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ABSTRACT

The concept of wind sifting for particle separation has been successfully implemented for
various concentration purposes. Diverse configurations based on this concept have been
fabricated over many decades. It has been used in recycling, agriculturegneteataste
sorting, furniture, food and beverages, and mineral processing industries to some extent. The
a p p r odifectivéness stems from the capability of separating lighter particles from heavier
ones. This studtilised an optimised version of thewind-sifter that was designed and
fabricated by the author during his master's degree.

The drawback experiencechile testingthe first prototype wingifting separator led to this
investigation. This studyiseda computer simulation technique (the Lagian particle
tracking method). This resulted aioservingthe effectiveness of the separation process in the
newly designed separator. The design of the new separator was made flexible in its mode of
operation by fabricating detachable collecting bintheseparator assembly. This meains
optimised separator can be operated with or without the coal collecting bins, unlike the
prototype versioypwhich could only run with its bins.

The design of the separator was done with the aid of Autodesk Invamtbsjmulation was
carried out using StaECM+™ computer software. The simulation tests were performed for
different particle sizeg 6.7+3.35mm), ( 8.35+10mm) and ( 1.0+0.2mm) at different
airstream velocities. The optimal airstream velocities filoenprevious study (at a cut point of
1.6g/cn?) were also used in this study when the separator was run with its bins. These
airstream velocities were 6.0 to 4rsec, 4.2 to 2.th/sec and 1.7 to 1@/sec for the

( 6.7+3.35mm), (13.35+10mm) and (1 1.0+0.2mm) particle sizes respectively. A
simulation was used to determine the airstream velocity ranges of the separator without
collecting bins. These were 10.5 t® ¢n/sec for thei(6.7+3.35mm), 7.0 to 5.0 m/sec for the

(1 3.35+10mm) and 3.5 to 2.&/sec for thei(1.0+0.2mm) particles For thei 1.0 mm size
faction, three particle size distributiorisl(0+0.1 mm), (i 1.0+0.15mm) and (i 1.0+0.2mm)

were simulated. The best airstream velocities ofni/Sec and 3.5/sec were achieved
respectively for the closed and opened bins. The results of the simulation study led to the

fabrication of theoptimisedwind sifter used in this study.

From the sink and float test conductedtwo sets of feedoal (coal A andcoal B), the extent
to which the sepator could beneficiate coal was determined. The sink and float analysis

revealed that coal A Baa higher ash content than coal B. Coal A(idt.0+0.2mm) size



fraction, has an ash content of 4.29% at felative density RD). This is followed bythe

( 8.35+10mm) particle size with 5.55% ash content ahd ( 6.7+3.35mm) size fraction
with an ash content of 5.89%. AhRD of 1.5, coal A has a specific ash content of 16.,65%
and coal Bhasan ash content of 13.56% forh e6.7€3135mm) fraction. Uponseparating
with the windsifter, the clean coal products from coahAvea higher ash content compared
to those from coal B. Running the separator without the bins, clean coal products with
cumulative ash content ranging from 22.48%49.44% for thg1 6.7+3.35mm), 24.61%to
21.43% for thgi 3.35+10 mm) and 27.54%0 22.51% for thgi 1.0+0.2mm) fractionswere
obtained. For the particle size (0f6.7+3.3mm) and with the bins closed clean coal product
of 20.21% was obtained from coal A (feed coahvd7.38% ash content). A coal product with
19.55% ash content was obtained from coér&mn feed coal of 26.65% ash

A secondstage test conducted on a fisthge coal product of 23.48% ash content yielded a
coal product of 21.79% ash and 80% vyield for coal f6at+3.35mm). This trend was also
observed for other firsdtage products at the three particle sizes used in this study.,The E
values obtained fronthis separator ranged between 0.035 and 0.16, with ghealdes
increasing as the airstream velocity was reduced. Fqi6tiAe3.35mm) fraction, Ep values
(Probable Error of Separation)of 0.035, 0.095and 0.16 were obtained at 6.0, ,5ahd
4.0m/secair velocities, respectively. Overall, the cleanest coal product with 16.73% ash and
26.70MJ/kg was obtained in this study from coal A at biA2cording to thes t u degudiss

the separator was highly adaptable. The separator could also be usedddingpgnd pre

concentrating other minerals in the mineral processing industry.
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CHAPTER 1: INTRODUCTION

1.1.BACKGROUND AND MOTIVATION

Energy resources are needed globally for social, economic and industrial development as coal
plays an integral role, particularly for nations endowed with this resource, notably for power
generation, as well as for metallurgical applicati(De/ari and Rao, 2007; Yu et al., 2016;
Mutezo and Mulopo, 2021 oal is the largest source of electricity generation and provides
about a third of t he (FutwerCoa, 2023)cedrding to thd~uturet y g e n
Coal (2023), coal contribute36% of the global electricity supply ansl predicted tde the

single largest source of electricityn 2040 (Department of Mineral Resources and Energy,
2023;Future Coal, 2023EA Coal Market Update, 2023F0al continues to play a crucial role

in the energy supply of over 80 countries, not only in terms of electricity but also heat
production. It provides process energy fuel and accounts for 70% of the global steel
manufacturing, 90% of cement production &débo of energy to make aluminium (Future Coal,
2023) Coal is a very valuable source not only for thermal energy but also foradtlesl

carbon products such as carbon fibers, cadavbon, and carbemetal composites, and

specialty carbon products (Eggtov, 2023).

Coal is the worldés most abundant energy so
cost; however, owing to the scarcity of higtade coal, the use of legrade coal for fulfilling

the energy demands of modern civilisation becoimagtably necessary (Beheeaal, 2018).

Coal serves as the main energy source in the Southern African region and is pivotal to the
regionbs economic advancement . Being a signi
coal supplies nearly allthemnda ond6s el ect r i c iatcquntiggefar e7%oafttheon de
primary energy supply (Department of Mineral Resources and En20g® and presently

meets 70% of installed power generation capacity (EDR3.

According to Mantash€022), the coal sector produced around 248 million tons of saleable
coal in 2020, the highest revenue earner and contributed about 21.4% of the total mining
revenue of R608.99 billion. The coal sector generated about 53.42% of the total local sales
reverue of R159.16 billion and around 10.13% of total foreign exchange earnings of R449.83
billion. In that same year, the sector was the third largest employer in the mining industry,
employing 20.48% of the total mining industry employment of 283 people.These
employees received around R31 billion in wages and salaries, around 20.27% of the mining

industryds tot al wage income of R151.53 bill



In terms of sustainability, coal is abundant in South Africa, with the estimated remaining
reseves to last more than a century, assuming the current rates of usage and production remain
the same (Prevost, 2004; Minerals Council South Africa, 2023). Many alternative energy
sources, such as nuclear and solar energy, are projected to be progredsigdlyo the total

energy mix on the local and global stagéaclear energy, which is touted as the silver bullet

to replace fossil fuel, is projected to play a significant role in this development. Despite this,
coal is projected to remain the key enesgurce in the future owing to its relative abundance

and minimal cos(Jeffrey, 2005;FutureCoal, 2023 International Atomic Energy Agency,

2023. Based on thdacts, coal is an invaluable resource not only to South Africabut globally.

For the continuous use of coal in thigovementioned sectors, it must have a quality suitable
for these applications. The decline in coal quality in South Africa requires research on more
effective beneficiation techniques to produce clean coal that meets different customer
specifications (Tde, 2015; Mills, 2016; Reid, 2017). According to Jeffegyal.(2014), high

grade coal products with an ash content lower than 15% are mostly exported, with the low
grade used locallyThese coal grades are achieved through a wet or dry coal beneficiation
process, which separates the coal s inorgani
beneficiation processes are well received within the mineral processing industry since they
accomplish a higher quality product with high recovery. Some of thesmgses include
densemedium cyclone (Honaker et al., 20@hang et al., 201 2014, spirals (Honakeet

al., 2007), froth flotation (Lynch et al., 1981; Han, 1983; Shi et al., 2019; Gitealg 2020),

wet jig (RaoandVidyadhar,2006; Tripathyet al., 2016 Kumar andvenugopal, 2017)etc.

There are, however, concerning challenges facing the wet beneficiation techniques ranging
from water scarcity, effluent management and intensive capital requirements, amongst others.

Dry beneficiation is, thefore, becoming the process of choice, and further studies are being
carried out to increase its efficiency, particularly when upgrading smaller coal pakieag (

et al., 2018) In addition, energy is not utilised in drying the coal, ensuring the Hieratue

does not chang®wari and Rao, 2007; Charedera et al., 2018; Alade et al., 2022)y coal
beneficiation techniques depend on the <coal
mineral matterNumerous studies have been conducted on dry coal beneficiation based on
coal 6s physical propert i eclconduadticith andhmagretlsm p e, s
(Bada et al., 2010b; Bada et al., 2012; Riazi and Gupta, 2016; He et al., 2017; Chagwedera et

al., 2018; Alade et al., 2021). In fact, new dry beneficiation techniques are being developed,



one of which is the wingifter tedqinique, which Alade (2021)adapted for the beneficiation of

dry South African coal for the first time.

The windsifter separation principle has been successfully implemented in other fields and
industries, including the separation of municipal solid wagte] sandstone, mica, food and
other organianaterials(Redemann et al., 2008; kger et al., 2014; Pettinari and Simone,
2015; Ragaert et al., 2017; De la Fuente et al., 2Ft8)n the initial investigation conducted
using the novel wingifter separator designed Alade (2021), a clean coal witlslartontent

of 16.75% and a calorific value of 2fJ/kg was achieved. However, a few drawbacks were
experienced by this separator, including particle misplacements and massive sample loss,
particularly of the very fine coal size fraction. In additieon]lection ofcoal productsand
cleaningof the separatoverecumbersoratasksfor theold separatodesign These drawbacks
prompted the current study to optimise the already designed and fabricated separator to

improve its separation performance é&bfective partitioning of the feed coal.

1.2. PROBLEM STATEMENT

In recent times, the quality of Rwf-Mine (ROM) coal found in South Africa has been
declining,and this resource cannot be used for certain applications without beneficiating it
(Bunt et al., 2015). Coal with more than 40% ash is being mined in situ in South Africa (Isaac
and Bada, 2020), and to meet di f fteequliytof appl i
the ROM coal must be improved. The wet beneficiation process has been the main technique
utilised for many decades, producing clean coal with lower ash content and higher yield than
dry processes. There is, however, an increase in thendeimadry beneficiation owing to the

scarcity of water, large amounts of reagents and high operational cost associated with wet
beneficiation processes like dewatering and wastewater treatment (Zhao et al., 2014;
Shanmugam et al. 2022particle separaio under dry beneficiati on
properties, including the shape, size, density, electrical conductivity/resistivity, frictional
coefficient and magnetic nature. The heterogeneous andleesity natures of South African

coal are responsiblfor the difficulty faced in separating this coal efficiently, along with the

mineral matter finely entrained within the coal (Falcon 1986; Bada,a2010

A prototype version of the winslfter separator for dry coal beneficiation was designed and
fabricakd in a previous study to upgrade South African coal (Alade, 2021). In the prototype
version, the separator assembly has two chambers; chamber 1 is designed to collect the coal
particles rich in mineral matter, while chamber 2 is designed to collect #hg@axicles rich



in organic matter. Chamber 2 is integrated with a filter connected in tandem with it to filter the
coal dust particles along with the air exiting the separator. One of the drawbacks of this
prototype is that coal of finer particle sizeafc t i o n m)ticlote he valls of the
separator. Also, some clean coal particles (coal with less mineral matter) travel further into the

filter section, ultimately resulting in the loss of valuable clean coal products.

