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Jigs have been used in mineral beneficiation for many years. They have a number of desirable

gualities some of which include sitigty of operation and cost effectiveness. Jigs have been
successfully applied for the beneficiation of a number of minerals and are extensively used in the

processing of iron ore and coal.

The concept of process optimization is one that is fundamenthkiprocessing of minerals.
Likewise it applies to the jigging processes as performance has been found to be a function of the
feed characteristics e.g. feed composition and density distribution. The effect of the size range
and the patrticle size has laig been untested on jig performance. Hence, this investigation aims

to shed more light on the influence of these two factors on jig performance.

Mathematical models of mineral processes have been increasingly used as a cost effective way to
investigate dferent processing options. In the case of the modeling of jigs, King's stratification
model has been found to be particularly useful. Although its efficiency as a simulator has been
proven for synthetic systems in which particles have essentially the saemand shape, its
applicability has not been investigated for practical contexts where size and size range vary

significantly. This context is the focus of the investigation reported in this thesis.

Using a batch jig, tests were conducted on a typioattSAfrican coal. The choice of coal as a
test material was motivated by the ease with which density distributions can be measured for
coal systems. The coal samples were screened into different size fractions and 15 different

combinations of particle we prepared for testing in a laboratory batch jig.

The esudts showthat for the samples tested the quality of separation increased as particle size
increased i.e. improvements in jig performance of between 10% and 20% were achieved in some
samples as thparticle size was increased. On the other hand the quality of separation decreased
as the size range increasett. was also found that the jig performance is more sensitive to
particle size than it to the particle size range. The study revealedéh&intdp model is a good
simulator of stratification behaviour of jigs as it was able to produce reasonably good levels of

agreement between modeled and experimentalffoiataost samples that were tested



No apparent trend could be observed with regattigceffect of variations in size astzerange

on the stratificatioparameter in the King moddt appears that in the context investigated in the
study, this parameter is relativahdependent of size and size range and was fairly similar for all
tess conducted in 1B study. In several of the tests, particularly those with a large range of sizes,
the model did not fit the data very well. However, in general, it appears that the King model can
be used with the same degree of confidence as a simidagystems where the ratio of the top

to the bottom sizes of the jig is 2.4 or less.
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Chapter 1: Introduc tion

1.1. Background

Mineral jigging is a process of separating particles of different densities by allowing them to
settle in a fluid under a pulsating motion. It is particularly efficient for processing ores in which
significant differences in partes densities existin mineral processing, jigs are uskxn the

pre-concentration of ferrous ores and washing of coal amongst other applications.

South Africa relies heavily on coal as a primary fuel source. It is predicted that up until about
2030, 884 of all power will continue to be generated from c@arpers, 200%. This makes it

a very important commodity and performance measurement criteria for coal processing have
been developed over a long period of time and are easy to implement and udd&wstan
African coal is difficult to jigbecause it contains significant proportions of near density i.e.
material with densities close to the cut densitghough not the main focus of this thesis, any
work that might contribute to improving the prodagsefficiency of coal is highly relevant to

the country

Although jigging isone of the oldest mineral processing technologies in use todHyas been

the subject otonsiderablgesearch for many yearhe dynamics which affedts performance

still remaininadequately understoodConsequently, the mathematical models of these dynamics
that have been formulated are inadequate in several respects. One of these is that they do not
account very well for the effects which particle size exert on jig pedace. This means that

the current capability to reliably simulate the performance of jigs in mineral processing circuits is
somewhat limited and the potential benefits for process design and process troubleshooting
which simulation offers is constrained’he objective of the study reported in this thesis is to
investigate some of these influences and the extent to which one of the most promising models

available is able to account for the influences investigated.

The model in question was formulated by Professor KKigg, 1987 200). It has been
formulated on the assumption that all particles in a jig bed are 4sirad spheres. However,
there are indications in the literature that it is able to simulatefisaibn patterns in more

practical systems where the size and shape of particles violate this assumption but no validation

-1-



work of this kind has been reported. The study reported in this thesis aims to make a

contribution in this area.

1.2. Problem Statement

Any attempt to improve the efficiency of a mineral processing unit operation or to improve the
capability of models to simulate their performance must be based on a good understanding of the
dynamics that influence separation performance. The undergjaoidthe influence of particle

size and particle size range on this performance is currently inadequate in general and more
specifically, is inadequately accounted for in the mathematical models that are currently
available. This is particularly true foomplex systems such as with South African Coals which
contain considerable proportions of near density materials, i.e. material that has density close to
the cut density of the separator. The study reported in this thesis aims to test the effect®f particl
size and size range on jig performance and to investigate how well the King stratification model
describes the stratification behavior of a typical South African coal.

1.3. Research objectives

The guestions which this study aims to address are as follows:

U How does patrticle size and size range affect jig performance?
U How well does the King model describe stratifioatbehaviour in the jig fodifferent
particle sizes and sizes ranges?
U How does the stratification parameterU) i n t he King lesszdatd vary

with particle size range?

1.4. Structu re of this thesis

The first chapter is the introduction whighves a background to the problem to be tackled. In

the second chapter a revief jigging technology, relevant theories and models are presented.
Emphasis is placed on theories and models that describe the mechanism by which a bed of
particles is stratified in the jigfhe capability of the jig to hatel a wide feed size rangand

resulting efficiencies aralso discussed.



Chapter three provides detailed description of the experimental work and equipment used to
achieve the set objectives. Presented hezthe experimental desigprocedures followedhe

laboratory work performednd how the data was analyzed

The fourth chapteaims tocharaterize howthe size andsizeratio of particles in the jig bed i.e.
theratio of thelargest and the smallegarticles affects stratification behavior amérformance
indicatorsthat are commonly used to quantify separation performahies informationis

critical for jig plant design as this allows the design engineeptionize the design of a plant

The fifth chapteinvestigateshe abilityof the King stratification model ireliably predicting the
stratification behaviour of a typical South Afric@oal. The effect of size and size range is

investigated andesults on the reproducibility of jigging experiments are presented.

The final chapter summaries all the major findings, their relevance and provides some

recommendations for future work.



Chapter 2: Literature Review

2.1. Mineral Jiggng

Jigging is one of the oldest gigvseparation methodssed in mineral processingyrt, 1984).

It has a significant number of favorable properties, which include cost effectivamgks,
separation precision, high throughput and easy maintenatelerdtra, et al 1997). A wide

range of minerals can be processed ranging from coal to diamonds, andalusite to zirconia,
mineral sands to metal oxides and from industrial minerals to precietas Lin, et al 1997).

In the U.S 37% of the coal beneficiation plants make use of jigs for coal washing and on a
broader scale half of t heMewotm,l etdadl®97.cDuatbthe s was
conplexity of South Africa coals jigging not widely used in this country becauseals in this
country contain significant proportions of near density material which negatiaéfigcts
separation efficienciesWhen material cannot be processed efficiently using jigs, the most

common alternatives dense medium separation.

2.2. Dense Medium Separation (DMS)

DMS is a process widely used in South Africa and globally for the processicoal. This
process useaslurry of magnetite suspended in water as the medium of separation. The effective
densty of the slurry can be controlled by adjusting the concentration of the solids in the slurry.
Floatsink separation is achieved where coal is placed in the mediegal with densities less

than the density of the media will float and that which has ilesgreater than that of the
medium sinks. DMS achieves very precise density separatiomgefficiency decreases as the
percentage of near density material increastsvever it has relatively high operating costs
because it consumes large volumes afewn, requires extensive media recovery and is associated
with high media replacement cost due to the inevitable loss of media during proc&ssmg (
200)). In addition it becomes difficult to achieve separations above an S.G of 3.6 with current
ferrosiicon media iniron ore beneficiationKumba Iron Ore’s Sishen mine has managed to
utilize atomized silicon as the media tchmve separationS.Gd sf up to4.2; Myburgh, et al

2014). However, the high cost of the atomized silicon leads to a significant increase in operating

costs.



2.3. The jigging process

Jigging is a process of sorting a bed of particles in a fluid environment according to density. This
is achieved ¥ stratificaton which is brought abouby the movement of particles which are
intermittently fluidized by verticapulsation of a fluid orair (Burt, 1984). Mehrotra et al,

1997, describes jigging as a cyclic process with four distinct stages. These stages are lift,
expansion, exhaust and compression respectively. The jig mechanism sustains fluid pulsation
such that each jig cycle has an up stroke (pulsation) and down stroke (suction). The lift stage
occurs at the beginning of the-gproke and at this stage the bsdifted. In the expansion stage

the base of the bed starts resettling resulting in relaxing or loosening of the bed causing an
increase in the volume of the bed, which occurs at the end of theake. The last two stages
occur during dowsstroke or sation whereby the particles are resettling and the bed volume
compressed to its initial volume. Repetition of the pulsation and compaction results in
stratification of the bed according to degsithis stratification process results in the formation

of layers of varying density, the density profile of this resulting bed is suchldbstiense
particles are nearthe top of the bed and higher density partickes nearthe base. The
development of this bed is a function of the density and size of pariiclibe feed and of
operating variables such as residence time in the jig, bed thickness and the nature of the jig cycle
(Myburgh, 2010 and Myburgh et al, 2014).

2.4. Types of jigging devices

Various jig designs have been developed over the years for benuh applications in the
mineral processing industry. Table 1 below gives a brief over view of different types of jigs, their
applications and some examp(8surt, 1984 & Wills, 1992).



Table 1: Types of Jigs with examples (Burt, R.O., 1984)

Type Method of Mineral Jigs Coal Jigs
Pulsation
Over the screen  Through the screen Over the screen Through the
screen
Movable Plunger Halkyn James Hancock Wilmot Pan -
screen
Fixed Plunger Harz Cooley, Collom, ORC, Elmore, Faust
Screen McLanahan, stone May Reading
Plunger

Mechanical Diaphragm Bendelarj Ruoss Denver WemcdRemer  Jeffrey -
YubaRichard Pan
Am.PlacerPanam
Kraut, IHC

Pulsator Air OPM Series - Baum Batag Feldspar, Cortex
Tacub

Water Vane Richard Pan America Neil Vissac

2.5. Jigging theories and models

2.5.1. Introduc tion

Though jigging has been in use for many years there is no single clear cut theory that entirely
and accurately describes the performance of @Afidjs, 1992).As a result a number of theories

have been developed. These theories range from simplistie giagicle descriptions to some
more canplex ones which make use stbchastic theoryMehrotra, et al (1997),reviewed the

most notable theories on the subject and classified them as follows:

Classic theory based on single particle behaviour
Potential theory

Dispersion models of particle suspension

(B B e B

Energy dispersion theories

c:

Stochastic analysis
U Empirical models
i DEM and CFD



2.5.2. Classic theory based on single particle behaviour.
The theory proposes that jiggingcuss according tahreemechanisnsdifferential acceleration,
interstitial trickling and hindered settling. It is believed that a combination of all three

mechanisms occurs in the jig depending on the jig cycle that ifBadd 1964).

