

1733 a x i s equal

1734 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1735 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1736 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

1737 s e t ( gca , 'FontSize ' , 20)

1738

1739

1740 %DISPLAY VERTICAL VELOCITY (TOROID BINS)

1741 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1742 f i g u r e (15)

1743

1744 C=MatRvY;

1745 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

1746 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

1747 c o l = co l o rba r ;

1748 y l a b e l ( co l , 'V e r t i c a l v e l o c i t y (m/ s ) ' , 'FontSize ' , 20) ;

1749 c a x i s ( [ −0 . 5 , 0 ] )

1750 colormap ( gray )

1751 a x i s equal

1752 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1753 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1754 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

1755 s e t ( gca , 'FontSize ' , 20)

1756

1757

1758 %DISPLAY RADIAL VELOCITY (TOROID BINS)

1759 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
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1760 f i g u r e (16)

1761

1762 C=MatRvR;

1763 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

1764 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

1765 c o l = co l o rba r ;

1766 y l a b e l ( co l , 'Radial v e l o c i t y (m/ s ) ' , 'FontSize ' , 20) ;

1767 c a x i s ( [ −0 . 3 5 , 0 . 3 5 ] )

1768 colormap ( j e t )

1769 a x i s equal

1770 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1771 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1772 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

1773 s e t ( gca , 'FontSize ' , 20)

1774

1775

1776 %DISPLAY ANGULAR VELOCITY (TOROID BINS)

1777 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1778 f i g u r e (17)

1779

1780 C=MatRvA;

1781 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

1782 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

1783 c o l = co l o rba r ;

1784 y l a b e l ( co l , 'Angular v e l o c i t y ( rad/ s ) ' , 'FontSize ' , 20) ;

1785 c a x i s ( [ 0 , 4* pi ( ) ] )

1786 colormap ( f l i p u d ( hot ) )

1787 a x i s equal

1788 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1789 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;
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1790 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

1791 s e t ( gca , 'FontSize ' , 20)

1792

1793

1794 % %DISPLAY MULTIPLE FIGURE TO SAVE PDF

1795 % %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1796 %

1797 %

1798 % h1777=f i g u r e (' pos i t i on ' , [ 0 , 0 , 990 , 59 0 ] ) ;

1799 %

1800 % ha=subplot (1 ,3 ,1 , ' pos i t i on ' , [ 0 . 0 7 0 .11 0 .28 0 . 8 7 ] ) ;

1801 %

1802 % C=MatRvM;

1803 % h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

1804 % s e t (h , 'EdgeColor ' , 'k' , ' edgealpha ' , 0 . 15 )

1805 % c o l = c o l o rba r ;

1806 % y l a b e l ( co l , ' Ve loc i ty magnitude (m/ s ) ' ,'FontSize ' ,14) ;

1807 % c a x i s ( [ 0 , 1 . 2 ] )

1808 % colormap ( ha , j e t )

1809 % a x i s equal

1810 % a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1811 % x l a b e l ('Radius (mm) ' ,'FontSize ' ,16) ;

1812 % y l a b e l ('Elevat ion (mm) ' ,'FontSize ' ,16) ;

1813 % s e t ( gca , ' FontSize ' ,16)

1814 %

1815 % xa = [ 0 . 1 0 5 0 . 1 3 ] ;

1816 % ya = [ 0 . 3 8 0 . 5 1 ] ;

1817 % ht=annotat ion (' textarrow ' , xa , ya , ' Str ing ' , 'WW ')

1818 % s e t ( ht , ' FontSize ' ,16) ;

1819 %
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1820 %

1821 %

1822 %

1823 % hb=subplot (1 ,3 ,2 , ' pos i t i on ' , [ 0 . 3 8 0 .11 0 .28 0 . 8 7 ] ) ;

1824 %

1825 % C=MatRvR;

1826 % h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

1827 % s e t (h , 'EdgeColor ' , 'k' , ' edgealpha ' , 0 . 15 )

1828 % c o l = c o l o rba r ;

1829 % y l a b e l ( co l , ' Radial v e l o c i t y (m/ s ) ' ,'FontSize ' ,14) ;

1830 % c a x i s ( [ −0 . 3 5 , 0 . 3 5 ] )

1831 % colormap (hb , j e t )

1832 % a x i s equal

1833 % a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1834 % x l a b e l ('Radius (mm) ' ,'FontSize ' ,16) ;

1835 % s e t ( gca , 'YTick ' , [ ] ) ;

1836 % %y l a b e l ('Elevat ion (mm) ' ,'FontSize ' ,16) ;