The influence of factors shas particle shape, particle size and density were investigated in
the optimised separator. The wider the particle size distribution, the more likely the particles
will be exerted with more drag force, leading to different particle velocities in thevairth
addition, factors such as the flow rate, velocity of the air, andfdrag in relation to particle

size distribution, shape and density were observed critically using a computational fluid
dynamic. As the coal will be fed into a flowing airstreanthe separator and under gravity,

the influence of gravity was monitored. It is expected that the inorganic and organic content of
coal will follow different parabolic movements due to the differences in their densities, leading
to different particle tn@ctories. This, in turn, will impact the separation of the particles in the
first separation chamberds airstream. The
efficiency; coal dominated with high€lensity particles (lowegrade coal) will travel ahorter

distance in an airstream than lovgEmsity particles (highegrade coal).

The impact of settling velocity in association with the particle density was thoroughly
investigated, with more emphasis on its influence on the separation of partitiessecond
chamber. The current study focused on redesigning the prototype separator and fabricating a
new separator for beneficiating coal using wsiitler technology. The effects of operational
factors such as feed rate, air velocitgw rate, the atjet angle in the chamber, and static and

dynamic pressure were investigated.

1.3RESEARCH QUESTIONS
The primary research question was: Will the separation efficiency of this optimised version of
the windsifter separator for dry coal beneficiation be viabt®ughto be applied for coal
beneficiation; tomatch other dry beneficiation techniques and replace thdevedficiation
techniqué@ This led tdour subquestions:
1 At what particle size range will the highest efficiency be attained in this new design,
ard to what extent will the coal particle size influence the separation of the organic

matter from the high ash minenmath particles?



1 What influence will factors such as drag force, gravitational fanod,@rticle shape
haveon the separation of partislén an airstream?

1 How will the separatioprocessof this optimised winekifter affect properties such as
the ash content, volatile matter, carbon content, etc. of the coal feed?

1 How would the performance of the new design of the veiftgér separatowhen

compared to that of the sink and float analysis?

1.4ARESEARCH AIM AND OBJECTIVES
This research aimed to design and fabricate an optimisedsified separator and apply the
separator for dry beneficiation of South African coal. The research objestves
1 To design and simulate a new and optimised veifigr separator for dry coal
beneficiation using the software tools Autodesk Inventor and Star CCM+, respectively.
To fabricate the optimised wirsifter separator design.
To experimentally validate ¢hsimulated data results by performing sample runs on the
fabricated unit and compare the obtained outcomes with the simulation.results
1 To determine the impact of different particle size fractions ranging from
( T émm#3.35mm) , (mMM3L.0Bm) andamt0i2bhmO on the sepat
yield and efficiency by analysing the influence of shape, size, density feed rate, air flow
rate, etc. ath comparing those results to that from the sink and float tests.
1 To addressthe problems of sample loss observed, particularly for the
(1 1.0mm+0.2mm) size fraction.

1 To determine an appropriate cut size for the separator.

1.5. HYPOTHESIS

It was observed frorine prototype that the wirsifting principle was effective in beneficiating

the ROM coal. However, a few drawbacks, including highergrade coal particles travelling
further than the collecting bins in chamber 2 of the prototype assembly and minimaligeparat
effectiveness of thei ¢ mm) size fraction, were observed. Optimisation of the current
prototype separator was needed to address these drawbacks, and it is expected that the new
design will significantly separate the inorganic mineral matter fronotganic matter. The
wind-shifting dry beneficiation principle is based on factors such as drag force, airflow
vel ocity, pipe |l ength and diameter i n associ
as shape, size and density. The extent of sepanaiibdepend on these variables and the

airstream response.



1.6. LAYOUT OF THE THESIS
There are five chapters in this thesis, and they comprise of the following:
. Chapter One introduces this research witht
aim andobjectives are algaresented
II.  Chapter Two details the available literature associated with the wet and dry techniques
of coal beneficiation, and also on the wisifter technique.

lll.  Chapter Three gives a detailed research methodology. This chaptermelyclooks
at the simulation and experimental studies, including the sink and float tests, as well as
the dry beneficiation process executed. It also includes the standards that were
followed in this research.

V. Chapter Four presents the results of the research and discussesthese results to illustrate
the importance of the research. These results comprise the results of the simulation and
experimental studies.

V. Chapter Five presents the conclusions drawn from diugly, as well as the

recommendations required to optimise the dry recovery process used in this study.



CHAPTER 2: LITERATURE REVIEW
2.1. INTRODUCTION

Coal mined from the ground, also known as ROM, is made up of different sizes ranging from
small partcles to large chunks. In most cases, ROM coal needs some degree of preparation and
beneficiation to meet certain market requirements such as size, ash content, sughur
moisture content, as well as heating val{@haranret al, 2016. The quality ofthe mined coal

varies greatly because of its heterogeneous nature and the unavoidable incorporatien of non
coal bands and possibly a certain amount ofafwttoal seam rock material §f€on 1986;

Badaet al, 201@&, 2010bh Chararet al, 2015;Wagneret d., 201§. This underscorethe need

for coal beneficiationvhich cannot be overemphasised as it encompasses a series of processes

to meet specific endser needs (gdmr fuel, steam boiler, etc.).

The separation efficiency of coal cleaning separators is usually assesseé@®tmbtide Error
in Separatior{Ep) and Organic Efficiency (). The & which will be the main index used in
this study isa widely recognized measure is used to assessefperation efficiency of coal
separatordt is determinedrom a Partition or Tromp curv@ased on precise cut point density
of separation and implies that for ideal separation the error isEigore2.1 shows a display

of a generapartition curve
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Figure 21: General design of a partition curve. Image adapted from Hussain, (2013)




Processes with the best separation efficiency are grouped under wet beneficiation, but in recent
years, there has been renewed interest ircoay beneficiation techniques. A few reasons for

this include:

I.  Eliminating the need for a large amount of water used in the wet beneficiation process,
which leads to significantly large amounts of effluents (wastewater). These effluents
seep into thevater table and cause environmental degradation for man, animals and
plants.

II.  Mitigating challenges related to tailings disposal and water pollution through wet
beneficiation processes.

[ll.  Eliminating the high cost of drying coal prior touseto ensureteerét i on of t he
thermal value.

IV.  The capital and operating expenditures for the dry beneficiation plants are significantly
less than the wet beneficiation plants. According to De Korte (2014), the operating
expenditure of dry processing plants can $éoav as half of that of wet beneficiation
plants, while the capital expenditure can be as low aglorte

This section provides an overview of the origin and extent of coal. The impact of beneficiation
techniques (both wet and dry) on coal qualitith emphasis on dry coal beneficiation along

with the fundamental principles driving these techniques, is discussed. Lastly, information on
the global and local coal market is briefly discussed to further underline the importance of coal

to the world ecoomy.

2.2. OVERVIEW OF COAL (ORIGIN AND FORMATION)

Coal is a solid stratified, complex organic
of years ago from the remains of decaying trees and vegetation and occurs in layers in the
e ar t h 6emand &iskelman, 2003The various conditions prevailing during the period

of the flora accumulation and transformation of the vegetation, along with the extent of
coalification resulted in coal with different grades, types and ranks. These propepss i

the various fields of application or use (Englatdal, 2002;0rem and Finkelman, 20D3

Thus, the prevailing conditions imply that coal is formed from the biological and geological
processes that have acted on plant remains for an extended phaatbmplex (organic and
inorganic matters) and heterogeneous nature of coal, along with the condition of its formation,

are responsible for the difficulty faced in beneficiating coal.



Major coal deposits were formed over 400 million years ago, andotleseams currently
mined in South Africa were formed roughly between 285 and 200 million years ago (Minerals
Council South Africa2023. Formation of coal commenceduring the first coal age
(Carboniferous Period) at around 360 million to 290 million yesgo, with the coal seams
forming from the death and putrefaction of vegetable matter from densely populated tropical
forests (Wills and NapieMunn, 2006; Wagneet al, 2018). The dead plant materials are bio
chemically transformed into peat, and under appropriate conditions (swampy conditions), the
formation of thick layers of peats occurs (Englatchl, 2002). A typical example showing

peat occurrence in South Ada can be found in St. Lucia in KwaZtiNatal (Scholtzet al,

2015).

The continuous accumul ation and buri al of
these periods caused the vegetation to be subjected to elevated pressures and tengpetatures,
the flora materials went through a metamorphosis, transforming into coal. ROM coal requires
the separation of its agbrming minerals from its organic matter to produce a clean coal
product of higher quality for specific applications. In South Afratean coal products (washed

coal products) with an ash content of less than 15% are mostly exported, while those with

higher ash content, the low grades, are utilised locally by Eskom (Jeffady2014).

2.3. COAL BENEFICIATION

In the area of coal llisation, especially combustion, higdfficiency, lowemission
technologies increase coal combustion efficiency while reducing the emission of pollutants.
With this in mind and the highost implication of these technologies,coal processing industries
globally must take on the challenge imposed bydibaine in coal quality or coal gra¢iReid,

2017). With the immense contribution of coal, locally and globally, as a source of energy, its
inorganic mineral content, which results in gaseous emissions hed gaillution, must be
removed or reduced before use. According to Mills (2016), the quality of coal mined in South
Africa and globally has reduced over time. The author pointed out that the average gross
calorific value of coal supplied by India and theitdd States during the last half of the century
decreased from 24MJ/kg to 14.™MJ/kg and from 28J/kg to 20MJ/kg, respectively. Given

that most coal applications require highality coal, it is of the utmost importance to produce
coal of acceptablguality to achieve the expected process efficiency; this can only be achieved

through beneficiation.

t



The techniques employed in coal beneficiation to remove thedeeasimg minerals in coal

are based on the differences in the physicochemical characse(sgiecific gravity, surface

and electrical properties, particle size and grindability/friability) between the organic and
inorganic components of the coal. Despite research in beneficiating coal over many decades,
there are still challenges impacting ttecovery and the quality of the products produced. Some

of these challenges are due to the inadequate liberation of the coal minerals from its organic
matrix, as well as the coal origin. The following sections describe the two main techniques for
benefigating coal wet beneficiation and dry beneficiatioras well as a minieview of a few

wind-sifting techniques.

2.3.1. WET BENEFICIATION

The wet process uses water or other liquid medium in beneficiating ROM coal into a clean coal
product and gangue material by using their inherent densities. In comparison to thenlyater
plant, the dense/heavy medium processing of coal over the yegssokiaa to deliver more
precise and accurate separation efficient and effective automatic control (Esigina002;
Sureshet al, 2010). Owing to its adaptability in handling diverse coal qualities and particle
fractions in the feed, it is a far marecommended technique than the wately plant (Wills

and NapeiMunn, 2006; Langner, 2016). The wet beneficiation techniques in this literature
review include the float and sink technique, the danedium cyclones, the reflux classifiers,

and wet jigsas well as flotation (Langner, 2016).