Differential acceler ation

The acceleratiorof a given particlein a fluid is a function of the relative density of the particle
and fluidonly i.e. it is independent dhe particle size and shapkhis suggests that if particles

are allowedo fall through the mediura sufficient number of times and witrsdficiently short

time of fall the respective distances travelled by different particles should show more likeness to
the initial acceleration of gticles. In this casstratification would occur on the grounds of

specific gravityonly (Burt, 1964).

Hindered settling

If particles are permitted a sufficiently long time to seittle fluid, they will eventually reeh

their terminal velocity. Thesettling velocity of such particles followsither Stokes law or
Newton s dependi ng ralargewartche respecaly. intérediatelyssivaal| | 0
particles follow a combination of the two. However such lideghaviordoes notoccur asthe

number of particles becomes large and particle cronaliegrs Under these conditions settling
isreferredd o0 as &6 hi n gagticles grévenbaehcother ram settlinfyeely. The system

will behave as single entityi.e. the entire bed behaves as if it had a sidglesity of a slurryas

a result the terminal velocity becomes a function of the particle weight instead of the particle
density(Burt, 1964).

Interstitial trickling

As the bed of particles settles down at the ehd given jig cyclethe bed consolidates atiae

larger paticles are forced to interlock under the ughce of the suction force. Theerlocking

results in the formation of channels to the base of the jig bed and heavier particles of sufficiently
small size are capable of trickling through these channele toabe. Thikasa significant effect

on the recovergf smallerheavy mineral¢Burt, 1964).



The dominant mechanism with which stratification occurs depends on the nature of the feed to
the jig and jig cycle used. For instance if there are significamt diferences between the
smallest and largest particles in the feed and the duration of down stroke is sufficiently long then
significant interstitial trickling may occur. This in turn affects the overall jig performance as

particles penetrate furtherwa into the bed than they otherwise would.

These theories reduce the analysis of particle behaviour in the jig to focus on single particles,
and, in particular their settling velocitieSome short comings of this model are that it uses an
idealized modeto describe the behaviour of water in the Jitn et al, 1997, de Jonget al,

1996 and Viduka et al, 2013 all show that water displays more complex behaviour in the jig
than the simplified model that is proposed by the classic theory. This simuiatidel ignores

the significant damping of the water motion due to the bed of particles i.e. the physics behind the
interaction of particles and water is ignored. The second problem with this theory is that it only
looks at the process from a 2 dimensiopatspective which makes it difficult to model

mechanisms such as interstitial tricklindghrotra et al, 1997).

More recent work byKuang Ya-li et al, 2008investigated the laws governing the motion of
groups of particles relative to tlalysis of single particlggoposed by the classic theory. They
found that looking at groups of particles instead of single particles gives a more accurate insight

into the behaviour of particles in a jig.

2.5.3. Potential energy theory

This theorywas frst developed byayer, 1964 who postulate that the driving force of bed
stratification in jigging is the difference in potential energy of the sydtefore and after
stratification i.e. a stratified bed has a lower potential energy than a stragfiedbcordingly,

the unstratified bed of particles is viewed as unstable under gravity potential. As all systems
strive to attain stability or reach equilibriuf@quilibrium is state in which opposing forces acting

on the particles are equddy minimizingthe Gibbs free energy, an unstratified bed of particles
will attain stability by minimizing the difference between the stratified and unstratified states of
the bed. This is achieved by redistribution of particles within the bed. Mayer argued that the

enegy supplied by the jig strokes was not responsible for stratification of the bed but rather just



unlocked the potential in the bed to stratifyis theory suggests that stratification can be

described byhe followingequation;
Y 0A @DPQo

where S ighe stratification rate, J is the jiggability and K a constant. In this instance, jiggability
means the ease with which a bed of particles can be stratified in a jig. The flaw of this approach

is that it fails to take into account the dispersive procabs¢®ccur in the bed during jigging.

2.5.4. Energy Dissipation Theories

The main proponents of this theory &eng, 1990andRong et al, 1993 They did work on air
pulsated jigs and their main aim was to try and identify a single parameter that Heey the
influence on bed stratification which in turdepends on jig operating parameters, feed
characteristics and jig size. This parameter was found to be the total energy dissipated during a
single jig cycle. The main proposition of this theory is that aasnbination of the jigging
parameters that results in the same dissipation of energy in the bed of the jig will result in similar
stratification results. They also found that the frequency of pulsation and operating air pressure
have the greatest effect dhe energy dissipated. This approach neatly ties together the bed
stratification mechanism to the operating parameters as well as-hatairbehavior in the jig.

The short coming of this theory is that it does not predict the concentration prothesjion bed.

2.5.5. Stochastic analysis

This theory argues that analyzifig behaviourby focusing on imgle particles is not realistic.

The theory also argues that since the particles in the jig behave as a single body, critical
processes that occur ihe bed are over looked if single particle analysis is used. As such the
theoryusesthe laws of statistical mechanitsdescribe particle behaviour in the létehrotra

et al, 1997. It concludes that stratification of the bed by density is effectivihaf bed is
statistically unstable for the complete jig cycle. Statistical stability is defined as a state in which
the volume of the bed in the loosened state remains unchanged relative to some mean value. This
theory explains well the interconnectionsvbe¢n regimes of liguid movemeand degree of
stratification. Hbwever it fails to shed light on the relation between operating parameters and

stratification performanced.jn et al, 1997)



2.5.6. Empirical Models

This approach attempts to describe jigging process kinetics by the use of empirical models.

Based on the assumption that fjlgging time strongly affectded stratification, an attempt is
made to express stratification as a function of jigging time. dl@Wing two parameter Weibull
distribution has been proposed to relate jig performance, to a number of jigging parameters.

0

Y(t) is the yield at time t—andf are empirical parameters which must be determined
experimentallyl is a neasure of the relative delay in the separation prpedasshe jiggability ,
which represents the ease with which stratification of a bed of particles in the jig ddoues.

al., 1997, Mehrotra et al, 1997andRong et al, 1993 proposed a powdunction equation to
relate stratification indies to the jigging time becaudeey arguedthat stratification is strongly
affected by the parameters that affect water behavioarjig. They conducted a number of
experiments to determine how stratificatiparameters such as yield were affected by jigging

time and they modeled this into an equation in the form of a power function.

2.5.7. Discrete Element Method (DEM) and Computational Fluid Dynamics (CFD)

DEM is a numerical modéor computing the motionral dfect of a large number gfarticles
interacting in a given bound environmemthile CFD isa detailed model that describes the
behavior of fluid in a giverand how it affects solid objects as it flows past th&his approach

has been applied to thertext of jigging The DEM methodcoupled with simplified fluid
modelshavebeen used to simulate the motion of individual particles discretely to give an insight
into the micremechanical processes that occur at particle |6veluka et al, 2013) These
modeling techniques assume a uniform fluid field and do not account for the effect-of non
uniform fluid velocity on particle drag forces. A number of these models exist i.e. the Euler
Lagrange (DEMCFD) model, Direct Numerical SimulatidbDEM and the latte Boltzmann
DEM. Viduka et al, (2013)claims that the Euletagrange DEM model is superior to other
DEM models because it offers superior computational convenience. It solves the liquid flow
using NavierStokes and continuity equations. On the other hred motion of individual

particles is obtained by sol vi negarticleeotpmbgus s s

10
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obtained from solving Newton'third law. This approach generates detailed information on
particle trajectories and transient fasdeetween particle and the fluid and particle respectively
(Xia et al, 2007)

2.5.8. Dispersion models of particle suspension: The King Model

The potential energy theory was extended by a number of investigators to include dispersive
forces due to factorkke interparticle collisions(Mehrotra and Mishra, 1997). Probably the

mog significantcontribution to the quantitative analysis to the stratification phenomenon was by
King, 1987 initially and then byTavares and King (1999. Like Mayer, 1964 they pppose

that density stratification of partes in a bed is a result ¢fie need to minimize the potential
energy of the bed of particles particles of different densities interchange positions in the bed.
This model has received stroegpiricalendorsemenfTavares et al., 1995; Venkoba Raoet

al., 2003; Venkoba Rao, 2007; Woollacotét al.,2014. However, no work has been done to
establish the limits of its applicability i.e. the extent to which it is not able to describe
stratification patterss when there ar significant variations irparticle size. Accordingly, this

model is reviewed in detalil.

2.5.9. The King stratification model
The theory(King, 1987, Tavares and King 1995, KingR.P. 200}, considersa bed of
particlesof equal sizeswith a variety of densities. For such a systemrétkiction inpotential
energy ofthe bed that results from a particle switching positions with a particle at a distance dH
below it is

’Q 'O “Q (L] ” 8

Qo ¢ ]
w is the particle volumeE is the potential energpf the systemH is the heighbf the particle
bed

According toKing, 1987 the stratifcation that occurs in thgg bed can be described by the

volumdric concentration ofthe particles 6 ). The variation of concentration with hhbigis

called the concentration profile.
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Due to the effect of thstratification potentialparticles move upwards or downwardspending
on whether the difference between the density of the particle and the average density of particles
in the layer in whib it is located is positive or negative. If the difference is positive then the
particles migratesalvnwards otherwisthey moveu pwar ds. The fl ux of par:
a result of the potential griamht setup in the bed is givéay

n 0 o EO

o) 8

Wheren s the stratification fluXthe superscripy denotes that this quantity is perceived on a
volumetric basis u is the migration or penetration velocity and dE/dHtesmed the
stratification potentialThe penetration velocity is achieved by a given particle in a system in

which there are ndlispersive forces ahey are very smalndthe stratificatiorpotentialis one

By substitutingthe stratification potential dE/diWe obtain
n 0 6Qw” "[8

The featue of the King modelthat differentiates itfrom the Mayer's Potential energy
minimization approach is th#ting, 1987 notedthatin reality it would be impossible to achieve
the perfect stratification as postulated by Mayer. This is because dispersige fanich he
deemed to be Fickian in naturegnstantlywork to destratify the bed. This dstratifying or

dispersiveflux, n is describedy

The Diffusion coefficientD is a function of particle sizeand shapeand thebed expansion
mechanism(Tavares and King, 1995).After a sufficiently long period of time the bed of
particles reaches a state of dynamic equilibrium, whereby trerak#fying flux is equal but

opposite to the stratifying flux;

Hence,

-12-



O'Q_"O 0 0Qw [8
This further reduces to;
Q0 0 6w v erg
Q0 (@) 1

The relative height h of the bed candefinedash=H/Hp.q Where, Heqrepresents thibeight of
the bed. In the equaticbove the penetration velogitgcceleration due to gravityphme of
particlesand the diffusion constant are all constant and can be combined into gpsiregtester
called the stratification coefficient (U).
0 "®»0

0
This constant desibes the jigging action and is independent of particle densfbpllacott et
al., (2014, showed that monosize particle with similar shapes negllt insimilar valuesof | .