1837 % s e t ( gca , ' FontSize ' ,16)

1838 %

1839 %

1840 % hc=subplot (1 ,3 ,3 , ' pos i t i on ' , [ 0 . 6 9 0 .11 0 .28 0 . 8 7 ] ) ;

1841 %

1842 % C=MatRvA;

1843 % h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

1844 % s e t (h , 'EdgeColor ' , 'k' , ' edgealpha ' , 0 . 15 )

1845 % c o l = c o l o rba r ;

1846 % y l a b e l ( co l , 'Angular v e l o c i t y ( rad/ s ) ' ,'FontSize ' ,14) ;

1847 % c a x i s ( [ 0 , 4* pi ( ) ] )

1848 % colormap ( hc , f l i p u d ( hot ) )

1849 % a x i s equal
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1850 % a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

1851 % x l a b e l ('Radius (mm) ' ,'FontSize ' ,16) ;

1852 % s e t ( gca , 'YTick ' , [ ] ) ;

1853 % %y l a b e l ('Elevat ion (mm) ' ,'FontSize ' ,16) ;

1854 % s e t ( gca , ' FontSize ' ,16)

1855 %

1856 %

1857 % s e t ( h1777 , 'PaperUnits ' , ' inches ') ;

1858 % s e t ( h1777 , ' paper s i z e ' , [ 10 6 ] ) ;

1859 % s e t ( h1777 , ' PaperPosit ion ' , [ 0 . 0 5 0 .05 9 .95 5 . 9 5 ] ) ;

1860 % p r i n t ( h1777 , '0300 0355 Hematite WWON Vel ' , '−dpdf ') ;

1861 %

1862

1863

1864 %DISPLAY ANGULAR VELOCITY VS ELEVATION VS RADIUS (TOROID BINS

)

1865 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1866 f i g u r e (18)

1867

1868 f o r i =1: nbpass

1869 hold on

1870 h = s u r f a c e ( [ PlibR ( : , i ) , PlibR ( : , i ) ] , [ PlibY ( : , i ) , PlibY

( : , i ) ] , [ Pl ibZ ( : , i ) , Pl ibZ ( : , i ) ] , [ PlibvA ( : , i ) , PlibvA

( : , i ) ] , 'LineWidth' , 2 , 'EdgeColor' , ' f l a t ' , 'FaceColor' , '

none' ) ;

1871 end

1872 hold o f f

1873 c o l = co l o rba r ;

1874 y l a b e l ( co l , 'Angular v e l o c i t y ( rad/ s ) ' , 'FontSize ' , 20) ;

1875 c a x i s ([−4* pi ( ) , 0 ] )
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1876 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1877 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

1878 z l a b e l ( 'Z (mm) ' , 'FontSize ' , 20) ;

1879 a x i s ( [ 0 180 Ymin Ymax Zmin Zmax ] )

1880 %a x i s equal

1881 g r id on

1882 s e t ( gca , 'FontSize ' , 20)

1883 AZ=0;

1884 EL=90;

1885 view (2) ;

1886

1887

1888 %DISPLAY VELOCITY MAGNITUDE VS ELEVATION VS RADIUS (TOROID

BINS)

1889 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1890 f i g u r e (19)

1891

1892 f o r i =1: nbpass

1893 hold on

1894 h = s u r f a c e ( [ PlibR ( : , i ) , PlibR ( : , i ) ] , [ PlibY ( : , i ) , PlibY

( : , i ) ] , [ Pl ibZ ( : , i ) , Pl ibZ ( : , i ) ] , [ PlibvM ( : , i ) , PlibvM

( : , i ) ] , 'LineWidth' , 2 , 'EdgeColor' , ' f l a t ' , 'FaceColor' , '

none' ) ;

1895 end

1896 hold o f f

1897 c o l = co l o rba r ;

1898 y l a b e l ( co l , 'Ve loc i ty Magnitude (m/ s ) ' , 'FontSize ' , 20) ;

1899 c a x i s ( [ 0 , 1 . 7 5 ] )

1900 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1901 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;
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1902 z l a b e l ( 'Z (mm) ' , 'FontSize ' , 20) ;

1903 a x i s ( [ 0 180 Ymin Ymax Zmin Zmax ] )

1904 %a x i s equal

1905 g r id on

1906 s e t ( gca , 'FontSize ' , 20)

1907 AZ=0;

1908 EL=90;

1909 view (2) ;

1910

1911

1912 %DISPLAY ANGULAR POSITION VS ELEVATION (TOROID BINS)

1913 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1914 f i g u r e (20)