2.3.1.1. Sink and float

The sinkfloat technique for coal beneficiation is a technique used to partition raw coal into
two or more relative densities by means of different relative density (RD) solution(s) and can
be used to determine coal properties (England et al., 2002; MeykCraig 2014). In this
technique, the principle of gravity separation is the principal factor that facilitates the
partitioning of the coal feed. The coal feed is poured into a statiogarg bf knownRD, and,

by Archi medesd principle, particles that ar
Englandet al (2002) pointed out that there is a relationship between the ash content of a piece
of coal and the specific gravity, implygrihat the ash content can be controlled by washing the
coal at a specific RD. They also stated that the shape and size of the particle play almost no
part in the stationary medium when the medirore ratio is adhered to, thus making it a very
effectivemeans for separating particles. Meg@d Craig(2014) illustrates this technique in

Figure 22.
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Figure 22: Principle of floatsink separation. Image adapted from Meyed Craig(20149)

The efficiency of a centrifugal floaink technique for upgrading different coal fractions
(1210DmMm§3 (OBB+480mMB +4 dwm) Was determined by Killmeyet al

(1992). The results of the study showed a higher mass yield of floatspastible size fraction
decr eas etdl (199)alscecanducted a coal beneficiation study using centrifugal float
sink equipment to upgrade lignite coal samples fiamc¢bilek and Soniaerkez collieries.
According to the authors, as tRD of the media was increased from 1.30 to 1.50, the ash
content of the lignite coal from Soiiderkez and Tuncbilek collieries increased from 1.31%

to 5.38% and 2.20% to 9.58%, respectively. The mass yield for the same coals increased from
4.5% to 96% and 40% to 94%, respectively. They concluded that the difference in the grade
achieved between the two coal samples was due to the liberation difference between the two
coal samplesAnother study was conducted by Cetinkaya and Bayat (2020) cquality

lignite coal from theCanakkale lignite coalfield in Turkeg t ( T t@)+particld size
fraction using the float and sink technique. The ash content of the feed coal was reduced from
39.69% to 16.46% atan RD®df. 6. Coal 60s responsdasamleasiss can
amenability to gravity separation, with the fle&ik technique.

2.3.1.2. Densenedium cyclone

The densemedium cyclone separation process is walbwn for processing coal. This
approach is known to be one of the most efficient presefs removing inorganic minerals
from ROM coal. The principle of dse media separation (Figure 2is8a technique based on
density differences to separate mineral matter from raw Elmaiakeret al, 2000;Englandet
al., 2002).
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Figure 23: Basic working principle of the denseedium cyclones. Imagedaptedrom
Millops Cyclones 2023

Honakeret al (2000)r epor t ed t h a tmm)fcannbe sepavated effiCigntly.by
increasing the centrifugal force in the cyclone. This is done by applying feed at high pressure
into the densenedium cyclone. This phenomenon was also support&uisshet al (2010)
andNapierMunn (2018;the efficiency of a densmedium cyclone for beneficiating fine coal

( T Immd depends on the higiressure feed injection, which provides significantly high
centrifugal force in the unit. A piledcale medium cyclone separator to upgradal of

( T 6 +Hr#n) Was used by Suresh et @010) under different operating parameters, such as
the coal feed inlet flowrate, pressure and RD. The study shows that at an RD of 1.6, a clean
coal product of 12.5% ash and a yield of 52% is achievabie &deed coal of 32% ash.
According to Suresh et.dR010), a further 5% increase in yield is attainable when the air core

in the unit is suppressed compared to the air core unsuppressed.

Zhanget al (2014) integrateda pump storage systemto a densanedium cyclone coal
preparation planto improve the energy efficiency of the plant while continuing to maintain
the required supply of the medium. It was observedttietirculation loop of the medium
reduced the associated energy consumptimah) altimately, the cost of separating coal using
this unit. A life cycle cost analysis was conducted to ascertain the effectivenesspaintipe
storage systempproach using the operation status quo of the dense medium cyclone plant, and
the result showethat with a 16an°storage tank, a +50% energy cost reduction is achievable.
Another scenario showed that a 38% overall cost reduction withyeadrpayback period was

attainable.
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Using densanedium cyclones and spirals is wkflown for upgrading coaind a combination

of the two techniques was used by Maetal. (2018 a study to upmr ade c
According to the authors, the presence of {ggavity materials in the coal feed was found to

be minimal. A clean coal yield of 37.39%, organécovery of 47.76% and ash content of

8.31% with a Probable Error of Separation valug (& 0.150 was achieved frothe spiral.

Whereas a better result was achieved using a medium cyclone with a clean coal yield of
62.98%, ash content of 8.31%, orgaracovery of 80.84% and ar &f 0.118.

A novel densemedium separation investigation was conducted by Willieinag (2022) using
calcium nitrate (from common fertiliser) rather than conventional calcium chloride solution to
upgrade lowgrade, highash Wlombian coals. For this investigation, three igrade coal
samples from Valle, Cundinamarca and Antioquia, which are commonly used in Colombian
stoker furnaces for sugar milling, were tested. The report sthaivhe calcium nitrate reduced

the ash comnt to less than 7% for all the coals tested. This was particularly notable for Valle,
whose ash content dramatically reduced across all size fractions from 29% to below 7%, which
is an acceptable level for coking coals (less than 10% ash). The autloonsneeded further

investigation to analyse the potential for the washed Valle coal to be used as metallurgical coal.

2.3.1.3. Reflux ClassifieM

The Reflux Classifier is an advanced type of gravity separator used in the mineral and coal
processing industries. The sepmmandeangdias ef f i
low as 25Qum (Galvinet al, 2010;Kopparthiet al, 2019 Galvin et al., 202Q. The Reflux
Classifier as seen indure 2.4 separates fine partes based on the difference in their density

or particle size. In addition, @tombines a conventional fluidised bed separator with a set of
parallel inclined plates that formarhella channeldA coal beneficiation study using the reflux
classifier technique to upgrade coal was carried out by Getvah (2010). In this study, the
effectiveness of mmpwas aitctallyigestigated)| andattwas(obs&ved
that the process effectively produces a clean coal product with significantly low ash content.
Four runs of the process were carr@d, and the separation result (lljnshows a product

mass Yield of 80.3% and an ash content of 8.5% from a feed coal of 18.0%. E@nainur,

a yield of 73.7% with an ash content of 16.1% and a yield of 87.9% with 18.0% ash content
was obtained, spectively. From the fourth run, a product yield of 90.4% and 10.2% ash was

obtained.
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Figure 24: Working principle of the Reflux Classifief. Imageadaptedrom Galvin et al

(2020

Another study conducted using the RefltiassifieE was reported by Campbeit al (2015)

on fine coal spmpfph Waterberg Codlield, titn@opo. A laboratory scale
Reflux ClassifieE (105x 105 mm),with 23 steel plates arranged at a 70° inclination angle
and 3.5mm apartwas asigned and built for this study. The test was carried out on different
coal fracti®mp, ({1@BP+66DO6MP+868 (um3ubder+ 150
different water flowrates 25 to 8dmin. At 35L/min, a cutpoint of RD 1.45 was attained for

the { 1180+850um) size fraction, while a ctgoint of RD 1.55 was obtained for the remaining

size fraction.The ash content achieved in the clean coal product was less than 25% using the

separator.

Kopparthiet al (2019) also beneficiated higish cokingcda f i ne s rmm) pafticl + 0. 2 5
size fraction using the same approach. The influence of parameters, such as the set point of the
bed, the fluidisation velocity of water in the Reflux Classkieand the feed rate of the feed

coal, were investigated. Thesults obtained under varying operational parameters show that

the feed coal was dsshed from 28% to an ash content range between 7.9 and 20%. The mass
yield of the clean coal product ranged between 31 and 64% w% vatue ranging from 0.07

to 0.1las eparation densities varied between 1.34 and 1.7 RD

Ivesonet al (2019) al s anmugoa usiagdageflux alasgifier@nd @omparedthe
densemedi um cycl one, w h i mrh), apdr tioeRedlusx sSChaskifiell até . 0 + 4 .
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( T 4 +fn). Sixteen rungvere carried out with the volumetric flowrate of the feed ranging
from 210to 36 | j Eand pulp density ranging from 16 to @®6. The results of the study

show that at an RD ranging from 1.2 to 1.575, the mass yield of the products ranged from 35.7
to 939%.Ash content in the feeds ranging from 55.6% to 11.5% was reduced to 11.5% to 4.3%
in the products, and a maximurg lue of 0.1 was obtained. Rautenbattal (2019) also
beneficiated 106 g o f ¢ o a Immausing(the gabne dpprdacthelresult from this

study shows that the three coal samples, A, B and C, have an ash content of 35.9%, 32.9% and
25%, respectively. The ash was subsequently reduced to 7.8% for coal A, 12.4% for coal B and
10.5% for coal C.

2.3.1.4. Wet jig

Jigging is along-lived and effective gravity separation method to upgrade large arrays of
unwrought minerals such as gold, raw coal, etc., having approximately 20%raeidy matter
(Ambros 2020. As pointed out by Englandt al (2002), wet jigging works on the same
principle as the fluidised bed. In this separation technique, raw coal is fed on the washing deck
of the jig and particles of various relative densities are partitioned based on the vertical water
pulsation, viscosyt and particle size (Englaret al, 2002; Terblanche, 2018Voollacott and
Silwamba, 2016Woollacott, 2018 Langner (2016) pointed out that remixing can occur as
pulsation strength increases in a wet kggure 25 provides arepresentations of the ggg

process, adapted froAllMineral (2018)

Figure 25: Working principle of the wet jig. Image adapted from AllMineralJig (2018)
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The wet jig technique was used by Raed Vidyadhar (2006)t o upgr adnm), (T 10+
(1T6. 34 ., 0 ( 1TMm)0 +aln dam) cokihg cdal samples from Assam. A clean coal
product of 2.67% ash and 70. 7% mm@sizefragtiorel d wa
The (1 ém)Zizedracion had the lowest agintent of 1.89% with the highest yield of

73. 7%, whi |l anmj flagion(had4an aghtcbntet and yield of 3.29% and 64.9%,
respectively. Tripathy et al (2016) upgraded necoking coal of (3+2.0mm) and
(12+1.0mm) using the laboratory scale Denver mineral wet jig by varying operating
parameters such as the feed rate, water flowrate and feed particle size. Statistical analysis was
carried out to ascertain the jig performance (combustible recovery andrashtad the clean

coal product), and from this analysis, the Neliterad multidimensional pattern was used for

an optimisation investigation of the process. A clean coal of 64.15% combustible recovery and

an ash content of 22.6% was obtained under opgoineenditions.

Another study was carried out Bumar andVenugopal (2017) using the wet jig on a coal
sampl e wimm)hsizeafracion.1TBe coal was screened into different particle sizes of
(7T2120+®Hm)7,3 (1 6mn7)3,+ 4(.1748m7 3 + 8 m@)a& O d 5 Mim)0Opérating
parameters such as jigging time, bed height and water flowrate were varied, and the Box
Behnken experimental design, a test programme that uses a completely randomigedehree
factorial design, was used to optimise the opergti par amet er and to 1| mpr
performance. The results obtained show that the height of the bed was the major factor
influencing the ash content and yield of the clean coal product. It was observed that at a jigging
time of 10 minutes and 2l0min water flowrate, the ash content of 24.32% in the feed can be

reduced up to 16.55% in the clean coal product.