TheKing model is given by

This equation can be integrated to give the concentration profile in the jigTbhedntegrated

form is as follows;

I
r rme=23 1 2 z

In this case k is used to represent the relative height instead of h within the iategrgl is the
volumetric concentration of particles within a density clasgyj.is the concentration of the

component that hasadengity at t he b ot whemthe relativehaghtj(h) égualb e d

to zero.

The concentration of a comparteat the bottom of the jig bed is related to the concentration of

that same component in the feeddayationbelow.

-13-
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To solve this equation numerically, an iterative procedure is suggested with starts by assuming
the initial density profile, then integrating numerically , armimalizingsuccessive estimates of
0 tosatisfythe constraintthd®8 0  p (King, 1987 and King,2001)

2.6. Stratification by particle size in a batch jig

The literature review showed that particle size and density both have an effect on the
performance of gravity separators in separating partiXlesdt al.,2007; VenkobaRao et al,

2003; Venkoba Rao, 200 Xia et al, 2007 alsofound that mono sized patrticles stratify better

in jigs than particles with a distribution of both sizes and densities. This justifies the assumption
made byKing, 1987 that his model predicts well the hmeviour of particles with similar shapes

and sizes in a jig. If the feed size distribution is narrow then particle separation is mainly due to
density differences, i.e. the system approaches the behavior of a system of mono sizesl particle
However in prectice a wide rangef particle sizes are fed intgig and size segregation plays an
important role in the stratification of the bé@aulkin et al, 2010) Myburgh et al, 2014and
Myburgh, 2010 found that using jig feeds with narrower size rangespktting a-8mm + 1mm

class into-8mm + 3mm and3mm + 1mm respectivelysignificantly improves product yield.
However no model could be found in literature thas$ a proven abilitio describe the full effect

of particle size and particle size distrilmut on jig performance.

An empirical modeby Venkoba Raoet al, 2007 attempts such a description by extending

King model to incorporate size effects. To achieve this they proposed that the stratification
parametehas a power function relationship to the particle size. This en&btetb predictthe
partition surfaces at variousit heighs of the particle bed for both size and density. One of the
key findings of their study was that separation efficiencga#rseparticles is markedly better

than that of finer particlesdowever, the model is entirely empirical in nature and has not yet

been supported by any experimental data

14



2.8. Summary

This reviewof the literaturéhas showrthat jig performance is a functiaf both the density and

the size of the particles being processHtere are also clear indications that it is influenced by
both the size and the size distribution of the particles in the bed. The full extent to which these
size effects influence the perfnance is however still notompletely known Various
mechanisrma by which jigging is thought to occur have bemviewed and these support the
conclusion that size effects are significant in jigging and that these need to be understood better.
The King statification model stands out not only as an elegant modeddmte that is able to
describe stratification in a number of different contexts using only one empirical parameter. The
validation ofthis model has largely been limited to mono spaeticlesbut no work has been

done to investigate the extent to which it is able or not to model systems where particle size

varies significantly.

In conclusion, it is apparent from the review of the literatbeg the influence of the particle size

and particlesize distribution on stratification is an undesearched area from two perspectives
i.e. their influence on the performance of jigs and the extent to which current models, particularly
the King model is able to describe stratification when there isfsigni variation in size and the

range of particle sizes in the bed.
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Chapter 3: Experimental Design, Equipment and Procedures

This chapter presents the methodolagyperimentabquipmentandprocedures used to perform

the laboratory workieeded to addresise research objectives of this study

3.1. Experimental design

The design of the experimental investigation was quite straight forWwartjuired stratification
patterns in a jig to be measured for the particle systems in whiclattiedgosize and size range
varied. Batch jigging was selected as the most convenient way to establish and measure these
patterns. The particle systems selected were coal samples. There were several reasons for this.
First, the jigging of coal is a verylewant context for investigating jig performance. Even though

it is used little n South Africa it is widely used elsewhere in the processing of coal. Second,
simple and well known techniques are available for measuring the density distributions of coal.
This meant that the measurement of density stratification patterns in the jig could be
accomplished relatively accurately and easily. The equipment and procedures used are described
shortly. With regard to the evaluation of jig performance standard measueee used as
explained shortly. With regard to investigating the ability of the King model to fit the data
generated, a parameter estimation routine developed previously by Prof Woollacott was used.

Each aspect of the equipment, procedures and assod#tedre detailed in this chapter.

3.2.Jig Equipment

The Mintek batchig (Figure 1) wasmade available for this projecthe Jig was an air pulsed
batactype jig. The jig chamber was made of 25mm thick rings stked together to form a
cylindrical chanber (Figures2 and 3. These rings were firmlglamped dowrto prevent water

leaks The standardestingconditions used at Mintek were followethe Hutch water flowrate

was seta flow at a rate of 500ml/min.He height othe water overflow point abay the top of

the bed was set at 210mm and the residence time in the jig was set to 1200 seconds (20 minutes).

The Jig cycle was set as shown in Engure 4below.
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Figure 1: The Mintek batch Jig
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Figure 4: Jig cycles used in the tests

3.3. Test Procedures

3.3.1. Batch jigging tests

Once the jig equipment had been set thp, sample to be tested was poured into the chamber

19

which was then floodedndjigged for 20 minutes witkhe jig cycle jig shown ifrigure 4



At the end of the experimerthe jig chamber wasnclamped and the heigbt the particle bed

was measured. The slices were removed progressively from the top of the bed by inserting a
slicing device between each ring. The matetllectedfrom each layer wadried, weighed,
bagged and tagged. The coal in each layer was then subjected testnkcatalysisAfter each

test, all samples were screeni@tb the different size classes preparation for making up

samples for the subsequent tests.

3.3.2. Float-Sink analysis

In order to split samples into different density fractions, a standartsilola procedure was
adapted using zinc chloridelgtions. Six solutions with relative densities ranging from 1.3 to
1.8with intervals of 0..were prepared as indicated in Table 2.

Table 2: Zinc chloride solution compositions

Density ZnCl, Water Required ZnCl, vol for 8L  Required H,O vol for
vol% vol% solution 8L solution
1.3 30.77 69.23 3.79 4,21
1.4 38.44 61.56 473 3.27
15 45.48 54.52 5.60 2.40
1.6 51.90 48.10 6.39 1.61
1.7 57.69 42.31 7.10 0.90
1.8 62.85 37.15 7.74 0.26

For each densityraction two 5 litre beakerswere setup, the first holding four liters for the
purposes of the floatink operation and the second holding two liters of solution for the purposes
of rinsingthe float fraction in preparation for the netage in the analysi¥he overall floasink

procedure is depicted graphicailtyFigure 5
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The dried sample poured out into the 1.8 S.G bath. The mintasesirred to minimize the

rafting phenomenonThis occurs either wheheavier particles are carried on a bed of lighter
particles making itdifficult for them to freely settle or when lighter particles are under a bed of
heavier particles hence prevegtithem from floating. The mixture was then given sufficient
time to stand undisturbed ensuring that all material less than the density of the solution float and
likewise all material denser than the medium to sink. The floats were then scooped out using a
wire mesh strainer and rinsed in an intermediate solution with a density similar to that of the next
float-sink stage. The rinsed product was then fed into the next stage of the process. The sinks
were washed in a three stage wash setup before they wemried for an hour to ensure the
removal of entrained zinc chloride solution. The process was repeated for all the six stages as
depictedin Figure 5 and all subsequerdyers from the jig were treated in the same way. After
drying, all samples were weliged, bagged and tagged. Each sample obtained from the float sink
analysis wascreened to separate particles into different size classes in preparation for making

up the sample for the next jig test.
3.4. Sample Preparation

3.4.1. Coal sample collectionaEx x ar o6s Leeuwpan mine

A sample ofnumber two seam coal was collected from Exxaro’'s Leeuwpan mine in Delmas,
South Africa.The sample weighedbout 100kgand had a top size of 50mmhe samplehad
beendestamed i.e. it had been passed throagtlestoningjig to remove particles with an S.G.
greater than 1.8

3.4.2. Sample preparation for laboratory tests

Larger particles in the sampleere crushed dowto minus25mm.A riffler was used to split the

100kg sample into smaller representative sampl@is was done to ensure consistence of
sample properties so t hat dlsecoalewasithen screeneduritod b e
five sizefractions between 22.5mm and 6.7mhhe mass of each fraction was measured and
recorded Earlier work showedhat betwen8kg to 10 kg waanideal sample sizdor test work

with the 300mmMintek jig. This gave a bed depth of between 130 and 150. nkmowing this,

9kg sample wereprepared fronthe coal sampledy mixing appropriate amounts of each size

fraction to make up the desired size consist of the sample. Table 3 provides details of the 15
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samples that were prepared.

the size classes indicated.

Table 3: Samples prepared

Each sample was made up of equal progortioress basis) of

Top size (mm)

Key
Drep (mm) Rs

Al A2 A3 A4
22.5 19 16 13.2 95
a1 19 2064 - ) - -
11d - - - -
a0 16 1891 17 - - - b
bottom 1.41 1.19 - - - ‘»
i e _ _ @
size B3 13.2 17.23 15. 14.5 )
(mm) 1.7d 144 121 - - S
146 13 1233 112d - =
B4 95 =
2371 20d 168 139 - 7
5o . 1224 1124 103 9.4 794 ¢
33 284 239 197 149 £

decreasing particle size and size range=—> -

In the table D¢, represents the average particle size in a given sample i.e. it is denoted by the

grey blocks in the table.sRepresents the sizange of a given sample arsldefined as the ratio

of the largest to the smallest particles in the sample.

3.4.3. Design of the sample sets

The arrangement of samples in Table 3 allowed four different kinds of analysis to be undertaken.