1915

1916 p lo t ( Af i t , Yf i t , 'bo' , 'LineWidth' , 1 , 'MarkerSize ' , 5 )

1917 %a x i s equal

1918 g r id on

1919 %a x i s ([−20 20 −10 1 0 ] )

1920 x l a b e l ( 'Angle ( rad ) ' , 'FontSize ' , 20) ;

1921 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

1922 s e t ( gca , 'FontSize ' , 20)

1923

1924

1925 %DISPLAY ANGULAR VELOCITY VS RADIUS (TOROID BINS)

1926 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1927 f i g u r e (21)

1928

1929 p lo t ( Rf i t , vAfit , 'bo' , 'LineWidth' , 1 , 'MarkerSize ' , 5 )

1930 %a x i s equal

1931 g r id on
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1932 a x i s ( [ 0 180 −4*pi ( ) 0 ] )

1933 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1934 y l a b e l ( 'Angular Ve loc i ty ( rad / s ) ' , 'FontSize ' , 20) ;

1935 s e t ( gca , 'FontSize ' , 20)

1936

1937

1938 %DISPLAY ANGULAR VELOCITY VS RADIAL VELOCITY (TOROID BINS)

1939 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1940 f i g u r e (22)

1941

1942 p lo t ( vRfit , vAfit , 'bo' , 'LineWidth' , 1 , 'MarkerSize ' , 5 )

1943 %a x i s equal

1944 g r id on

1945 a x i s ( [−0.5 0 .5 −4*pi ( ) 0 ] )

1946 x l a b e l ( 'Radial v e l o c i t y (m/ s ) ' , 'FontSize ' , 20) ;

1947 y l a b e l ( 'Angular Ve loc i ty ( rad / s ) ' , 'FontSize ' , 20) ;

1948 s e t ( gca , 'FontSize ' , 20)

1949

1950

1951 %DISPLAY VELOCITY MAGNITUDE VS RADIUS (TOROID BINS)

1952 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1953 f i g u r e (23)

1954

1955 p lo t ( Rf i t , vMfit , 'bo' , 'LineWidth' , 1 , 'MarkerSize ' , 5 )

1956 %a x i s equal

1957 g r id on

1958 a x i s ( [ 0 180 0 2 ] )

1959 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

1960 y l a b e l ( 'Ve loc i ty Magnitude (m/ s ) ' , 'FontSize ' , 20) ;

1961 s e t ( gca , 'FontSize ' , 20)

B75



PARTICLE TRACKING ANALYSIS CODE

1962

1963

1964 %DISPLAY HISTOGRAM OF RESIDUAL BETWEEN LOCATIONS AND FIT

1965 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

1966 f i g u r e (24)

1967

1968 edges = [ 0 : 0 . 2 : 1 5 ] ;

1969 histogram ( abs (XRes) , edges , 'Normal izat ion ' , ' p r o b a b i l i t y ' , '

f a c e c o l o r ' , [ 0 0 1 ] , ' f a c ea lpha ' , 1 , ' edgeco l o r ' , 'none' ) ;

1970 hold on

1971 histogram ( abs (YRes) , edges , 'Normal izat ion ' , ' p r o b a b i l i t y ' , '

f a c e c o l o r ' , [ 0 1 0 ] , ' f a c ea lpha ' , 0 . 5 , ' edgeco l o r ' , 'none' ) ;

1972 hold on

1973 histogram ( abs ( ZRes ) , edges , 'Normal izat ion ' , ' p r o b a b i l i t y ' , '

f a c e c o l o r ' , [ 1 0 0 ] , ' f a c ea lpha ' , 1 , ' edgeco l o r ' , 'none' ) ;

1974 x l a b e l ( 'Res idua l s between tracked and f i t t e d l o c a t i o n s (mm) ' ,

'FontSize ' , 24) ;

1975 y l a b e l ( 'Fract ion o f t o t a l l o c a t i o n s ' , 'FontSize ' , 24) ;

1976 s e t ( gca , 'FontSize ' , 24)

1977 legend1=s p r i n t f ( 'X Residuals , Mean = %.1 f , Median = %.1 f , Std

= %.1 f ' ,mean( abs (XRes) ) , median ( abs (XRes) ) , s td (XRes) ) ;

1978 legend2=s p r i n t f ( 'Y Residuals , Mean = %.1 f , Median = %.1 f , Std

= %.1 f ' ,mean( abs (YRes) ) , median ( abs (YRes) ) , s td (YRes) ) ;