2.3.1.5. Froth flotation

The froth flotation process is based on the contrast in surface properties of the materials in the
raw coal (Han1983), and this process is a surface chemisised unit operation usually for

fine solidparticle separation from an aqueous suspengi@aiarinejad, 2016) Several
parameters (air bubbles, particle sizes and oil droplets) involved in this techargqugrently
interface with each other and other species, like the molecules that boost reagents and ions that
dissolve in water (Polat al, 2003).A frothing agent is usually added to help stabilise the
froth, which is skimmed off and becomes the cleaal product. A flotation aid, such as fuel

oil, may also be used to increase the hydrophobicity of the coal and to help collect the patrticles.
The bubbles introduced into the system lift the hydrophobic material to the top of the water

suspension in whitthey are collected by skimming while the gangue is left behind in the water
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suspension (Lynchket al, 1981; Han, 1983). Figure@&portrays a basic working principle of

froth flotation.
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Figure 26: Working principle of therbth flotation process. Image adapted from Pawlik

(2022)

Ozmakand Aktas(2006) carried out an investigation on #féects of reagent adsorption on

the froth structure. This investigatiotketermined the relationship between the reagents

adsorbed on

the sol.

d

particles, fr oetnh)

bituminous coal was used to perform tl@gperiment, and the results showtdht the

adsorption

of

a high

a

mount of reagent

efficiency. A recent study to beneficiate flotation tailings was carried out by Sl (2019)

o

stru

n th

using a flotation ell. In this study, a comparison was made of the performance of four different

collectors. The depressant used was hmeggaphosphate, and parameters, such as collector

dosage, pulp inflation rate, stirring or revolving speed, frother dosage and thesdepres

mechanism, were investigated. The optimal flotation condition was achieved agtt 300

collector dosage, pulp inflation rate of 0:28/(m2mins), 400Qy/t of depressant, 50§t

frother dosage, revolving speed of 22 and a pulp concentration of 1gMA.. At these

parameters, the ash content of 62.01% in the feed coal was reduced to 10.64%, and a 71.88%

mass Yyield was achieved.

Chengetal (2020)

recent |

y

wBPOEM) sidedralction usiagothe ifrathg

coa

flotation technique. The coal sample for this study was collected from the Linhuan coal

preparation plant in the province of Anhui, China. The coal samples were screened into
(1 500+250um), @ 250+75um), (@ 75+45um) ard (i 45um), and the influence of three
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flotation systems was investigated: the jet, couaterent and cyclone systems. The separation
result shows that the counteurrent system was very effective for thésQ0+250um) size
fraction and the cyclone fdine § 250+45um) size fraction, while the jet system was effective

for the { 45 um) fraction. The authors reported that factors such as the flow field and the degree
of turbulence (the turbulent kinetic energy and turbulent dissipation rate) were relpforsib

this observation. The turbulent kinetic energy and the different turbulence intensities resulted
in different bubble sizes, as well as the collision, detachment and attachment of the different
bubble and particle sizes. The countarrent system siwed the least turbulent kinetic energy

and dissipation rate, while the jet flow system displayed the maximum of the three systems.
The clean coal product for the500+250um) size fraction showed that ash content lower than
10%, and combustible recoverythe range of 62.34 to 66.16% was obtained, while for the

(1 250+75um), combustible matter in the range of 49.19 to 84.09% with an ash content lower
than 11% was obtained. An ash content lower than 12.5% and recovery in the range of 32.62
Tto 73.03% wasbtained for thei(75+45 um), while combustible recovery in the range of 30

to 64.54% and ash content lower than 14.5% was achieved fordheun) size fraction.

2.3.2. DRY BENEFICIATION

Dry beneficiation techni gu ephysieakpdpatiessandith e di f
inherent mineral matter, which include the shape, density, size, magnetic susceptibility
tendencies, lustrous nature and electrical conductivity for coal separation (Dwari and Rao,
2007; Badeet al, 2010a; Charaat al, 2016 Chagwedera, 2017). Numerous techniques have
been used for the dry beneficiation of coal, such as the air tabtkersie medium fluidised

bed (ADMFB), electrostatic separators, air jigging and a few innovative approaches (Chen and
Wei, 2003; Badeet al, 2010a; Badaet al, 2010b; Badeaet al, 2012; Scholtzt al, 2015;
Chagwederat al, 2018). In the sections that follow, three different types of dry fluidised bed
techniques are discussed (ADMFB, denssdium vibrated fluidised bed (DMVFB) and
magnetially stabilised fluidised bed (MSFB)), followed by other dry processes.

2.3.2.1. Airdensemedium fluidised bed (ADMFB)

The ADMFB is a major technique used in the beneficiation of dry coalsadéemed to be

one of the most efficient methods for dry coal beneficiationetral, 2019) It makes use of a
fluid-like mixture of the blend of a dense medium (magnetite powder) and fine coal powder as
the separating medium, and the separation ofdhaeéis attained through vertical stratification
(Chagwedera, 2017pkimmers are attached to the separator to remove middling and clean

coal fractions along the table lendlretzschmar, 2010).He pressure drop across a fixed bed
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height containing a sgle size of isotropic solidss det er mi ned using a mc
equation(Makokha et al., 2012)This phenomenon is similar to the siftdat process that

depends on Archimedes' principle (Sauwal, 2009; Zhaeet al, 2014;Meshramet al, 2015

Zhao et al., 2015

An investigation was carried out by Chouagal (2006) using the ADMFB to upgrade
subbituminous coal samples from Genesee, (Alberta, Canada). The effects of parameters, such
as bed height, coal particle size and magnetite (medweng, investigated and their influence

on separation efficiency. Coal samplesid@«{5.66mm), ( 5.66+3.35mm), { 3.35+1.0mm),
(11.0+0.42mm), ( 0.42+0.25mm), ( 0.25+0.04mm) and 10.04mm) size fractions and
magnetite (300+150um), ( 106+45um), ( 75+45um), ([ 53+45um) and (45um) size
fractions with the bed density of 1@ A | were tested. Separation results show that for
(15.66+3.35mm) coal size, clean coal with an ash content of 14% was achieved for magnetite
of (1 300+150um) size fraction at aair velocity of 23.5m/sec. However, the ash content was
further reduced to 6% with a mass yield at 90% when the patrticle size of magnetite was reduced
to (1 106+45um) at a velocity of 4.0n/sec, with little to no significant improvement in the
separatiorperformance when using magnetite o7 $+45um) at a velocity of 2.9n/sec. For

the { 3.35+1.0mm) coal and magnetite of {06+75um), a clean coal with an ash content of

7% and yield of 70% was achieved as the bed density was reduced frgienf.® 1.4g/cn?.

While the separation performance for th&€0.42mm) coal size fraction was very small.

In a study carried out by Luet al (2007) usmm) gpal parti¢lel szd) thebeffelt

of a lowdensity cupoint was studied using magnetic pearlstt@s solid medium. The

formation of microbubbles was investigated, and the fluidisation characteristics of the pearls
were established for a precise particle size fraction. The process produced a clean coal product

of 90.80% mass yield with an ash conteh13.95%, while the ash content in the tailings was
56.82%.Prashantet al (2010) investigated the influence of operating parameters, such as
fluidising velocity, separating time and media type, on the separation performance in both
continuous and batchDMFB separ at or s. nRppdrticdtesiaelrangefand( 7 6 + 2
25% ash content were beneficiated, and a clean coal of 10% ash and 80% yield was achieved.

A continuous ADMFB was used bmwn)cbafiactionfran0 12 ) t
Genesee Mie, Alberta, Canada. A yield of 80% with an ash content of 10% from a feed coal

of 26% ash content was obtain&hhuet al (2009, 2011, 2013) carried out an investigation
toupgrade higlash | ndi an coal using t hmm)paricMiEZ® separt
fraction. A 600kg/h capacity continuous ADMFD separator with ndoutbling condition was
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fabricated by observing the fluidisation stability, and this characteristic was an important factor
in the separation process. From these investigations, clehproolucts of 60 to 72% yield

and an ash content range between 32 and 35.5% were achieved wjthf riLE.

Another study was conducted by Heal (2013) on South African coal using the dense gas
solid fluidised bed tmnbkizeifrgcioa with 78.20% sfitheg a
cumulative mass distribution being b&n?. Simulation and experimental results of the
hydromechanical and density distribution stability indicated that under stable operating
conditions, the dense gaslid fluidised led gives steady separation with steady fluctuations

in density. The feed coal sample was separated into three product streams: clean coal product
with 73.25% mass yield and ash content of 9.59%, the middling with an ash content of 11.31%
and the gangue neial with 15.44% ash content. In another investigation by Aziral

(2013) on Canadian lowank coal, the influence of bed height, residence time and superficial
air velocity on the separation performance of the ADMFD was conducted. A clean coat produc
of 10.60% ash and 95.63% vyield at optimal operating conditions ombs®ed height, a
superficial air velocity of 0.15/sec and a residence time of @tonds was produced. The
authors observed that with an increased feed rate, a lower ash clearodaat pt a higher

yield can be achieved.

Integrating a pulsating system withADMFB was utilised by Duaast al (2015) to beneficiate

a ( T 6 mm)<dal pérticle size fraction. A feed coal of 56.15% wasagsted to 33.69%

with an B of 0.085 at a pulsation frequency of 1882. Another novel ADMFB was designed

by Zhaoet al (2017) from the University of Mining and Technology in China, using a binary

mi xture of magnmm)i ta&ndff i(md).a8 hedieadyyermediunDto
upgrade coal mmed DhHe (AadA®WOax&dHcWOs i ndustrial
first ADMFB modularised dry separator, achieving clean coal with an organic efficiency of
95%, ash content of 3.46% and 67.88% yield with g@. Although 0.2 kg loss per ton of

the heavy medium occurred, less than two dollars was spent for the separation of a ton of coal
feed.Chagwederat al (2018) also carried out an investigation to find an alternative dense
media to magnetite with potential for use o&3+6.0mm) South African coal using ADMFB.

In this study, silica sand, pyrrhotite, magnetite, coal discards and granulated blast furnace slag
were investigated. Magnetite and pyrrhotite gave the most uniform and stable bed density, with
a variation in théed density under 0.7% and standard deviation under OB(25 . At 100%
magnetite bed, a clean coal product of 25%4kg and 20.30% ash content from a feed coal

of 39.27% ash was achieved. From a bed of 40% pyrrhotite and 60% magnetite blend, a coal
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product with an ash content of 14.5% and a higher calorific value ofN2¥}) was also
obtained. The total sulphur content of the product was also reduced from 2.49% in the feed to

approximately 0.41% in the cleaner coal, and gmaieof 0.083 was achieed.

Further investigation into the blending of different mediums to form a singular binary medium

was investigated by Het al (2018) i n umpn)rcaldlheatyo nfediin® 6f6 . O
(7T0.20mMmM). D5 magneti te powder maywereiguesigatedz s and
Optimal separation results were achieved when the quartz sand was between 10 and 20% of
the binary media. A higigrade coal product of 10.12% ash content and 68.29% yield was
achieved. The combustible recovery of 92.09% andf®.0& was also achieved, indicating

that this process has high separation efficiency.

2.3.2.2. Densenedium vibrated fluidised bd®MVFB) or vibrated fluidised be(V/FB)

Over time, the ADMFB has been relatively efficient in upgrading coal 6f@+nm) particle

size; however, it has 6®mm)iiLucetal, 2008). he DMVFB ne f f i
separator is a fluidised bed that utilises an external vibratingfort o upgr adm) coal ¢
(Luo et al, 2008). Several investigations have been carried out on this technique, including
understanding the energy transfer mechanism and the agitation effect on the bed characteristics
(Luoet al, 2008; Yanget al, 2013a,2013; Wanget al, 2016). The investigations carried out

by Luoet al (2008) portrayed the following imperfections of the technique:

I.  Increase back mixing when the vibration intensity increases, leading to a downside in
forming a stable bed.
II.  Occurrerme of unevenly transmitted vibrational forces owing to significant adhesive

frictional force that resides between the particles and walls of the bed.