It allowed samples to be grouped in subsetgch hadsimilar propertiesThe first subsetvas

assembledn the grounds of similaRs ratios. This was donso thatthe effect of size on jig

performancecould beanalyzedndependeny of Ry Referringto columns (Al to A5) and rows

(B1 to B5) in Table 3, the subsets without thesame Rratio are as follows

p)
[
Qo

Py
[
Qo

c: c: c: c: c:
O 0
7] (2]
Qo Qo

N N R R R

19 Al1B1,
. 4 AlBA42 ,

7 A1B3,
. 0 A2B4,
Al84, A3B5

A2B2,
A2B3,
A3 B4
A4B5
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The second subset brought together samples with relatively similar average paésldut
differing size rangesrThis was for the purposes of investigatihg effect of size range gig

performanceind model fits independent péarticle sizeThe relevant subsets are as follows:

U Depd 15mm : A3B3, A1B4
U Depd 17mm : A2B2, A1B3

The thirdsubset grouped all samples witle game top size but different bottom sizes together
for the purposes of investigatifgpw average particle size and size range affect the jig and

model performance when considered simultaneously.

Finally, thelast subset fosamples was prepared to test which between the two, particle size and
particle size range is jig performane&as most sensitive to. This was achieved by comparing

samples withthe same bottom size but different top sizes.

3.5. Dataanalysis: Modeling th e experimental data
All the data wasecorded on an electronic spreadshigtiosoft excel).This section presents a
sample of that data and how it was manipulated in ordeddeoesshe reseah objectives of this

project.

Table 4: Sampleof washability data collected,-22.5mm+19mm

Class Mass (g)

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
-1.3 0 0 0 0 85
-1.4+1.3 0 7 47 354 1215
-1.5+1.4 0 69 719 936 297
-1.6+1.5 26 517 579 86 5
-1.7+1.6 158 548 119 0
-1.8+1.7 346 256 15 0
+1.8 1268 174 4 0

Tale 4 above is a sample of the dgenerated in a jig test. h€ tables for all the data setsn

be found inAppendix A For each testhi recostituted feedvasdeterminedrom the data in the
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table and this was usedo plot the density distribution curve. This curve was then used to
estimate the densities of the lightest and the heaviest particles in the sample respagtively
extrapolation From this data the volume of each density fraction in each layer was calculated.
This volume data was used as ilmput to the MATLAB codeused forfitting the model to the

data.

3.5.1. Recovery-yield plots

It was found that the most convenient and clear way to prasdn¢valuat¢he jig performance
information was in the form of RecoveMield curves. An example of such a curve is shown in
Figure 6 This graph shows the cumulative recovefy given density fractioto the top product
against themassyield of solidsto that praluct For consistencyacross the tests the density
fractions refed to in the figure are cumulative fractions-Le& to-1.8 g/cm. In each figure an
idea of the exact separation of the fraction can be gaugeadnyaringt with theé nseparation
curved which represerts no stratification occurred during the jigging process. The fueivary
the curves are from the sseparation line théetter theseparation. Fothe density fraction
1.3g/cnt anomalous resultsometimeccued becausef the small prportions of this fraction
in all samplesThe most distinct difference in performance is obsemitti the -1.4 g/cni

density which constituted a major proportion of the material fed to the jig
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Figure 6: Sample RecoveryYield curve
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3.5.2. Partition curves

A partition curveshows how material of different specific gravity will split inbme of the
product streamslt allows the derivation of more quantitative indicators of jig performance
namely the cut density, epm and the @rfpction | A partition curve for each test was
developed by firsplotting the associated cumulative recovery curtggure 7 illustrates how
this was done.

Cumulative Recovery Plots
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Figure 7: Typical cumulative recovery curve

A cumulative recover curve such as shown in Figure 7 indicates the volumetric proportion of
each density fraction in the bed that would report to the top product if the bed were to be split at

a height h. Figure 7 illustrates the recoveries when the bed is split at h=8.Baifiion curve
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associated with such a spbtthe plot of these recoveries vs. the density of the density fraction.
Figure 8 is illustrative. Adifferent partition curve is associated with splits at any value of h.
Partition curves were developed amlyzed for values of h ranging from 0.1 to 0.9 in intervals
of 0.1.

Partition Curve

0.9

0.8

0.7

0.6

0.5

0.4

0.3

Recovery to the top Product

0.2

0.1

1.2 13 1. 5 1.6 1.7 1.8 1.9
o]

Average Density
h=0.4

Figure 8: Typical partition curve

The partition curve gives a number of fudatems of information. The first ishe cut point
which is denoted byso. This representthe density of the particlebathave an equal chance of
reporting either to the top or bottom produthe second ishe Ecart probable moye(EPM)
which is ameasure used to quantify the sharpness of separation. The EPM is defined as

Q0
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The terms” AT 'A are the density of particles that have 75% and 25% probability of
reporting to the top producilo enablegeneralcomparisonsto be made the EPM can be
normalized by dividing it by the cut dengitto give the impdection (I¢) i.e. a normalized
measure of separati@fficiencygiven by the equation below.

” ” lC) 6 [‘J

O

3.5.3. Solving the King model's core equation

A MATLAB parameter estimation routinewkloped byVoollacott, 2014was used tgolve the
differential equatios that representhe King Stratification model.lt finds the stratification
coef fi d¢hateesultin thelbesfit between the model and the experimental data. This is
achieved by minimizing theum ofsquard differences SSD between the experimental values
X(i)exprand the model predicted on€@)moder The objective function can be defined as follows

YYO »Q »Q

wheren is the number of data points i.e. the number of density components multiplied by the
number of layersliced from the bed. The experimental valie¥)  are associated with each
density component j and each layer sliced from the bed durirsg. &Ateexperimental value may

be the concentration;@ in layeri, or the cumulative concentrati@R "Qof the component from

that layer to the top of the bed, tire associated recovery of that density compon&BtQ

These are defined as folis

0 ~ 0 NQ0Q
W

whered "Q is the concentration of component j in the lafyem h to h+dhandd A1 @ are the

heights of the top and bottom respectively for'thdayer sliced from the bed.
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oP 0 'QQ
where,”Q "Qfor theith layer
and Yo YQQ
where 6 is the feed concentration of componéat
and

v 2 00

Oz

3.6. Limitations of the study

As shown in kgure 1 the Mintek jig has a jig chamber that is composed of 25mgelements

that are stacked and clamped together to mgkthe jig chamber Some of these rings were
found not to be perfectly circulavhich resulted in thevall of a jig chambethatwassometimes
irregular in placeslt would be expected that this would create a degree of turbulence near the
side walls of the jig chamber. This coyldtentiallycause different particle behaviour near the
walls. Figure9 shows an instance where thigll effect was observed.oTinvestigate this
possibility, light colored particlesvere introduced into thgg chamberbefore jigging the coal in

the normal way In mostcaseshe wall effect was not observed and when it was observed the
effect was novery severeObviously theeffect could not be observed or assessed on the 15 tests
themselves. However, the effeabnstitutes a possible cause of the experimental error in the

study.



Figure 9: The effect of turbulence in the jg chamber

A second cause of experimental error is the local scouring and remixing of particles that
occurred when the bed was slic8kcaise the particles were fairly coarsee movement of the
slicer through the bed inevitably jammed particles togetiaersing a degree of scouring of
particles from layers belowhe slicer. This effect was unavoidable and had tadeepted as a

source of inherent experimental error.
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Chapter 4: Results I: - Jig performance as a function of particle size and

size range

4.1. Introduction

In this chapter, jg performanceas a function of particle size and particle size rargge
investigatedor a typical South Africarcoal. The raw data ct#cted from the batch jig tests and
float-sink analysisis processed to proge the different performance parameters reargsto
fully describe the jigperformance in processing tlweal. The parameters of interest are the
cumulativerecovery and the yield of solidfhesewereused to generate partiti@md recovery
yield plots for the different samples testetlltimately the variation of the EPM and the
imperfection (§) with size and size rangere determinednd a empiricalmodel for describing
jig performance as a function of the cut density is presenfdte datawas analyzd from a
number of perspectives to provide a holistic viewtld effed of size and size range Qig

performance.

4.2. Analysis of the Results

In order b address the questiaiihow does patrticle size and size rargffect jig performance?
five indicatorsof separatiorperformancewvere used recoveryyield curves, partition curves,
EPM and { (imperfection) Details of how each of tseindicators was determined have been

given in chapter 3 section 4.
Thetestdata was analyzed from thdl@wing perspectives:

i.  Influence of particle size on performance.
ii.  Influence of size range on performance.
iii.  Influence of both particle size and size range.

iv.  Analysis ofjig performance by reference to partition curves, EPM and |

The first three perspectiveocus on recoveryield plots as a means of describing and

comparing jig performance. €hast perspective analyzpsrformance by reference to partition
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curves, EPM and.l This allowed an extension of tla@alysis that enables comparison of jig

performance with the performance of other density separation processes.

4.3. The influence of particle size on jig performance
This section looks at the effect of particle size on jig performancsykiems that had similar
size ranges.Threedatasulsets withsize ranges of about 1.2, 1.4, and 1.99 are investigEbed.

recoveryyield plots for these subsets are presentddgares Dto 12
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It can be seefrom Figures 1Qo 12 thatthe recoverie$o the topproduct are grear for systems

of larger particleshan for thesystems obmaller particleskor example witta size range of 4.
(Figure 1), the recoverywhenparticlesare largewas greater thawhen particles wersmaller
particles e.g. consideringthe 1.4 g/cni density fractionanda yield of 30% the recovery with
18.97mm particlesvas92%, 83% with 15.84mm particlesr2% with 11.2mm particleand only

67% with 7.98mm particlesThe samerend is evidenin Figures10 and 12 for the density
fractions-1.5,-1.4 and-1.3 g/cmi. For the higher density fractiond,.6 g/cn? and abovethere

is little variation in the recoveries for systems of different size because the higher density

fractions constitute the majority of the material in the beds

4.3. The effect of size range on jig performance
For the purposes of determining the effect of size range on jig perforntitadpr the subsets
with relatively similaraverageparticles sizes but vang size ranges (Rs) weoempared The

relevant ecoveryyield plots are presented gures 13and 4.
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It can be seen frorRigures 13 and lthat e jig performacehas anegativecomrrelaion to the
particle size range for treystemgested. That is to say that the jig performed better in stratifying
the bed of particles when the ratio of the sizes ofsthallest to largest pieles in the sample

was smaller

This is most early demonstrated in Figure I8y consideringhe 1.5g/cnt density fractiorand

a yield of 40%. Arecovery of 66% is achieved for the samplehwite widest size range of 1.7.,
91% forthe sample witharangeof 1.41and99% for the sample witthe narrowest size range of
1.18

Similarly, in Figure 14,with the densityfraction 14 g/cn? and ayield of solids of 40%a
recovery of 9% is achieved for theystemwith a size range ofL..44 and a gnificantly lower

recovery of 81% is achievddr the sample witla size range of 2.57

4.4. The combined effect of size and size range: the sensitivity of jig
performance to size effects

Up to this point | have investigatedetieffect of size alone while size range is held constact

vice versa. However, in this section | take the analysis further by investigating the effect of these
two simultaneously by looking at samples with the same bottom size but different top Bezes. T
data from four subsets were examinedweh bottom size®f 6.7mm 9.5mm and 13.2mrfor

top sizes of 13.2mm, 16mm, 19mm and 22.5mm respectivelye rovs B3, B4 andB5 in
Table3. As can be seefrom the tableboth the average particle size and #ige range R
increase from left to right across each row

Comparing jig performance fdhesesubsets address#se question as twhether particle size

has a greater influence on jig performance than size range or vice Vaes#gic is thatiaceit

has been establisheétiat jig performance has positive correlation with particle size and
negativeone with size rangesomparing data sets in which the size range and average size
increase simultaneouslghould reveal which of the two trends is mateminant. If jig
performance improves in this sequence then the positive effect of an increase in particle size

must be greater than the negative effect of an increase in size range. Figurésah8 17



comparethe recoveries of the density fractiori.3 g/cnt and-1.5 g/cnt when the yield varies

between 0.3 and Q.6
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Figure 15: Recovery ata given yield for samples with a bottom size of 6.7mm
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Figure 16: Recovery at a given yield for smples with abottom size of 9.5nm
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Figure 17: Recovery at a given yield for samples with a bottom size of 13.2mm

Since increasing either the particle size or size range has opposite effects on the jig performance,
the one which results in thgreatest change in jig performance when both are increased is the
one which jig performance is most sensitive to. It is observedrtladitcases, the recovery of the
density fractions shown clearly improves with an increase in particle sizesuduess that jig
performance is more sensitivegarticle than it is to the width of the size range.