1979 legend3=s p r i n t f ( 'Z Res iduals , Mean = %.1 f , Median = %.1 f , Std

= %.1 f ' ,mean( abs ( ZRes ) ) , median ( abs ( ZRes ) ) , s td ( ZRes ) ) ;

1980 legend ({ legend1 , legend2 , legend3 } ,'FontSize ' , 20) ;

1981

1982

1983 f i g u r e (25)

1984 %edges = [ 0 : 0 . 2 : 1 5 ] ;
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1985 histogram (NRes , edges , ' f a c e c o l o r ' , [ 0 0 1 ] , ' f a c ea lpha ' , 1 , '

edgeco l o r ' , 'none' ) ;

1986 x l a b e l ( 'Res idua l s between tracked and f i t t e d l o c a t i o n s (mm) ' ,

'FontSize ' , 20) ;

1987 y l a b e l ( 'Number o f l o c a t i o n s ' , 'FontSize ' , 20) ;

1988 legend1=s p r i n t f ( 'STD Res idua l s = %.2 f ' , s td (NRes) ) ;

1989 legend ({ l egend1 }) ;

1990 s e t ( gca , 'FontSize ' , 20)

1991

1992 f i g u r e (26)

1993 edges = [ 0 : 0 . 0 1 : 1 ] ;

1994 histogram ( vMfit /Vtip , edges , 'Normal izat ion ' , ' p r o b a b i l i t y ' , '

f a c e c o l o r ' , [ 0 0 1 ] , ' f a c ea lpha ' , 1 , ' edgeco l o r ' , 'none' , '

Normal izat ion ' , ' p r o b a b i l i t y ' ) ;

1995 x l a b e l ( 'Normalised v e l o c i t y (vM/ vt ip ) ' , 'FontSize ' , 20) ;

1996 y l a b e l ( 'Fract ion o f t o t a l l o c a t i o n s ' , 'FontSize ' , 20) ;

1997 legend1=s p r i n t f ( 'Normalised v e l o c i t y , Mean = %.2 f , Median =

%.2 f , Std = %.2 f ' ,mean( abs ( vMfit /Vtip ) ) , median ( abs ( vMfit /

Vtip ) ) , s td ( vMfit /Vtip ) ) ;

1998 legend ({ l egend1 }) ;

1999 s e t ( gca , 'FontSize ' , 20)

2000

2001

2002 %DISPLAY ACCELERATION MAGNITUDE (TOROID BINS)

2003 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

2004 f i g u r e (27)

2005

2006 C=MatRaM;

2007 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

2008 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )
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2009 c o l = co l o rba r ;

2010 y l a b e l ( co l , 'Acce l e r a t i on magnitude (m/ s ˆ2) ' , 'FontSize ' , 20) ;

2011 c a x i s ( [ 0 , 6 ] )

2012 colormap ( j e t )

2013 a x i s equal

2014 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

2015 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

2016 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

2017 s e t ( gca , 'FontSize ' , 20)

2018

2019 %DISPLAY VERTICAL ACCELERATION (TOROID BINS)

2020 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

2021 f i g u r e (28)

2022

2023 C=MatRaY;

2024 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

2025 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

2026 c o l = co l o rba r ;

2027 y l a b e l ( co l , 'V e r t i c a l a c c e l e r a t i o n (m/ s ˆ2) ' , 'FontSize ' , 20) ;

2028 c a x i s ( [ −4 ,4 ] )

2029 colormap ( j e t )

2030 a x i s equal

2031 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

2032 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

2033 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

2034 s e t ( gca , 'FontSize ' , 20)

2035

2036 %DISPLAY RADIAL ACCELERATION (TOROID BINS)

2037 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

2038 f i g u r e (29)
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2039

2040 C=MatRaR;

2041 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

2042 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

2043 c o l = co l o rba r ;

2044 y l a b e l ( co l , 'Radial a c c e l e r a t i o n (m/ s ˆ2) ' , 'FontSize ' , 20) ;

2045 c a x i s ( [ −6 ,6 ] )

2046 colormap ( j e t )

2047 a x i s equal

2048 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

2049 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

2050 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

2051 s e t ( gca , 'FontSize ' , 20)

2052

2053 %DISPLAY ANGULAR ACCELERATION (TOROID BINS)

2054 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

2055 f i g u r e (30)

2056

2057 C=MatRaA;

2058 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

2059 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

2060 c o l = co l o rba r ;

2061 y l a b e l ( co l , 'Angular a c c e l e r a t i o n ( rad / s ˆ2) ' , 'FontSize ' , 20) ;

2062 c a x i s ( [ −75 ,75 ] )