Luo et al (2008) carried out a study demmoying
particle size. Thbubblebreaking mechanism was exhaustively studied, and the results showed

t hat at opti mal c mm) avithta lowen Ignjt of 0.0Bem wao edféctivelyf (T 6
beneficiated with an gof 0.07,and the mechanism proved to be more effective thawéhe

jig, which gave arkp of 0.11. An experimental study was carried out by Yangl (2013a,

200) deploying the vibrated f | unmjpadicedizebed ( V
The results show gvalues of 0.190 to 0.225 and 0.175 to 0.185the particle size fractions

of (17T 6nm)+3A.n@ (nin)3resPettilelyOin another study&B was also used by

Yangetal (2015) to benef i enmpaaneanfaof 23 wasachievedo f (T ¢

The interaction between vibration and the gas phase in the VFB and its impact on density
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distribution and stable state of fluidisation was carried outiégt al (2015). A lignite coal

of (17 énmpwasd tedded and further spitt o ( 1TdmMO0 +8n@® @M)3Thé +1. 0
respective samples attained a significant yield withpoints of 1.68 and 1.75 RD ang E

val ues of 0. 065 andmm)sad@eSa massyield of 31 &6%(andéash0 + 3 .
content of 10.40% was achieved fran f eed coal of 23 .mnYs%ze whi | e
fraction produced a product of 11.43%.

Fuet al (2017) likewise usedthéFBt ec hni que t o upgrammearticle gni t e
size distribution. The particles were partitioned into different ssize ( 1 6 mmM)+ 4 . 0O
(1T4. Mmm3 ., 0 (TMm)0 +&n &m) befdre beneficiating in the separator. The

opti mal s epar atmn)wasbbtamedatiogerationabpar@me@rs & /46

air velocity, a fluidisation time of 360 seconds and acstad height of 129.8im. The authors

observed that the separator was not effective in upgrading cadl.6ingm) size fraction.

2.3.2.4. Magnetically stabilised fluidised b@dSFB)

The MSFB uses both air and a magnetic field for the beneficiation of fine coal. The generated
magnetic field suppresses the formation of bubbles with the increase in gas velocity while
suppressing back mixing of the solid or gas (Eaal, 2003 Fan et &, 2002. Figure 27 is a
generic schematic diagram of the working principle of the MSFB.
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Figure 27: Schematic diagram of the crossflow magnetically stabilisedeaise medium
fluidised bed. Imagadapted fronSong et al. (2012b)

An experimental investigation was conducted by Earal (2001) using this approach to
upgr ade ¢ o amm)aite frécliob an@ mdgnefic pearls off®8. The separation
result shows that the process can effectively cut coahaD of 1.5 with an fvalue of
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approximately 0.07Another coal beneficiation study was performed by &aal (2006) to
upgrade ROM coal ram). The coaoparticles were spbt finto (hied Size
fractionem)_,1 50 #mwm)0 +8&n & m)] and subjected to three different
beneficiation techniques: ADMFB, MSFB and electrostatic separatidM@#B was very
effective i n upnmm) ed,ihowgvertthere wdsexsdssivé batk mixing and
bubbl i ng f ormmtcdak thérafoBe, ISFB wds used for this fraction. Three
magnetic beads, the Fushun, Shiliquan and Zouxian beads, veerendependently in this
study. This was to observe the bead with the highest magnetic stability in the fluidised bed,
free of bubbles or pulsation. The Zouxian bead was chosen as it was the most suited for the
stated requirements for this MSFB when thgnsic field was applied. An optimal separation
efficiency was achieved with an air velocity of 118 and 30 oersted magnetic field intensity.

A clean coal product of 14.6% ash and grudtue of 0.066 was achievedeeseparation density

of 1.52g/cn?.

In another study, Luet al (2002) conducted a study using the MSFB to upgrade Chinese coal

of (1T 6mm)sife fratdn of low ash coal. Thptimal operating parameters used in this

study were 55.0n/sec gas velocity, 30eslamagnetic field intensity and bulk density of
1.5g/cn?. The results obtained show that after 25 seconds of the coal being introduced into the
separator, a clean coal product of 12.62% ash content and yield of 61.30% was achieved, with

an B value of 0.065Songet al (2012a,2012) also utilised a crossflow MSFB separator to
beneficiate mmal sopte(f6abdbttDob, usimngsizmagnet i
fraction. A significant separation efficiency was achieved, withpaof Bround 0.0680 0.095.

The authors also stated that the separation efficiency decreases continuously as the particle size

of the coal decreases below @nn.

2.3.2.5. Air/pneumatic table

The stratification of particles based on the difference in their density and teusioeity is

used in air table separation technology. The air table has a flat deck with uniformly distributed
apertures and riffles. The filtered air enters the deck to fluidise the coal and stratifies the coal
particles according to the terminal veloegtiof the particles. A particulate layer is formed as

the lighter particles move to the top and then travel down the slope towards the discharge
opening, while the heavier particles travel
along the fifles (Zhaoet al, 2014). Material in the air table moves in different directions, and

separation is achieved through vertical stratification of the coal particles. Skimmers are used
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to remove fractions of <c¢l|l ean &metaschmar,2010)mi dd]l i

Figure 28 shows the basic working principle of the air/pneumatic table.
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Figure 28: Basic air/pneumatic table. Imagdapted fronRusmagnet (2022)

The technical and economic feasibility study of the air table was carried out by Cicek (2008).
Two coal feed samples (A and B) of mmhree d
(7T5. mm3. Gnd min)dver® updrad€d and the results showedtieatoal feed of

( 7 3. Onmlsizéfraction portrayed the best results, as the ash content of the coal feeds (A
and B) were reduced from 42.36% and 29.72% to 21.82% and 17.94 %, respectively, with an

Er of 0.09 and 0.20, respectively.

A study to ascertaithe effects of operating parameters, i.e., frequency of the table and the
transverse and longitudinal angles, on the yields of clean coal products using statistical design
experiments was carried out by Patil and Parekh (2011). Results from this mtv@stgnow

that the mass yield of the clean coal was around 75% to 80%, while the ash content was reduced
from 27% to 12%. According to the authors, the clean coal yield decreases as the table

frequency increases; however, this increases as the transwdirsgion increases.

Chal avadi and Das (2015) wused an amm)sizeabl e s
fraction.Feed coal of 43% ash content was upgraded using the air table. Based on the separation
results, it was established that a 108bsolute) reduction in ash with a significantly high

guantity of clean coal was achieved. Using the force balance approach, a set of mathematical

equations was used to describe the separation of the fine coal in the air table, and it was
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discovered thathie two key factors responsible for the separation are horizontal segregation

and vertical layering. The trajectories of the particles with various particle sizes and densities

on the surface of the deck were identified using simulation, which then ladeotpr oduct 0
mass yield and ash content being computed. The authors discovered that the data computed

and the observations from the experiment concurred with minimal discrepancies.

A modified air table, known as ti@outhern lllinois Universitgir table, was utilised by Akbari

et al (2017) to upgrade coal of §.35+1.0mm) size fraction. The separator was integrated
with a novel deck and air distribution channel for fluidising fine coal particles. In this study,
the efficiency of th&outhernllinois Universityair table for coal beneficiation was optimised,

and the performance of an integrated Liwell-flipiv screen to the separator was also evaluated

for 1.0mm and 2.0nm coal fractions. The two coal samples were from seam 6 in lllinois, and
the separation results showed that coal A and B hagainots of 1.70 and 1.89 ang f#alues

of 0.36 and 0.65, respectively. The product ash content of samples A and B was 13.8% and
14.5%, respectively, while the tailing ash contents were 59.7% and 5&Spéctively. The
efficiency of screening for 1.m and 2.Gnm were 88.7% and 85.1%, respectively.

2.3.2.6. Air jig

The dry jig is a deep bed separator, unlike the air table; however, it works on the same principle
of separating gangue from clean <coal . The s
densities and settling velocities, which is practically equintdtethe wet jig (Zhaet al, 2014;

Chararet al, 2016; Chagwedera, 2017). Although, during the beneficiation process, the clean
coal and the gangue material move in the same direction, separation is achieved using a splitter
(Chararet al, 2016; Chagwdera, 2017). The air supply into the jig can be achieved through
two structures: a consistent air stream and a superimposed pulsated air stream that gives the
driving force for stratification (Zhaet al, 2014). Stratification is achieved by first delivering
constant airflow, which helps to unbind or loosen the bed, and then superimposed pulsating air
is supplied to boost the stratification sufficiently (Zhetoal, 2014; Chararet al, 2016).
Combiningvibration with air supply boosts stratification and transportation of materials across
the jigging bed (Honaker, 2009ampaicet al (2008) utilised an air jigeparator to beneficiate

a high ash Brazilian codtom Candiota. This lowank coal with 1.80 sulphur content and

51% ash content was upgraded using this apprddehsulphur and theaw ash content were

reduced to 0.7% and 47%, respectively, with a mass yield of approximately 71%.
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An air jig, which was fabricated by Alimineral with a 50 tdyacity, was used by Chara

al. (2011) tobeneficiate an Indian higash norcoking coal. With this separator, a clean coal

product of 33% ash was produced from a feed coal of 40% ash at a particle size of

( T 4 0 mrd). IManother study, an Allastratification jig was also used lBoylu et al (2015)

to upgrade a

f emenil particte site fraction §nd 43% -ash cahtent. A clean

coal of 17.4% ash and 48.8% mass yield was achieved. Another study was conducted on the

Barro Brancseam in Brazil using a dry batch jig by Fetibl (2012). The results demonstrated

that effective separation was accomplished when the coal was jigged at a frequency of 88/min,

with the uppermost layer having an ash level of 39.1% and the lowest 4a98#4, contrasted

with a feed coal of 54.89% ash content.

A recent study was carried out Bymar and Venugopal (2020) using a laboratory model of

t he Denver air jig

t o mnp gze hadtien. la ik studygthecaal |

particle sze was split into three size fractions 0fL0+6.73mm), ( 6.73+4.73mm) and

(1 4.73+3.0mm). The influence of parameters such as the size of the coal particles, the jigging
time and the height of the bed were studied to understand their effects on theasepar 0 s

of

efficiency. The separation results showed that a clean coal product of less than 17% ash content

was achieved, which was the targeted ash content for coal particle sisenohj and 40nm

bed height. Figures 2and 210illustrate details of the working principle of the air/dry jig.
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Figure 29: The basic working principle of an Air/dry jig. Imagdapted fromAmbros (2020)
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Figure 210: The working principle of an air jig. Image adapted from , Charan €Gil1)

2.3.2.7. Dry magnetic separation

Dry magnetic separation is effective in beneficiating coal fines based on how responsive the
coal organic (clean coal product) and its inhemamerals (mineral/gangue material) are to
magnetisation. As pointed out by Zhabal (2014), dry magnetic separation, like the tribo
electrostatic separation technique, requires a high degree of the liberation of the feed coal to
promote clean coal anahineral matter separation. Separation under a high magnetic field
occurs owing to the paramagnetic and ferromagnetic properties of mineral matter and the clean
coal product that is diamagnetic in nature (Zatal, 2014; Meshramet al, 2015). Zhotet d.