4.6. Quantifying the jig performance in terms of standard indicators
In this sectionl will use more generaindicatorsof jig performance i.e. EPMand | (the

imperfection)which allows acomparison with the performance of other density separators.

As indicated in sction 3.5 splitting the bed different heights yieldlifferent cut densities and
epm values.Figure B indicates typically how these cutrigties and epm values varyeach
point representing the situation when the bed is split at a different

-42-



1.9

1.8

1.7

1.6

rho cut

15
1.4

1.3
0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12

epm Profile epm
—— Linear (epm Profile)

Figure 18: Typical relationship between epm and cut density

As can be seen, the relationship between cut density @ndappears to be linear with EPM
increasing as the cut density increases. It has been shov@obyi€d, 1978 that the EPM is
directly proportional to the cut density and these resgtee withhis claim. Accordingly the
relationship can be described bijreear equation obtained by an appropriate regression analysis.
This was done for all the data satsl theresultsarepresented i\ppendix C Figuresl9 to 21

are typical of these results. Thslyowfits to the subsets having the same size ratidiz.1.4

and 1.98%ut differentaverage particle sizes.
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Figure 19: Effect of size on jig performance, EPM vs. cut density for Rs=1.2
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Figure 21: Effect of particle size on jig performance, EPM vs. cut density for Rs=1.98

It be seerin Figures19 to 21 that the EPM of larger particles was lawtban that of smaller
particles at the same cut density. This means that better jig performance is achieved when
processing larger particles relative to finer particles. This reinforces the findings olftaimed

the recoveryyield plots.



4.6.2. The effect of size range on EPM
Figures 22 and 23 present the linear fits of the-ppprelationship where the average particle

size was approximately the same but the size range differed.
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Figure 22: Effect of size range on jigperformance, EPM vs. cut density for particle sizes of about 17mm
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Figure 23: Effect of size range on jig performance, EPM vs. cut density for particle sizes of about 15mm



From Figures 22 and 2& can be seen that the EPM in@ses as theize range increases
indicating that jig performance decreases as the size range becomes larger. This too is in

agreement with the findingsom the recoveryyield plots.

4.6.3. Jig performance compared with other density separators

Table 5presents data frowills, (1992)that gives the typical ranges BPM values for various
density separators. It can be seen ttietEPM values obtained in this project fall in the expected
range. The very much bett&PM values typically obtained with DMS separators are also

apparent.

Table 5: Typical EPM values for different separation units,adaptedfrom (Wills, 1992)

Process Size ranges(mm) EPM ranges
Shacking table 0.03.11
Dense mediunbath 6-100 0.01-0.02
Dense medium cyclone: 0.29 0.01-0.04
Hydro cyclones 0.080.14
Baum jigs 1-25 0.030.12

The significance of the findings presented in this chapter are discussed in more detail in chapter

SiX.



Chapter 5: Results Il : - The veracity of the King stratification Model when

particle size varies

5.1. Introduction

A good model of the performanaé jig units hasconsiderablesaluein investigating in a cost
effective way how differentoperating conditions and feed conditions niigiluence separation
performanceln this chaptethe reliability of the Kng stratification model as simulatorof jig

performances testedn the context where particle size varies significantly.

King, (1987) andTavares & King, (1995) have showrthat the Kng stratification model is a
good simulator for the jigging process for binary systemsubfcparticlesand for mixtures of
coal and marbléNoollacott et al (2014)took the investigation further by investigatingw well

the King modeffitted the experimentél measured concentration profiles fmulti component
systems oparticles with identical shapes and sizegstems of two to seven components were

investigated and good fits were obtained.

As an extension of that work, this chapter stigates howwell the King model is capable of
predicting the stratification behaviour of systems in which significariati@n in particle size
existed. It tests the extent to which the model can account for density stratificationiexton
beyond thaassumed in thiormulationof the modeli.e.where it was assumed that péirticles

are essentially the same size

To do this the experimental datérom the previous chaptereseused.The model was fitted to

the data from each test to obtain theragpp r i at e val ue of the stratif
concentration profiled "Q for each densiticomponentQin the thin layer from h to h + dh.

From thisconcentratiorprofile, themodel predicted values for the concentragiandrecoveries

associated with each density component in each layer sliced from the bed was determined as
described in section 3ibis worth noting that the dottednk is the concentration profikes

generated by the model the light circles represent the average cahoanin the layer as

calculated from the model datkigures 24, 25 and 2#lustrate the kind of plots thawere

obtained
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Concentration Profiles
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Figure 24: Typical concentration profile
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Figure 25: Typical cumulative concentration profile
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Figure 24 shows the experimentally determined concentrations in the layer sliced from the bed
(denoted by the dark circles) and the model predictions of these conoasti@enoted by the
unfilled circles). These two points should coincide if the model fit is perfect. To provide
perspective, the plot also shows the concentration profiléQ i.e. the concentration of

componentQn the layer fronitoQ 'QQ

Figure 5 shows theredictedcumulative concentratiodP "Q in the top product from the jig, i.e.
the concentration in the layers fro@ p down toQ Figure 26 shows theredictedcumulative
recovery' Y "Q to thattop product. For perfect fitsthe experimental points would coincide with

these two plots It is worth noting tha@ll of the above bedit plots were generated using a

singlevalueoftnet r at i fi cati on parameter (U).

Plots of these kinds were generated to investigate how tivellKing model predictedthe
experimental data In order to address the second research question, i.e. how well the King
model describes stratification in the jig in contexts where particle size varies considérably,
investigation was conducted from the follogiperspectives

I.  Varying particlesize.
ii.  Varyingsize range.

iii.  Varyingbothparticlesize and size ranggmultaneously

5.2. Analysis of goodness of fit
As will be seenit was difficult to evaluate how well the model fitted the experimental data and a
conventional statistical analysis could not bélized. Accordingly, only a semiquantitative

procedure was used.

In general arevaluaion of thegoodness of fibf a model to experimental data is basedten

sum of squared differencéSSD)betweemmodeland experimental valueslowever,the sum of
squared difference is a function of the number of data powtdved and so SSD must be
normalized if it is to be used as a comparative measure for assessing goodness of fit. In this

study, all data sets inlxeed the same number of density components and, with two exceptions
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the same number of layers sliced from the particle bed. Accordingly, SSD was norraalized

YYDy dividing by the number of layers.

In order to establish a basis for usingY'@s a comparativemeasure of the goodness of fit,
values associated with googlpod to reasonableeasonable and poor fits of tle&perimental
data weredetermined by visual analysisf all the model fits attemptedi.e. the equivalent of
Figures 24 to 2@or each data set. In this visual analyiie goodness of fit for each plot was
evaluated by looking dtow and byhow much the experimental points deviated from the model
generated profilesThe difference betweewhat wasconsidered to be a good f&t,reasonablét

and a bad fit in this investigatios discussed next

5.2.1. Good fits

Figures27 to 29 illustrate what were considered to be good fits of the experimentalVildta.
regard to the plots of cumulative concentration and recovery @dfileh as in Figures 27 and

28 respectively, a good fit is one in which the experimental points align very closely with the
predicted profiles. With regard to the plots of concentration profiles such as in Figure 29, a good
fit is one in which theexperimentaland model points (respectively the filled and unfilled circles)

are reasonable close to one another. With goothBtgalues of "Y"Y®Were all below 0.033.
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Figure 28: Typical Good fits: Cumulative recovery plots for sample A2B2 {19mm+16mm)
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5.2.2. Reasonablefits

Figures30 to 32 illustrate what were considered to be reasonable fits of the experimental data.
With regard to the plots of cumulative concentration and recovery profiles such as in Figures 28
and 29 respectively, the fit was cahsied to be reasonable if not more than three experimental
points deviated from the model predicted profile. With regard to the plots of concentration
profiles such as in Figure 32, the fit was considered to be reasonable if the experimental and
model ponts (respectively the filled and unfilled circles) did not deviate by more thaat @iy

point. With reasonable fitghe values of Y'Yfanged betweef.033and 0.1
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Figure 32: Typical reasonablefits. Concentration profiles for sample A4B5 ¢13.2mm+6.7mm)

5.2.3. Poor fits
Figures33 to 35 present examples where the model did not fit the data at all well. In all cases
the values ofY"Y@ssociated with such data setre above.1.
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Figure 35: Typical poor fits: Concentration profiles for sample A2B5 ¢19mm+6.7mm)

Table6 presents the values “Y"Y@btained for each data seranged according to the quality of
fit. The associated plots and fits for each data set are presented in full in Agpendiz can

be seen from the table, the thresholds from good to reasonable fits and from reasonable to bad
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fits occurs for values ofy"Y&f about 0.3 and 0.6 respectivelyo provide a graphicahdication

of thevariation in the quality of the fits, the values™¥fY&re plotted against Drep in Figure 36.

As can be seen from this figure and from Table 6 there is a fair degvadaifonin the quality

of the fits obtained. This set of data is now examined in more detail.