2063 colormap ( j e t )

2064 a x i s equal

2065 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

2066 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

2067 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

2068 s e t ( gca , 'FontSize ' , 20)
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2069

2070

2071 %DISPLAY FORCE MAGNITUDE (TOROID BINS)

2072 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

2073 f i g u r e (31)

2074

2075 C=MatRFpM*1000000;

2076 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

2077 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

2078 c o l = co l o rba r ;

2079 y l a b e l ( co l , 'Force magnitude (\muN) ' , 'FontSize ' , 20) ;

2080 c a x i s ( [ 0 , 0 . 5 ] )

2081 colormap ( j e t )

2082 a x i s equal

2083 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

2084 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

2085 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

2086 s e t ( gca , 'FontSize ' , 20)

2087

2088 %DISPLAY FORCE IN Y AXIS (TOROID BINS)

2089 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

2090 f i g u r e (32)

2091

2092 C=MatRFpY*1000000;

2093 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

2094 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

2095 c o l = co l o rba r ;

2096 y l a b e l ( co l , 'V e r t i c a l f o r c e (\muN) ' , 'FontSize ' , 20) ;

2097 c a x i s ( [ − 0 . 5 , 0 . 5 ] )

2098 colormap ( j e t )
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2099 a x i s equal

2100 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

2101 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

2102 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

2103 s e t ( gca , 'FontSize ' , 20)

2104

2105 %DISPLAY FORCE IN R AXIS (TOROID BINS)

2106 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

2107 f i g u r e (33)

2108

2109 C=MatRFpR*1000000;

2110 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;

2111 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

2112 c o l = co l o rba r ;

2113 y l a b e l ( co l , 'Radial f o r c e (\muN) ' , 'FontSize ' , 20) ;

2114 c a x i s ( [ − 0 . 5 , 0 . 5 ] )

2115 colormap ( j e t )

2116 a x i s equal

2117 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

2118 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20) ;

2119 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20) ;

2120 s e t ( gca , 'FontSize ' , 20)

2121

2122 %DISPLAY FORCE FIELD (TOROID BINS)

2123 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

2124 f i g u r e (34)

2125

2126 C=MatRCount ;

2127 C( : )=NaN;

2128 h=pco lo r (MatRCenterR−b i n s i z e /2 ,MatRCenterY−b i n s i z e /2 ,C) ;
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2129 s e t (h , 'EdgeColor' , 'k' , 'edgealpha ' , 0 . 1 5 )

2130 hold on

2131 qu iver (MatRCenterR , MatRCenterY , MatRFpR, MatRFpY, 2 . 0 , ' c o l o r '

, 'k' ) %Be c a r e f u l l with s c a l e

2132 % hold on

2133 % quiver (5 ,−10 ,10 ,0 , ' autosca l e ' , ' o f f ' , ' co lo r ' , 'k' , '

MaxHeadSize ' , 1 ) ;

2134 % text (5 ,−13 , '0.1 \muN' , ' co lo r ' , 'k' , 'FontSize ' ,12)

2135 hold o f f

2136 a x i s equal

2137 g r id on

2138 a x i s ( [ Rmin Rmax−b i n s i z e Ymin Ymax−b i n s i z e ] )

2139 box on

2140 x l a b e l ( 'Radius (mm) ' , 'FontSize ' , 20)

2141 y l a b e l ( 'Elevat ion (mm) ' , 'FontSize ' , 20)

2142 s e t ( gca , 'FontSize ' , 20)

2143

2144

2145 % %WRITE SELECTED DATA IN A FILE ( f o r fu tu r e p r o c e s s i n g )

2146 % %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

2147 Data f i t =[T3 , R3 , A3 , X3 , Y3 , Z3 , vR3 , vA3 , vX3 , vY3 , vZ3 ,vM3, aR3 , aA3 ,

aX3 , aY3 , aZ3 ,aM3 ] ;

2148 formatSpec = '%8.5 f %5.5 f %5.5 f %5.5 f %5.5 f %5.5 f %5.5 f %5.5 f

%5.5 f %5.5 f %5.5 f %5.5 f %5.5 f %5.5 f %5.5 f %5.5 f %5.5 f

%5.5 f \n' ;

2149

2150 f i l e I D = fopen ( 'D a t a f i t t e s t . txt ' , 'wt' ) ;

2151 f o r i =1: l ength (T3)

2152 f p r i n t f ( f i l e I D , formatSpec , Data f i t ( i , : ) ) ;

2153 end
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2154 f c l o s e ( f i l e I D ) ;
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