(1996) carried out an investigation using the graeithanced magnetic separator to separate
mineral matter within the feed coal. In this study, a four Tesla (T) superconducting solenoid
magnet to induce the magnetic field was needed for the separatimess. From the optimal
separation of the process, ash content and pyritic sulphur were reduced by 44% and 72%,

respectively, while achieving a combustible recovery yield of 95%.

An exhaustive study to d&sh fine coal using the dry magnetic separator was carried out by
Jiao et al (2009). A key aim of the study was to ascertain the degree of the magnetic
susceptibility and the densi t yinteosityoftheeoaimagnet

organic and its mineral content. It was observed that a linear correlation exists between the
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magnetic field density and magnetic susceptibility. Magnetic susceptibility imelasure of

the degree to which a material becomes mag@etin response to an external magnetic field

In addition, an opposite polarity in the magnetism of the-lamd highdensity coal was
observed. The results from the separation performance dteecoal show that the fine coal

was deashed and dsulphurised by 64.41% and 55.52%, respectively. Zhetngl (2020)
conducted a study on the-deu | p h ur i s ammi apal usind a high goadiént magnetic
separator. The feed coal was screened thteed i f f er en't par tmm)l e si z
(1T 0. 3mmM). 18&nd ( 1nim), kdithHe eftedtsdof the background field intensity,
specific susceptibility and microwave pretreatment time were investigated for thieedsal

The experimental results show that 31% sulphur rejection was achieved for the
( T 0+0.07mm) at a microwave pretreatment time of 240 seconds and a background field
of 2750 tesla (T). In addition, a maximum sulphur rejection of 52% was achieved for
( T O .nOnYyocdal size fraction at 240 seconds microwave pretreatment time with a backgroun
field strength of 5000 tesla (T).

2.3.2.8.Fuhe Ganfa Xuanmeidry separator

The Fuhe Ganfa XuanmégFGX) dry separator is one of the few dry coal separators that has
been utilised commercially for the beneficiation of South African ddalkorte 2015). The
separator was initially designed by a Chinese dry coal specialist, with a few hundred separators
designed and sold worldwide (Zhao al, 2014). It utilises the separation standards of an
autogenous medium and a table concentrator (Charat, 2016). The deck vibration
frequency, feeder frequency, height of the baffle plate, longitudinal deck angle, vibration and
the air stream all consider abeétg,20d)fThaF&X ce t h
separator gives a moderatelfeetive separation at high values of separation densities between
1.8 RD to 2.2 RD. The typicalpks about 0.25 (Charaet al, 2016).Riazi and Gupta, 2015
illustrate the principle of operation of the FGX dry separator in Figude 2.1
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Figure 211: Schematic diagram of tHaihe Ganfa Xuanmelry separatorrad its processing

system. Image adapted frda®&X Sep. Tech, LLC, USA (Riazi and Gupta, 2015)

A 5t/h pilot-scale FGX dry separator was utilised by Honakeal (2008) to produce clean

coal with characteristics that meet contract requirements and improve the measure of rejecting
rocks of high density before transportation and processing the coal. The results from the
separation evidently demonstrate that the F@K reject more than 70% of rocks of high

density from ROM coal at high separation density estimations of around 1.8 AR 2,

with an% value of about 0.25. Boylket al (2015) used an Allair stratification jig to beneficiate

a feed coal of 43% ash dore n t  a n dnm{ garticB siZe fréction. The separation results

show a clean coal with a yield of 48.8% and 17.4% ash content. The FGX dry separator was
also usedy Ling et al (2018) to upgrade ROM coal from the Dafeng mine in China. In this
study,the FGX3 dry separator was used to upgradecoaloh® t op si ze. The st
show an ash content of 48.7% in the feed reduced to 31.28% in the clean coal, with a yield of
65.12%. The authors observed that the yield for a cleaner product incr@agdbe size

di stribution of c o arim) d e cor e(mirapeluaddBRiorOine HGK 8 0 + 5 0

coul d benef mmifractioe effectively. (1T 3. 0

Hacifazlioglu (2018) used the FGX dry separator to carry out a beneficiation study-on low
rank lignte Turkish coal. In this study, the FGX dry separator integrated with-redra
increased the net calorific value of the coal to 10M&kg from 6.90MJ/kg, reaching the
minimum energy requirement of lignite coal for the Turkish coal market. The &@X

s e p a r optimal rebuivas achieved aiperational parameteo$ 15 mm baffle height, 50%

air rate, a |l ongitudinal angle of (71U) and

clean coal product of 70.30% vyield with an ash conten@®%, combustible recovery of
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82.57% and 84.70% organic efficiency was achieved from this process. The net calorific value
of the coal product from the FGX dry separator was M3/kg. The humidity decreased with

the infrared drying process, leadingao increased net calorific value 1.46MJ/kg.

2.3.2.9. Tribeelectrostatic separator

The triboelectrostatic beneficiation process is an advanced coal cleaning process that can
upgr ad @m)partdl®dize fraction feed coal (Dwari and R2@09 Xin-xi et al, 2009;

Zhao et al, 2014). Meshramet al (2015) also stated that this technique can effectively
benefi ci at eumjsizefectiansThid teckinigue 4itilises contrasts in the electrical
conductivity characteristic of the clean caald mineral matter in the coal feed (Badaal,

201(a, 2010B. Three key mechanisms involved in the electrostatic separation process, as stated
by Dwari and Rao (2007), are conductive induction, tekectrification and corona
bombardment. Coal feed piates in this technique are charged as they pass through the tribo
electrostatic charger, where they become either positively or negatively charged, and the
charged particles undergo a free fall as they pass through an electrostatic field in the separatio
chamber, attracting the mineral matter and the clean coal to opposite plates thus producing
clean coal and gangue stream (Chagwedera, 2017;eZlzp2014).

It is important to note that this process requires a certain amount of particle liberdtien in
feed material. This implies that each particle must be independent of each other to allow for
separation when passing through the electrostatic field (2hab 2014). The yield of this
technique is known to be low on average, but {ggide cleawoal products with significantly

low ash content are achievable (Soengl, 2001; Xinxi et al, 2009; Zhaet al, 2014). Xin

xi et al (2009) showed the principle of this process in Figurg.2.1
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In a study carried out by Sooeg al (2001) utilising the triboelectric separation technique to
upgrade three coal samples from Cigel, Handlova and Novaky in Slovakia, the feedereals w
screened to a Q@m) tfiacrd et tsd 72@) fapthé HaddtIcoal, ahd 2 0
(112 Om) for the Novg8ky coal The separation
in the Handlova coal feed reduced to 39% and a combustible rgadv&8%. This was further
reduced to 31% ash with a corresponding 38% combustible recovery. The Cigel coal feed had
48.74% ash content reduced to 40% in the product with a 58% combustible recovery, and the
ash content was reduced further to 33%, buictdmbustible recovery dropped to 28%. The
Novaky coal feed with 28.24% ash content was reduced to 22% in the product, with a
combustible recovery of 22%. Dwari and Rao (2009) also utilised adhdotrostatic separator

to upgrade Indian thermal naokingc o a | apm). A tléa® dval product of 18% ash

from 43% feed coal and a yield of 30% was achieved.

Xin-xi et al (2009) conducted coal beneficiation using a telectrostatic separator on a

( T ) particle size fraction. Results from this testwslthat 69.31% to 71.27% of quartz,
75.66% to 81.93% of kaolin and 86.74% to 90.52 % of pyrite in coal can be removeetBada

al. (201() utilised a rotary tribeelectrostatic separator for the separation of South African coal
at (gml The investigation was carried out under various process parameters, such as air

injection velocity, feed rate, applied charging and separating voltage, and splitter posigion. T
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results showed that Majuba raw coal with 30% ash content washael to 14.30% and 10.82%

after two stages of separation and at different separating voltages. A coal beneficiation study
was conducted by Dwaet al (2015) to upgrade higash Indian cking coal. In this study, the
electrical and chemical properties of the carbon, kaolinite and quartz constituents of the coal
sample were investigated. The tiboh ar gi ng medi um used was CcO0p|}
design parameters, such as the plateeangh nd gap, were studied to
optimal performance. It was observed that the carbon, kaolinite and quartz acquired different
amounts of absolute charge, and as the-thmrging time increased, the magnitude of charge

also increasedSeparation results from this research show that at an angle of 5° plane
inclination, the feed coal of 53% ash content was upgraded to 33% ash, with a feasibility of
attaining 10% ash content with a yield of 61%. Table 2.1 compar&Pée, values of adw

wet and dry coal beneficiation techniques.

Table2l: Compari son b e tmmgbemeficfitiomtechnmuwesfor wét anf dr

processing
Separation Technique Ecart Probable Moyen/Probable Error of
Seperation
DenseMedium Cyclones(Wet ~0.08i 0.150 (Maet al, 2018)

Beneficiation)
Wet Jigging (Wet Beneficiation) | ~0.04i 0.18 (Paul and Bhattacharya, 2018)

Reflux Classifier (Wet ~ 0.077 0.10 (Ivesoret al, 2019; Kopparthet al,
Beneficiation) 2019)

FrothFlotation (Wet Beneficiation) ~ 0.125 (Horsfalkt al, 1986)

Air -Dense Medium Fluidised Bed | ~ 0.051 0.12 (Zhenfu and Qingru, 2001; Sadtual,

(Dry Beneficiation) 2009)

Air Jig (Dry Beneficiation) ~ 0.161 0.27 (Boyluet al, 2015)
Fuhe Ganfa Xuanmei(Dry ~0.25 (Chararet al, 2016)
beneficiation)

Air Table (Dry Beneficiation) ~ 0.18i 0.65 (Akbariet al, 2017)

2.4. INNOVATIVE BENEFICIATION CONCEPTS

This section discusses some of the unorthodox (innovative) techniques for dry coal
beneficiation, and one such technique is the planar air jet used byetYain@018) to upgrade
coal of mm) Bze Dattidn. This separation technique uses tHerelifce in the
densities of the coal particles when travelling through the planar air jet flow field in a horizontal
direction to separate coal particles. The restihined showa clean coal yield of 56.75% with

an ash content of 16.61% from feed cda2©®.92%. Figure 23.llustrates an overview of the

planar air jet principle.
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Another novel technique was also applied by Dehgl (2019) on coal ofwo particle size
fractionsim) 1 &0 @mK Thé iBnovative approach for this study entailed a
combination of two separators: an ADMFB and an FGX dry separator connected in series. The
fluidisation characteristics were studied for the AMDFB am@XFdry separators, and the
process of coal transportation and the extent efsiéng under different vibration parameters
(i.e., the vibration amplitude and vibration frequency) were investigated. The result from the
study showed that optimum separatidficeency for the ADMFB was attained at an air
velocity of 0.11m/sec, yielding a 90.96% clean coal product with a 7.86% ash content. The
separation efficiency for the FGX was optimal at a vibration frequency and amplitudeéinf 18

and 2.2nm, respectivelywith a yield of 90.30% and a 13.28% ash content.