Table 6: Goodness of fit datefor each data serdered by Quality of fitand | {

Sample Size Range (mm)  Drep Rs Alpha/Hbed  SSD No- of 14 r Quality of Fit
top bottom  (mm) Layers

A4B4 13.2 9.5 11.2 1.39 1.173 0.033 4 0.008 Good

A3B5 16 6.7 10.4 2.39 0.767 0.051 5 0.010 Good

AlB1 22.5 19 20.7 1.18 0.905 0.054 5 0.011 Good

A2B2 19 16 17.4 1.19 0.810 0.091 5 0.018 Good

Al1B3 225 13.2 17.2 1.70 0.690 0.127 5 0.025 Good

A2B4 19 9.5 134 2.00 0.797 0.085 5 0.017 Good to OK
AlB4 22.5 9.5 14.6 2.37 1.137 0.141 5 0.028 Good to OK
A2B3 19 13.2 15.8 1.44 0.425 0.165 5 0.033 Good to OK
A4B5 13.2 6.7 9.4 1.97 0.186 0.256 5 0.051 Reasonable
A1B5 22.5 6.7 12.3 3.36 0.495 0.229 5 0.046 Reasonable
Al1B2 22.5 16 19.0 1.41 0.722 0.363 5 0.073 Bad

A3B4 16 9.5 12.3 1.68 0.235 0.418 5 0.084 Bad

A5B5 9.5 6.7 8.0 1.42 0.617 0.503 5 0.101 Bad

A2B5 19 6.7 11.3 2.84 0.638 1.173 5 0.235 Bad
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Figure 36: 4| { ¢i.e. SSD/number of layersjor each data set plotted against Drep

5.3. The quality of fit when particle size varies
The first point to note from Table 6 and Figure 36 is the scatter in the vall¥¥@hd that no
cleartrend is obvious. In the figure, the suggestion of a decreaSéYi®ith increasing particle

sizeis probably spurious because any influence of size range on the quality of fit is hidden.

A similar conclusion is reached when WY @alues are plotted against Rs as in Figure B7.

the point forRsequal to 2.84 were to be ignored as an outlier, it would appear that fits get better

as the size range increases. This is the opposite of what is expected because as the size range
increases the particle systems haalvparticlesusnave her a
the same size and so the fits would be expected to get worse. However, any effect of particle
size on the quality of fit is hidden in the figurédlso to benotedis that the fits obtained for the

two data sets which had size rasggeater than 2.4 were not good.

To evaluate the quality of fits in a way that does not hide any influence that eithde aztcor
size range may exereference is made to Table 7 where the data is ordered according to the top

and bottom sizes obeh data set.
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Figure 37: { 4| fer each data set plotted against Rs

Table 7: Values of { fer each data set ordered by the toprad bottom size of each data set

Sample Size Range (mm) (I?r:(ran[; Rs Alpha/Hbed  SSD I[\lac;/.ec;fs SSD Qual:glt of
top bottom

AlB1 225 19 20.7 1.18 0.905 0.054 5 0.011 Good

AlB2 225 16 19.0 1.41 0.722 0.363 5 0.073 | Bad

AlB3 225 13.2 17.2 1.70 0.69 0.127 5 0.025 Good

AlB4 225 9.5 14.6 2.37 1.137 0.141 5 0.028 Good to OK

AlB5 225 6.7 12.3 3.36 0.495 0.229 5 0.046 Reasonable

A2B2 19 16 17.4 1.19 0.810 0.091 5 0.018 Good

A2B3 19 13.2 15.8 1.44 0.425 0.165 5 0.033 Good to OK

A2B4 19 9.5 134 2.00 0.797 0.085 5 0.017 Good to OK

A2B5 19 6.7 11.3 2.84 0.638 1.173 5 0.235 Bad

A3B4 16 9.5 12.3 1.68 0.235 0.418 5 0.084 | Bad

A3B5 16 6.7 104 2.39 0.767 0.0 5 0.010 Good

A4B4 13.2 9.5 11.2 1.39 1.173 0.033 4 0.008 Good

A4B5 13.2 6.7 9.4 1.97 0.186 0.256 5 0.051 Reasonable

A5B5 9.5 6.7 8.0 1.42 0.617 0.503 5 0.101 Bad

*The shading in the table highlights subgroupings with the same top size
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The expected trend of decreasing quality of fit as the size range increases is evident infTable 7
the twod B addté sets highlighted aowerlooked It appeardgrom this table that variation in the

quality of fits reflects the effect of both experimental errors arising from the limitations of the
experimental procedure used (see section 3.6) and any discrepancies that arise when the model
does not fit the expariental data well. Accordingly, little emerges from the comparison of the

quality of fits beyond the following points:

a) In general, the King model was able toX@ out of the 15 data sets well to reasonably
well. Even when the fits were classified aopat was usually the case that the model
predictions deviated from experimental data only in two or three out of the seven profiles.
Overall, the extent to which the King model was able to fit experimental data is quite
surprising given that particle gizariation is ignored in its formulation.

b) It does appear that for size ranges above 2.4 the quality of fits obtained are not as good as
those that were obtained for size ranges smaller than this.

c) Overall,it is apparent thaboth goodto reasonable fitsvere obtained for dataets with
size ranges up to 2.4This matches with conventional jig practices wherdhg
maximumsize rangeecommended in a jig feasl about 2.5.However,within this range
some bad fits were also obtained.

d) It appears that thexperimental equipment and procedures that have been utilized do not
appear to be precise enough to show with confidence any clear trends with regard to
whether or not the quality of model fits deteriorate as either the particle size or the size

range vary

5.4. Thevariation in the stratification parameter

An impressivefeature of the King stratification modéd that only a single parametehe
stratification parametef Ui} neededto predict the concentration profiles énbatchjig andthe
measures needed predict the separation performance of that Ag.shown in section 2.5.%¢

stratification coefficient islefined as

0 @0
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King, 1987 claimed that the valu®f the stratification coefficient is independent of feed
compasition and the densitiesf the components in the feedrhis has been validated to some
extent byWoollacott et al, 2014 Howeverthe effectof particle size angbarticle size rangen
the parametenasnot been tested According to Kingthe penetrgon velocity @ and diffusion
coefficient (D)in the above equatioare strong functios of particle size, shape and the bed
expansion mechanism bate unaffected by the particle densityn this section thénfluence of

particlesizeeffects on the gratification parameters investigated

As can be seen in tregjuationabove,U i s

a

the tests carried owtere similar buthot identical.

depth on the value of the stratification parameiievas normalizedby dividing bythe bed depth
associated with the test.hi§ allows a more valid basis for comparing the value afbtained

funct i blyg Thé bed demhinb e d

Therefore, to remove timfluenceof bed

when fittedthe modelto eachdataset Tables 8o 10 presentherelevant data.

Table 8: The influence of particle size on the stratification parameterfor a size range of about 1.19

Sample Drep (mm) Rs Alpha Quality of fit
Al1B1 20.7 1.18 0.905 Good
A2B2 174 1.19 0.810 Good

Table 9: The influence of size on thetratification parameter for a size rangeof about 1.4

Sample Description Drep (mm) Rs U/ Hbed Hbed Quality of
(L/Kg.mm) (mm) fit

AlB2 -22.5mm+16mm 18.97 1.39 1.173 1180 Good

A2B3 -19mm+13.2mm 15.84 1.41 0.722 129.5 Reasonable

A4B4 -13.2mm+9.5mm 11.2 1.39 0.617 104.0 Bad

A5B5 -9.5mm+6.7mm 7.98 1.44 0.425 1260 Reasonable
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Table 10: The influence of size on the stratification paramedr for a size range ofabout 1.7

Experiment  Description Drep Rs U/ Hbed Hbed Quality of
(L/Kg.mm) (mm) fit

A3B4 -22.5mm+13.2mm 12.3 1.68 0.235 1300 Reasonable

Al1B3 -16mm+9.5mm 17.2 1.70 0.690 1160 Reasonable

As can be seen from these tables there is considerable stdtiervalues of the stratification
parameter. Wh very narrow size rangd3able 8)its valueseems to decrease the particle
size increasedIn the case ofhe data sets with size rangdsabout 1.4Table 9)the values are
scattered ando trendis evident With a size range of about 1.Tgble 10 the valuesincrease

as theparticlesizeincreased

Table 11shows the effect of the size range on the stratification parameter. In thisaapbes
with relatively similar sizes but distinctly diffent size ranges are comparefigain the values

are scattered andimleartrend could be observed.

Table 11: The influence of size rangen the stratification parameter for particle sizes of about 11mm

Sample Description Drep Rs U/ Hbed Hbed Quality
(L/Kg.mm) (mm) of fit
A4B4 -13.2mm+9.5mm 11.2 1.39 1.173 1040 Good
A3B4 -16mm+9.5mm 12.3 1.68 0.235 1160 Bad
A3B5 -16mm+6.7mm 104 2.39 0.767 1300 Good
A2B5 -19mm+6.7mm 11.3 2.84 0.638 1130 Bad

The scatter in the values of the stratification paramistagain evident in the results of the
replicate tests reported ifiable 12 (The full set of data for these replicates is presented in
Appendix B4.) The replicates were performed on thssanplesand the results show fair
amount of variation in the values of the stratification paranietedentical samples tested under
identical conditions. This suggests that the observed scatter in the values of the stratification

parameter probably stem®ifn shortcomings in the experimental equipment and procedures, i.e.
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these are not precise enough to reveal the nature of the variation in the stratification parameter

associated with different particle sizes.

A detailed discussion of the significance oé ttndingsreported in this chaptaes presented in

the next chapter.

Table 120 Results from replicate tests

. D . .
Sample Description (n:(ranp; Rs Alpha/Hbed Hbed (mm) Quality of fit
Al1B1 -22.5mm+19mm 20.7 1.18 0.905 1320 Good
AlB1
-22.5mm+19mm 20.7 1.18 0.728 1320 Reasonable
repeat
A2B4 -19mm+9.5mm 13.4 2.00 1.085 129.5 Good to OK
AZB4 -19mm+9.5mm 13.4 2.00 0.797 1350 Reasonable
repeat
A4B4 -13.2mm+6.7mm 9.4 1.97 0.186 130.5 Reasonable
A4B4 -13.2mm+6.7mm 9.4 1.97 0.719 130.5 Bad
repeat
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Chapter 6: Discussion and Conclusion

6.1. Introduction

A typical South African coalvas used for this study. The samples were obtained Exomaro’s

Leeuwpan mine in Delma$he aim of the teswwork conducted on this coalas to find out how

average particle size and thige ratioaffect jig performancehow they affecthe ability of the

King Model to predict stratification behaviou

Thefindingsof the investigation @& summarizednd discussekere.