In a recent study by Dorgg al (2022), a novel dry coal beneficiation approach combining the
ADMFB and the FGX to upgrade Chinese coal was investigated. In this study, an ADMFB in
tandem with an FGX sepaat or wer e arranged i n semmegs to
particle size fraction with 14.86% ash content. The raw coal was sized into two size fractions

of (T IMM)+5%Md (150 mm); the former size frac
while the latter was beneficiated with the FGX separator. For the ADMFB, fluidisation
characteristics were investigated, and results showed that at a gas velocity rofsed,la

clean coal product of 90.96% and ash content of 7.86% was achieved. For the F&s, resu

show that a clean coal product of 90.30% cumulative yield and 13.28% ash content was

achieved at operating parameters oHiBfrequency and a vibration amplitude of thin.
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2.5. THE SOUTH AFRICAN COAL MARKET

As of 2021, South Africa produces awerage of 224nillion tons of coal annually (ESKOM,

2021), meeting around 70% of the installed power generation capacitySdE#ktAfrica,
2023).Thelargest coal deposits in South Africa are found in the Ecca deposits, which are part

of the Karoo supergup and cover around twhirds of the country. These deposits contain

more than a third of the coal reserves in the entire Gondwanan region (Cairncross, 2001;
Mining Africa, 2022. Pr esent coal reserves are deemed
consumptiorfor over a century, assuming production rates remain the same (Minerals Council
South Africa, 2023).

The interest in coal mining began to shift many years ago to the Waterberg and other coal fields
in the Limpopo province, owing to the collieries in Enmddai coalfields gradually
approaching their useful life (Minerals Council South Africa, 2028} Grootegeluk Coal

Mi ne in the Limpopo pr ov iamestcolliery, propducing annt | vy
estimated 32.4fillion tons of coal in the year 2@ZMining Technology, 2028. Figure 2.4

from Hancox and56tz (2014)hows nineteen generally accepted coalfields in the nation.

34



il P =
w
AFRICA 3
ot g
i 2
? Waterberg B Polokwane g
ﬁ Springg??k/!‘_
/ Flats ri‘// Kangwane
\ 25"
f ﬁ Witbank Mbombele \
PRETORIA \ -
g * Ermelo Mapu
L-«/ Johannesburg- / o
Vereeniging-Sasolburg
Free State . & / id
ZIMBABWE South Rand r Ngngf.{ma'
NAMIBIA 2 Highveld = /
e S 7 : Klip River—/ :
o‘ﬁ e ; -K‘mberley Utrecht
@ &
,/ | - Somkhele
& - Bloemfontein Maseru
£ » 4 LESOTHO
e 30"
) A
?& \ SOUTH /e / 'bQ
N ‘\ AFRICA SR Molteno (v
> \ e ¥
e
. & E ®)
“~ N Queenstown \(’s
Coalfields \Q
[ Ecca Group (Vryheid Fm.)
- Beaufort Group (Emakwezeni Fm.)
= I 0 400 km
Ecca/Beaufort Group
I 35> -
- Moiteno Formation | 25¢ 30 35|

Figure 214: South African coalfield§Hancox and G6t2014)

In the year 2022;0al remained the dominant fuel for power generation, with a stable share of
around 35.4%, marginally down from 35.8% in the previous year (BP, 2b&#th 1990 to
2017 in South Africa, energy production increased by 37.39% from 115 tmills tons of
oil equivalent (IEA, 2023). The total primary energy supply increased by 46.67% from

90 million tons of oil equivalentand electrical final consumption increased by 45.51% from

156 TWh to 227TWh, which caused a 72.95% increasearbon dioxideemissionsrom 244
to 422million tons (IEA, 2023). As the Minerals Council South Africa (2023) points out:

The coal industry employed 230 individuals in 2019, making 19% of the total
employment in the mining industry. Likewise, in 2018, it employe8486peop and
82248 in 2017. In 2022, the coal industry employed nearlQGl people (9@77),

who together earned R31billion.

About 231.2million tons of coal was produced in 2022, and total sales for that year
were R252.3illion. For the year 2019, 258rfillion tons of coal were produced with
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a total sale of R139 Billion; in 2018, 253illion tons were produced with a total sale
of R146billion.

[ll.  About 70% of coal produced is consumed locally, with more than 70% meeting the
electricity demand.

In 2022, Buth Africa was the seventhrgest coal producer globally, with a 12% output
increase compared to 2021. Five years prior to 2021, production from South Africa reduced by

a compound annual growth rate (CAGR) of 3.05% and is expected to rise by a CAGE6T 0.

between 2022 and 2026. South Africa accounts for 3.0% of global coal production, with the
largest producers being China, India, Indonesia and Australia. Exports of coal from South
Africa increased by 11% in 2022 compared to the previous year, withghest share being
exported to I ndia. South Africabs <coal expo
between 2022 and 2026 (Mining Technology, 202Sbuth Africa currently ranks 7th largest

coal producer (Global Fire Power, 2023a) and 6th largasswmner globally (Global Fire

Power, 2023b).

2.6. WIND-SIFTER

The concept of particle sorting is essentially a method of separating mineral particle mixtures
into two or more particlebased on the continuous decline in the velocity with which the
travelling particles fall through a fluid mediufwills and NapiefMunn, 2006). This concept

is wellused in several industries, including agriculture, food processing and, particularly,
minerd processing. Particle classification i s |
such as their shape, size and den&lfid particles falling freely in a vacuum are subject to
constant acceleration as their velocity increases indefinitegjgrdless of size and density.
However, in air or water, there is resistance to this movement because of viscosity. Resistance
increases with velocity, and when equilibrium is attained between the gravitational and fluid
resistance forces, the particlesmeto rest as they attain what is knowrnieaminal or settling
velocity (Wills and NapieftMunn, 2006; Aladeet al, 2021).Particle separation is possible
when these solid particles reach their respective settling velocities due to different sizes and

dersities.

There are two types of particle classification based on the fluid used: the wet classification and
the dry classification. The wet classification entails using hydraulic fluid (liquids) like water
for particle separation. While this classification providesellent separation efficiency, some
drawbacks, including negative environmental impacts and high operational capital costs, have
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made dry classification a viable alternat{@Ghagwedera, 2017; Alads al, 2021; Kaast al,
2022).The primary purposef classification is to separate coarse particles from fine particles

in a particle mixWith dry classification, the processing of particles in various sizes ranging
from fine powder to pellets, flakes and even fwmensional materials such as paper and
aluminium foil are achievabkShapiro and Galperiz005 Kuyumcu and Rosenkranz, 2009

The separation of particles without using water as a sorting medium has been implemented for
decades, with many new inventions and techniques now in the literabme & these
techniques involve ballistic air separators, winnowing separators anesiing separators,
among othersBao et al., 2009Janget al, 2014; Luijsterburgand Goosens2014; Mielke,

2018;; Roloffet al, 2019; Cappellet al, 2020; Netsclet al, 2023.

In the case of windgifting, this technique sometimes involves using sieves for the classification
of particles and without sieves, as seen with the Zigzag-giftet, which uses air primarily

for particle sorting (Stebbins, 1932). Thendksifting separation techniques have been used in
various applications and in the diverse recycling of materials, like electronic wagtes{es),
municipal solid wastes, food, furniturepharmaceuticals, minerals, chemicals and
metallurgical,and, recetty, in the field of coal processingGoran, 1951; Heinrich 1962;
Rumpf and Leschonski, 1979; Ericsson, 1991; Nishetaal, 1992;Gorneét al, 2002; Kraul3

et al, 2002; Kimmeyer and Schnartz, 2003; Eicle¢dl, 2008; Redemaret al, 2008; Pehlken

and Mdller, 2009; Giaret al, 2014; Kriigeet al, 2014; Pettinari and Simone, 2026 a m| 2 k
et al, 2017;De la Fuentest al, 2018; Evangelopolet al, 2018; Roloffet al, 2019; Aladest

al.,, 2021). In a study conducted by Redemann et al. (2008)tetthnology was used in
managing ash production in the circulating fluidised bed combustors during-thigngf
refusederived fuel and coal. In addition, it was employed in monitoring the transportation of
a mixture of fuel and limestone from a hanmmell into the combustion chamber. The same
technique was also used by Krigeral (2014) to separate toxic substances from the waste

stream to obtain a higher quality refitserived fuel.

A study on Material Advanced Recovery Sustainable Systems ciaadoy Gianet al (2014)

and funded by the European Union, referred to as the Life Plus Program, also employed the
wind-sifter in the sorting of waste streams. The research included a combination of mechanical
and biological treatments of municipal sbivaste to generate biomass fuel to feed the biomass
plant. The municipal solid waste was subjected to a thorough waste characterisation
programme. The windgifter was utilised to partition the heavy inert portion from the lighter

desired fuel to obtain &érequired particle size distribution. The results showed that the
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bi odegradabl e porti onmm) pegticle size, whereas ¢he fractianc t i o n
(T Inbn) had about 45% of the streamds ener g\
recommendedthatc r eeni ng muni ci pal me)sikefrdctiowailsbbosts t o (
the heating value of the stream to 13.3 E CHagemeieret al (2014) useccomputational

fluid dynamic simulations and discrete particle modelling in a coupled mannentericaly

investigate the separatiefficiency of a pilotscale zigzag windgifter separator. The influence

of process parameters such as air flow velocity and particle size was investigated under various
turbulence models. The results showed that process paricemvaried with changes in

process parameters. The authors also observed that the residence time for finer particles was
much longer than for coarser particles because finer particles are more easily influenced by the
slight change in air velocity thandhcoarser particles, making them easily affected by the

vortices, thus increasing their residence time.

In a study conducted blotfi et al (2015), the author applied a combination of SMART
demolition technologies coupled with innovative techniquegréaluce higkgrade recycled
aggregates with very low pollutants. The sifting technology combined withimfeared was

used by the author to sort p | amm)iparticlasizédé wo od
fraction achieved within the stipulated Eueam Union standard. Overall, the study shows that

the combination of wingifter and neaimfraredsorting proved very valuable when compared

with using the neainfrared sensor sorting system aloktannet al (2017 conducted a study

usingthe zigzag winekifter to investigate the processing of agricultural raw materials, minerals

and their products using gravel and sand as models for the feed-bbmmgenous sized

particles. The influence of airflow velocity and feed rate on particlpgrties such as size,

shape and density was investigatedSMART (Spatial Monitoring and Reporting Tool)

analysis was conducted to identify optimal process parameters, like the appropriate feed rate
and airflow velocity, as well as cut siz@study by Add m| 2 k et al . (2-017) wu
sifter in a rotor air classifier for the classification of particulate material into fine and coarse
particles. Operating parameters such as the inlet air velocity, feed rate of the particulate
material, the speed df¢ rotor and their influence on turbulent flow field patterns within the

air classifier were investigated. The wiaifter unit was installed together with a centrifugal

fan (for air recirculation) and was used for the separation and transportatioriacdépart

The recovery of useful metals from the automotive shredder residue was carried out by
Evangelopoulost al (2018) using the windifter technique. The automobile shredder residue

is the remaining fraction, which are the lighter particles of mpalanetallic vehicle waste. In
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another investigation carried out by Rolaff al (2019), a multcamera shadow imaging
system was installed in a witgifter separator to capture the dynamics of the particles in the
separator. The fabricated whstfiter sgarator was used to separate glass beads aifrh.@
4.0mm at different particle loads (mass flowrates) and air velocities. The results revealed that
the particle air velocity has more influence on the separation efficiency of the separator than
the paricle loading for the classification of the particl®eddyetal. (2021) used the zigzag
wind-sifter separator to separate food particles such as milk, spices, starch, sugar, salt, flour
and grain. The wingifting principle was used to circumvent the challenges, as well as high
capital and operational expendituresgtttvould have been encountered with the conventional
approach of using sieves for separation. Reetdgl (2021) also noted that it was easier to
maintain the zigzag separator due towesarresistance and not sensitive to changes in the
composition ofhe feed material.