6.2. Discussion of Results Relating to Jig Performance
The major findingsrelating to the influence of size and size range on jig performance are as

follows;

Jigging efficiency incrases with an increase particle size
The coarser the size range the poorer the jig performance

Jig performance is more s@tive to particle size thato size range

(e c: c: c:

EPMis directly proportional to theut density

The investigation has shown that jigging efficiency increasesudigle sizencreases. A number

of investigators have reached the same conclusion for jigs and other density separation
equipment Yenkoba Raoet al., 2003; Xia et al, 2007; Venkoba Rao, 2007; Chikerema,
20117).

The actual cause of this phenomenon is not well undetstaccording to classical theories
(Gaudin, 1939, separation performance can deteriorate as particle size decreases because the
hydrodynamics shift in the direction from laminar to turbulent flow so that the settling ratio
decreases. Others have sugggghat the smalldahe particles are the more their behaviour is
affected by surface resistance relative to density differeri¢eléy (and Spottiswood, 1982

Some workers have also attempted to account for these behaviors by suggesting that smaller
paricles experience a different apparent viscosity than larger partiGidly @nd Spottiswood,

1982. On the other handccording toKing, 1987, dispersive forces act in the jig bed to de
stratify the bedOne of these dispersive forceas been identifek by Knight et al.,1993 They
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showed that a convectional current is formed when particles in a fluid are subjected to an
oscillating motion. These dispersive forces and convectional currents are experienced by all
particles in the jig bed small and laraike. However larger particles have greater inertia as they
move up and down in the jig chamber enabling them to resist the effect of these dispersive forces
more effectivelythan smaller particles caAs a result misplacement of particles is likely & b

more prevalent for smaller particles relative to larger ones. Hence the overall jigging efficiency
decreases. This suggests that to maximize jig performance in industrial applications it would be
beneficial to keep the feed size to the jig as large psssible other factors such as liberation
being equal. Although the phenomenon of decreasing separator performance with decreasing

particle size is not adequately addressed by théergffect is well known.

The investigation alstbound that jigperformance has an inverse relatiopshith size range i.e.

the EPM increases as the size range increafbsre is agreement betweeresk findings and

the literature Rao et al, 2003; Xia et al, 2007; Chikerema, 2011 Myburgh et al 2014
reached thesame conclusion i.e. they found that reducing the sizgeraf the iron ore fed to
industrial scalgigs significantly improved thie perfaomance. This phenomenon ieth well

known and well understood. Because particle behavior in a bed is a furichothcsize and
density, the greater the size range of particles in the bed the greater the extent to which bed
stratification is the result of both particle size and density, i.e. density separation becomes
confounded to an increasing degree by size gagon in the bed. Aastherreason may be
becausenterstitial trickling (Burt, 1964). According to this mechanism during the down stroke

of the jig the particles are sucked towards the bottom of the bed and as they settle the larger
particles interlock foming channels. If these channels are large enough the heavier particles that
are small enough are able to pass through the channels until they reach the bottom. Thus
increasing the size range may increase the possibility that large enough channelmede for

resulting ingreatermisplacement of particles. This in turn would reduce the performance of the
jig.
One consequence of the agreement that has been found b#te/dirature and the results just

discussed is the confidence which it lends to therstaspect of the investigatione. the
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validation work performed on the King model has been done on data from particle systems that

have behaved in an expected manner.

6.3. Discussion of results r elating to the King Model

Most of the validationvork tha has been performetus far on the kg stratification model has
beenconductecbn sample®f mono size particles. This was appropriate to the assumptions used
in the derivation of the modelKing, 1987, 2001 Tavareset al, 1995 andWoollacott et al.,

2014 were able to endorse the matiadical appropriateness of theénl§ stratification modeby
showing that it predicted wethe stratification behavioun batchjigs. The particles used in their
tests were not spherical but were all essentially thmes shape. This suggests that the

requirement that particles must be spherical in nature for the model to apply can be abandoned.

As expected,tiwas found that cumulative concentration profiles resultebeiter agreement
between experimental and modelealues. This is because the discrete concentration profiles are
more sensitive to experimental error. When slicing the particle bed, the slicer is forced through
the bed and the particles that lie in the path of slicer are forced upwards or downwatts int
layer above or below the slicer. In this process, particles can be misplaced to the wroagdayer
can scour out particles from a lower layéor the samples with larger averagjee particle
misplacement erronsould be expected to be greabmcaiseany particle displacemens likely

to disturbadjacent particlesnore than would be expected with smaller particl&hile such
misplacement errors are associated with all the data in the study, the error is magnified when
determining discrete conceation profiles of slices removed from the bed. This is because the
slicing error occurs both at the top ane thottom of slice. When the datcumulated from

either the top or the bottom of the bed, the error diminisfeemuse the only error is that

associated with slicing the top or bottom of the combined layers

The work conducted in this study to investigate how well the King model was able to fit
experimental data, appears to have been somewhat compromised by shortcomings in the
experimental equipnmt and procedures. While the equipment and procedures were adequate for
a credible demonstration of how jig performance was influenced by particle size effects, they
appear to have been insufficiently precise to reveal the more subtle influences td pasiand

size range on the stratification parameter and the quality of model fits. Consequently, there was
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considerable scatter in both the indicators used to evaluate the quality of fit and in the values of
the stratification parameter that were obéal from the model fits. As a result, only a limited

number of conclusions can be drawn from this aspect of the investigation. These are as follows:

U In general, he King Model wasfound able tgredictstratification patterngar better than
expectedn contexts where there is a significant variation in particle. sitke model
fitted 10 out of the 14 data sets well to reasonably well.

U The model appears able to simulate stratification in jigs for the practical contexts where
the size range in the feesltypically kept below 2.4.

U King model appears to beathematically appropriate for the purposes of describing
stratification phenomena undemauchwider range of conditionshan has been shown
previously

U No reliable indication was obtained with regdodthe nature of the influence of size

effects on the value of the stratification parameter.

6.4. Indications for Further Work

It was found thatthe test work was sufficientlyeproducibleto show quite clearly the trends
associated with variation in particle size. However, the experimental error associated with the
data generated was such that shetification parameter values varigdite considerablyor

repeat tests performed undeemtical condition.This suggests that more refined equipment
and/or experimental procedure are needed for a more accurate investigation of the effect of size

variation on the stratification parameter.

6.4. CONCLUSION

Tests were conducted on a batch jiggassing aypical South African coahs a means for
investigaing the effect of particlesize and size rang®n the performance of a jig and the
capability of the King model to simulate stratification when particle size effects are significant
Three resarch questions were posed. In addressing these questions, the following conclusions

were drawn.

Question 1:How does patrticle size and size range affect jig performance?
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It wasfoundthat jig efficiency increased with increasing particle size whibtegiasing the ratio

of the largest to smallest particles in a given sample resultedra@duwection inprocessg
efficiency. It was dso found thatjig performance is more sensitive to changes in particle sizes
than it is to changes igize rangesThe dudy has revealed that improvements in jigging
efficiency of between :20% in the jigging efficiency could be achieved by controlling the feed

size and size ranges respectively.

Question 2: How well does the King model describe stratification behaviauthe jig for

different particle sizes and sizes ranges?

The \alidation work conducted to test the capapibf the King model showed that the King
model is abldo simulatestratification patternseasonably to very well provided the size range is

less han 2.5.

Queston3:How does the stratification parameter (L

and with particle size range?

It was found that the single, experimentally determined valub &t st r ati fi cati on
was sufficiently capable of completely describing the stratification behaviour of a typical South
African coal in a batch jigNo definitive trend could be observed with regard to the effect of

variations in size and range the stratification constant.

The significance of the findings of this study aefollows. The current understanding about the
influence of size effects on jig performance has been confirmed. In addition, it has been shown
thatjig performance is more sensitive to changes in parsides than it is to changes size
ranges. Further it has been shown thhe King modelcan be used witsomeconfidence as a
simulator for process that are based on bed stratificatiprovided the size and size range
limitations of the modelare met In general, lte King Model was found able t@redict
stratification patterngar better than expected in contexts where there is a significant variation in

particle size.
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Appendices

Appendix A: Washability Data

The data that was generated form the fak analysis is presented here.

Table 13: Washability data for -22.5mm+19mm, Hbed=132mm

Class Mass(g)

layer 1 layer2 layer3 layer4 layer5
-1.3 0 0 0 0 85
-1.4+1.3 0 7 47 354 1215
-1.5+1.4 0 69 719 936 297
-1.6+1.5 26 517 579 86 5
-1.7+1.6 158 548 119 7 0
-1.8+1.7 346 256 15 0 0
+1.8 1268 174 4 0 0

Table 14: Washability data for -22.5mm+16mm, Hbed=118mm

Class Mass(g)
layer 1 layer2 layer 3 layer 4 layer 5

-1.3 0 0 0 4 14
-1.4+1.3 0 0 93 532 369
-1.5+1.4 0 83 865 716 158
-1.6+1.5 29 493 587 40 0
-1.7+1.6 77 459 132 2 0
-1.8+1.7 152 492 36 0 0
+1.8 1485 353 8 0 0
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Table 15: Washability data for -22.5mm+13.2mm, Hbed=130mm

Class Mass(g)

layer 1 layer 2 layer 3 layer 4 layer 5
-1.3 0 0 0 0 141
-1.4+1.3 0 27 149 590 1193
-1.5+1.4 36 481 1066 937 253
-1.6+1.5 157 605 283 48 8
-1.7+1.6 347 400 31 8 0
-1.8+1.7 293 102 0 0 0
+1.8 708 46 0 0 0

Table 16: Washability data for -22.5mm+ 9.5mm, Hbed=130mm

Class Mass(g)

layer 1  layer 2 layer 3 layer 4 layer 5
-1.3 0 0 2 96 349
-1.4+1.3 0 27 177 762 364
-1.5+1.4 11 586 1130 468 41
-1.6+1.5 223 781 215 33 0
-1.7+1.6 312 204 21 3 0
-1.8+1.7 373 60 6 0 0
+1.8 871 11 0 0 0
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Table 17: Washability data for -22.5mm+ 9.5mm, Hbed=124mm

Class Mass(g)

layer 1  layer 2 layer 3 layer 4 layer 5
-1.3 0 0 16.3 16.6 64.2
-1.4+1.3 4.4 29.3 131.2 268.7 489
-1.5+1.4 12.8 208.4 590.4 1035.1 519
-1.6+1.5 75.6 504.5 673.8 306.4 53.3
-1.7+1.6  123.7 432.7 164.2 54.8 55
-1.8+1.7 210.1 356 24.2 20.9 5.2
+1.8 1325.1 237 17.8 0 0

Table 18 Washability data for -19mm+ 16mm, Hbed=128mm
Class Mass(g)
layer 1 layer 2 layer 3 layer 4 layer 5

-1.3 0 0 3 5 43
-1.4+1.3 0 17 131 643 960
-1.5+1.4 0 126 638 776 122
-1.6+1.5 69 427 510 71 3
-1.7+1.6 234 853 110 0 0
-1.8+1.7 157 215 8 0 0
+1.8 1200 116 0 0 0




Table 19: Washability data for -19mm+ 13.2mm, Hbed=129.5mm

Class Mass(g)

layer 1 layer 2 layer 3 layer 4 layer 5
-1.3 0 0 1 3 16
-1.4+1.3 9 33 219 286 790
-1.5+1.4 54 308 824 738 523
-1.6+1.5 133 505 399 197 106
-1.7+1.6 313 640 84 73 10
-1.8+1.7 453 137 21 5 0
+1.8 846 29 0 0 0

Table 20: Washability data for -19mm+ 9.5mm, Hbed=129.5mm

Class Mass(g)

layer 1 layer 2 layer 3 layer 4 layer 5
-1.3 0 0 0 21 274
-1.4+1.3 0 3 154 683 1135
-1.5+1.4 12 226 945 746 160
-1.6+1.5 63 626 380 45 8
-1.7+1.6 169 546 74 9 0
-1.8+1.7 278 212 8 0 0
+1.8 1182 157 0 0 0
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Table 21: Washability data for -19mm+ 6.7mm, Hbed=113mm

Class Mass(g)

layer 1 layer 2 layer 3 layer 4 layer 5
-1.3 0 0 0 1 87
-1.4+1.3 0 6 55 315 559
-1.5+1.4 13 179 788 1088 1395
-1.6+1.5 104 688 553 104 2
-1.7+1.6 233 428 44 7 1
-1.8+1.7 440 173 8 1 0
+1.8 952 110 0 0 0

Table 22: Washability data for -16mm+ 9.5mm, Hbed=116mm

Class Mass(9)

layer 1 layer 2 layer 3 layer 4  layer 5
-1.3 0 4 10 10 8
-1.4+1.3 67 288 333 520 374
-1.5+1.4 81 591 563 714 256
-1.6+1.5 159 627 202 134 47
-1.7+1.6 253 181 42 27 6
-1.8+1.7 260 81 6 6 2
+1.8 883 59 6 4 0
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Table 23: Washability data for -16mm+ 6.7mm, Hbed=116mm

Class Mass (9)

layer 1 layer 2 layer 3 layer 4 layer 5
-1.3 0 0 0 19 241
-1.4+1.3 0 33 169 606 1125
-1.5+1.4 13 352 886 830 153
-1.6+1.5 99 724 291 65 17
-1.7+1.6 292 372 42 14 0
-1.8+1.7 307 158 8 0 0
+1.8 1019 59 0 0 0

Table 24: Washability data for -13.2mm+ 9.5mm, Hbed=104mm

Class Mass(g)

layer 1 layer 2 layer 3 layer 4

-1.3 0 0 13 197
-1.4+1.3 0 38 385 1038
-1.5+1.4 30 510 944 161
-1.6+1.5 112 719 103 11
-1.7+1.6 383 364 17 0
-1.8+1.7 278 46 0 0
+1.8 940 17 0 0




Table 25: Washability data for -13.2mm+ 6.7mm, Hbed=104mm

Class Mass(g)

layer 1 layer 2 layer 3 layer 4 layer 5
-1.3 0 5 20 23 62
-1.4+1.3 72 174 275 306 635
-1.5+1.4 130 332 501 636 523
-1.6+1.5 157 316 407 253 141
-1.7+1.6 218 309 195 100 43
-1.8+1.7 277 107 44 16 12
+1.8 1203 70 18 13 7

Table 26: Washability data for -13.2mm+6.7mm, Hbed=126mm

Class Mass(Q)

layer 1 layer 2 layer 3 layer 4 layer 5
-1.3 0 21 53 95 553
-1.4+1.3 17 154 382 833 403
-1.5+1.4 44 459 745 500 80
-1.6+15 91 541 156 75 20
-1.7+1.6 252 939 56 17 0
-1.8+1.7 238 68 15 7 0
+1.8 1133 51 6 0 0




Appendix B: Stratification patterns

In this sectionthe full set of the stratification patterns obtained for all the samples tested are
presented. Appendix B1 shows the concentration profiles, Appendix B2 shows the cumulative
concentration profiles while gpendix B3 shows the recovery plogspectively

Appendix B1: Concentration Profiles

Figure 38: Concentration profile for sample A1B1 ¢22.5mm+19mm)
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Figure 39: Concentration profile for sample A1B2(-22.5mm+16mm)
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Component Concentration

Figure 40: Concentration profile for sample A1B3 ¢22.5mm+13.2mm)
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Figure 41: Concentration profile for sample A1B4 ¢22.5mm9.5mm)
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Figure 42: Concentration profile for sample A1B5 (22.5mm+6.7mm)

-89



Concentration Profiles Concentration Profiles
1 1
f_ 0.9(%, 0.9 |
o84 SG +1.8 08 + SG-1.8+1.7
© 0.7 0.7 (o)
T 0671 0.6
) b1 )
2 050 0.5 ©
8 0.4 0.4 Sosy
& 03 1 0.3 ter @Oniis,
0.2 *eveeiiiis 0.2 PRTS
0.1 .‘....’\). e, 0.1 P I ‘{)'0..000"
0 . 0 +ast®
0 0.5 1.5 0 0.1 0.2 0.3 0.4
'E_ 0.9 Y SG-1.7+1.6 0.9 ‘_.) SG-1.6+1.5
508 ¢ 0.8 f+;
© 0.7 ¢ 0.7 —®q;
() 0.6 '.. 0.6 e -.‘Ooooo
é 0.5 ..—O-o. 0.5 ......0"'000
S 04 0.4
€ 0.3 e 0.3 FPPPTT LG
02 .......000.00'- L 02 eoo®"® see®
0.1 fsver@0>1" 0.1 -
0+ 0
0 0.2 0.4 0.6 0 0.1 0.2 0.3 0.4 0.5
1 ‘. 1 | ..
<09 |_Jery SG-1.5+1.4 0.9 - .
< 08 0.8 1 SG-1.4+1.3
-% 0.7 ...t).’.. 0.7 ooo.'. -
5 0.6 0.6 LA
2 05 O 0.5 1,0®
8 04 YL Mammmm 0.4
x 0.3 =0 03 O
0.2 « 8%
0.1 ? :
0 -+ 0+
0 0.2 0.4 0.6 0.8 1
0 0.2 0.4 0.6 0.8 Component Concentration
<= OJS; :,.‘--""'" Key
£ 08 sensett o
o) o «eee Concentration inthe layer at h
@ 8-2 T® SG-13 ||
o 0'5 é. ® Measuredconcenttatiom the layer sliced from the bed
804 o _
o 0_3¢ O Modelled concentration inthe layer sliced from the be
0.2
0.1
0 -+
0 0.02 0.04 0.06 0.08
Component Concentration

Figure 43: Concentration profile for sample A2B2 ¢19mm+16mm)
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Figure 44: Concentration profile for sample A2B3 ¢19mm+13.2mm)
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Figure 48: Concentration profile for sample A3B5 (16mm-+6.7mm)
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Figure 49: Concentration profile for sample A4B4 ¢13.2mm+9.5mm)
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Figure 50: Concentration profile for sample A4B5 (13.2mm+6.7mm)
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Figure 51: Concentration profile for sample A5B5 ¢9.5mm+6.7mm)
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Figure 52: Cumulative concentration profile for sample A1B1 {22.5mm+19mm)
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Figure 53: Cumulative concentration profiles for sample A1A2 {22.5mm+16mm)
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Figure 54: Cumulative concentration profile for sample A1B3 ¢(22.5mm+13.2mm)
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Figure 55: Cumulative concentration profile for sample A1B5 (22.5mm+6.7mm)
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Figure 56: Cumulative concentration profile for sample A2B2 ¢(19mm+16mm)
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Figure 57: Cumulative concentration profile for sample A2B3 {19mm-+13.2mm)
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Figure 58: Cumulative concentration profile for sample A2B4 ¢(19mm+9.5mm)
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Figure 59: Cumulative concentration profile for sample A2B5 ¢19mm-+6.7mm)
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Figure 60: Cumulative concentration profile for sample A3B4 (16mm-+9.5mm)

-107-



Cumulative Concentration Down to h Cumulative Concentration Down to h
1 1
<09 I 0.9
£ 08 SG 1.8 0.8
2 07 ¢ 079 SG-1.8+1.7
S 0.6 + 0.6
> 05 0.5
804 0.4
¢ 0.3 0.3 +*ess
0.2 g, 0.2 Tteeeen@,,
0.1 " teeerrir s 0.1
0 e 0 LY
0 0.05 0.1 0.15 0 0.02 0.04 0.06
1 | 1
< 09 0.9
£ 08 SG-1.7+1.6 - 0.8 ¢
207 0.7 A
< 06 @ 0.6 { SG-1.6+1.5
=2 05 i 0.5
% 0.4 __.'.. 04 ....“tcoo
@ 03 “tevveaait 0.3
0.2 R 4LETr 0.2 9
0.1 0.1
0 e 0 L 2
0 0.02 0.04 0.06 0.08 0.1 0 0.05 0.1 0.15 0.2
1 1 [ "
22097 sG15e1a o8 ' :
< 0.8 + L - 0.8 -
247 o e 07| SG1.4+13 i_
< 06 v, 0.6 P
=05 ees 0.5
g 0.4 ‘e 0.4 o
@ 0.3 i 0.3 -
0.2 o 0.2 o
0.1 0.1
0 ([ 0 ¢
0 0.1 0.2 0.3 0.4 0.5 0 0.2 0.4 0.6 0.8
Concentration in Upper Layer (h=1 down to h=hsplit)
1 | L Key
<09 | ot
S 83 T SG-1.3 e **** Modelled concentration in the layer down to h
o 0. P
E 82 .‘ ® Measured concentratioin the layer downto h
B 0.4 ¥
& 0.3 :’
0.2 °®
0.1 s
0 ®
01 0.2 0.3
Concentration in Upper Layer (h=1 down to h=hsplit)

Figure 61: Cumulative concentration profile for sample A3B5 ¢16mm-+6.7mm)
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Figure 62: Cumulative concentration profile for sample A4B4 ¢13.2mm+9.5mm)
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Figure 63: Cumulative concentration profile for sample A4B5 ¢13.2mm+6.7mm)
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Figure 64: Cumulative concentration profile for sample A5B5 ¢9.5mm+6.7mm)
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Appendix B3: Cumulative recovery plots
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Figure 65: Cumulative recovery plots for sample A1B1{22.5mm+19mm)

-112-



Figure 66: Cumulative recovery plas for sample A1B2 {22.5mm-+16nm)
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