The most recent windifter separator was fabricated by Alael (2021). The separator was
used by the author to upgrade ROM coal from the Witbank coalfield, South ATihea.
separator was effective in upgrading a feed coal of 30&8%content and 21 MJ/kg calorific
value to a clean coal of 18.94% ash content with a calorific value oMeBI&®). This was the

first time that this technology was applied in the field of dry coal beneficiation and served as a

prototype with an optimigkversion in view.

Although various configurations of wirglfter separators exist, the three major types of wind
sifters are zigzag sifters, rotary/drum/centrifugal sifters andviagel sifters. This section
reviews these types of wirgifter separators, including their design features, modes of
operation, their respective components, and the feasibility of the technique in the mineral
processing field of various minerals other than coal. This section also looks at some recent

innovative approehes to using the winsifting principle for particle separation.

2.6.1. THE ZIGZAG WIND -SIFTER

2.6.1.1. General design features and mode of operation

The zigzag winekifter consists of cascading connected vertical channels. The channels
alternatively slanleft and right and facilitate the separation of a solid dispersed particle phase
into its lightfine and heawcoarse fractions (Rolo#t al, 2019). The zigzag sifter is the most
common type of sifting separation technique used for various applications, such as waste

processing and recycling, agriculture, furniture, mineral processing, etc. The main component
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of this kind of windsifter is its zigzag section, from which its name is derived. Figur 2.1

provides a general representation of the segmented section in question.

Figure 215: General design of the zigzag sect{@fade and Bada, 2023)

Kaaset al (2022) provided an elucidating review of the zigzag wsiftér, outlining the design
parameters of the zigzag section, some of which include stages and step angles. Each stage is
the amount of the segmented zigzag csEsgions, while the step angle bétsection in each

stage isshownin Figure 8IT he separ ator design can vary bz¢
like Impact Air Systems, etc., for their respective applications. In thedtadg2022) design,

the step angle for each stage was 120 dedgreensure an adequate amount of kinetic energy

in the sifting and transportation of the lighter particles.
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Step angle

Stage 2

Figure 216: Side view of the zigzag winsifter. Image adapted from Kaas et al. (2022)

2.6.1.2. Operationgprinciple

Figure 2. shows the basic function of a zigzag wisitter separator. Air is supplied by a
mechanical draft (forced draft), usually with the aid of a blower from the bottom of the zigzag
section of the separator. The feed material to be separated is fed di@utlthé top of the

zigzag separator, usually with the aid of a rotary valve, as indicated in Fig8r@Rid is then

di stributed over the -eutiop Ineghe eigzay isdctior the feela n n e
materials bounce through this section as/tbascade down the stage(s), with the heavier
particles bouncing more than the lighter particles. This is due to the incoming air supply sifts,
leading to the lighter particles being transported further while the heavier particles fall into

their designate collection zone.
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Figure 217: Working principle of the zigzag separator. Image adapted BEBGA Global

zigzag separatdq022
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Rotary Hopper Valve

Figure 218: Image showing the rotary hopper valve. Image addpbed Impact Air Systems
(2021)

Generally, the zigzag sifter separator is used alongside other equipment rather than as a
standalone unit. Although the separator classifies lighter particles from heavier ones, it does
not ensure the lighter particles attaheir settling velocitiesThis type of windsifter engages

both the countecurrent and caurrent modes of particle separation. The coucterent
separation occurs when the incoming air meets with the incoming feed, while fordieemat
separatia, the lighter particles are transported to their settling zdvlagor companies like
Trennso Technik and Impact Air Systems, etc., usually combine their zigzag separators with a
gas cyclone equipment to ensure adequate classification. Some reseangheosrianed the

zigzag separator with other separators, like the ballistic air separator, depending on the nature
of the application, like municipal solid wastes angaste treatmeniTfennso Technik, 2018;
Impact Air Systems, 2021). Figure 924hows a typical zigzag sifter and gas cyclone assembly.
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Zigzag section .
gzag Gas cyclone section

Air Supply

Figure 219: A zigzag separator with a gas cyclone. Image from ERGA Global Zigzag
Separators2022

The research conducted by Alade (2021) for dry coal beneficiatialezhtising the zigzag
separator in tandem with a diffuser separation chamber. The diffuser chamber ensures clean
coal products are separated based on their relative densities (the cleaner the coal, the further
the particles travel to their settling point§he labelled schematic of the separator designed by
Alade (2021) is provided in Figure2d, demonstrating that the zigzag separator is very
flexible. The particlesare separatedased on theisizes and densitiesy varying process
parameters, such as particle loading (feed rate¢ disbributions of the particles fedhd air

flowrate into the separator (Blanke 2015; Walebral.,2015; Alade, 2021; Aladet al, 2021,

Kaaset al, 2022).
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Figure 220: Designed zigzag separator for dry coal beneficiation by Alade et al. (2021)

1- Air blower

2- Air filter

3- Safety relief valve

4- Throttle damper

5- 100 mm diameter flex

6- Air-inlet into the first chamber

7- Rotary airlock valve for the coal feed

8- The variabldrequency drive motor drive for the rotary hopper valve

9- The first chamber (the winsifter) with the zigzag section

10- Support frame for the windifter

11- Coal bin for the first chamber

12- Exit of the clean coal from the first chamber into the second chamber

13- Secand chamber (diffuser chamber) to collect the clean coal

14- Coal bin for the second chamber

15 Filter section (with filter cartridge) to prevent coal dust from escaping to the
environment

16- Air exit from the separator

17-Velocity measuring port

18- Support stand for thelter compartment
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2.6.2.THE ROTARY/DRUM/CENTRIFUGAL WIND -SIFTERS

2.6.2.1. General design features and mode of operation

The rotary centrifugal sifter, which is not as common as the zigzag sifter, works primarily on
the principle of applying centrifugébrce to the feed particles. Major components of this sifter
(Figure 2.2) include a feed inlet, a cylindrical mesh or screen, rotating paddles, a cantilever
shaft driven by an electric motor and a screw conveyor, which is a screw wound around the

shaft ina helix form, also called an auger.

Cylindrical
Feed Inlet Meshes

i)

A

~ Equipment

"L-E:u sing

M.
-d/

2

Conveyor/Auger

Rotating Paddles
Figure 221: Major components of a centrifugal sifter. Image courtesy of Gericke (2022)

2.6.2.2. Operational principle

In operation, the feed material to be separated is fed throufgethanlet, which is at the upper
section of the housing and the rotating paddles (also known as rotating scrapers). The paddles
transport the feed material into the mesh section of the centrifugal sifter through centrifugal
force and cyclone propelling tan (Waltonet al, 2015. Figure 2.2 illustrates the flow path

of the feed material through the separator.
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Figure 222: Side view of a centrifugal sifter. Image adapted from Kemutec (2022)

The finer particles pass throutte cylindrical mesh while the coarser particles, which cannot
pass through the mesh, continue moving forward as they are transported by the rotating
paddles. Figure 23displays the respective outlets for the fine and coarse particles in a typical
centriugal sifter, while Figure 2£2shows the centrifugal sifter when closed. It is important to
note that the air in this winslfter is generated by the rotating action of the paddles that are
coupled to the cantilever shaft and not an external air suppiy.cbntrasts with the zigzag
wind-sifter, which mainly uses a amurrent airflow. Also, this sifting classifies particles mainly

on size as opposed to the zigzag sifter, which classifies on size, shape and density.
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Controlled feed Rotating paddie assembly creates centrifugal
forces to push particles against the fixed
mesh screen

In-feed worm Fine particles pass Oversize particles are rejected

carries product into through the sieve hose out of the oversize end

sieving chamber

Figure 223: Side view of a centrifugal sifter. Image adapted from Gericke (2022)

Feed Material

Quick Release Basket
& Sieving Assembly
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Hinged & Quick Body Door
Release Interlocked
Inspection Doors

Oversize Powder “.° "
Discharge

Fine Powder
Discharge

Air Purged Seal Assembly

Temperature
Monitored Bearings

Electric Motor Driving

the cantilever Shaft

Figure 224: Closed centrifugal sifter. Image adapted from Kemutec (2022)
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The flexibility of this sifting process depends on the ability to change tivedogial mesh to
different aperture sizes to obtain a product of different qualities. FigubesBdvs different

cylindrical meshes of various aperture sizes.

2.6.3. THE 3FRACTION WIND -SIFTER
The 3fraction windsifter is compared to the zigzag wisiter, a recent technique of wind
sifting. In this technique, an aivheel is used to partition the air, which is transporting the

particles to heavy, medi umisceetiod. | i ght fractio

2.6.3.1.General design features and mode of operation

The 3fraction windsifter is a relatively new approach wisdter, which works primarily on
the principle of applying centrifugal force to the feed particles. Major components oftiis sif
include the akinlet section separation chamber doors and hand ragsr@=2.%), and the

feeder for the raw materials, as well as amdieel (Figure 27).
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Figure 226 The 3fraction sifter. Image adapted froBthulz & Berger (2013)

Feeder for the raw material
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Inlet airstream

Figure 227: Image showing inlet air and awheel. Image adapted from Schulz & Berger
(2014)

2.6.3.2.Operational principle

In operation, the raw material undergoing the separation process is fieedmg of a feeder,
usually a conveyor belt with an adjustable feed rate, into the already flowing airstream, as
shown in Figure 2@ The heavy fractions fall into their designated discharge tray or belt, the
middle fraction flows into its designated discbe, while the light particles are sucked upwards
out of the separation chamber into their designated collection point (Fig@Qje 2.2
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Figure 228. Image showing fractions locations after classification. Image adapted from
Schulz & Berger (2013)

The major function of the aiwheel is to partition the airstream carrying the particles into their
respective sections. The-awh e e | is driven by the airstream
energy so that the particles beingnsported attain their terminal velocities. The three fractions

from the separation process are portrayed in Figu& 2.2

Heavy fraction Middle

\ fraction \

Figure 229: Image showing fractions after classification. Image adapted from Schulz &

Berger (2014)
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This type of windsifting separator, like the other two, can be a standalone unit or can be used
in tandem with a dust extraction chamber or with a cyclone, as seen in Figraa@2.3.

These enable the separator unit to deal effectively with theefigfactions of the separated
particles, and the separation operation is usually a closed circuit, as seen in both figures. Figure
2.30 shows the 3Jraction windsifter separator connected in tandem to a dfgduttion
separator and then to a filter chamldust container. The ligiftaction separator separates the

light fractions into fine and supéine particles, which may be entrained in the airstream, while

Figure 2.3 shows the Jdraction separator connected to a gas cyclone for processing.

Transport Pipe for Light
fraction

Filter chamber

Exhaust pipe
of the air
blower

7 !'
Feedback pipe to the air blower

Figure2.30: Image showing the-Baction connection to a light fraction separator and filter

Heavy-fraction

. section
Air Blower

chamber. Image adapted from Schulz & Berger (Bp14
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Cyclone for the lighter

Transport Pipe for Light fractions
fraction .

Feedback pipe to air

Air Blower

Figure 231: Image showing the-Baction connection to gas cyclone. Image adapted from
Schulz & Berger (2014)

2.7. SECURITY CONCERNS: HEALTH, SAFETY AND ELECTRIFICATION OF
POWDERS DURING PROCESSING

In the pneumatic processing of fine particles, particularly powdery materials, some concerns
must be outlined. One of these issues is the safety of processing and managing fine/powdery
materials. Powdery materials could generate a dust atmosphere coniazilable particles

during management or processing, ultimately posing a health hazard to individuals within their
proximity. Some of these health issues range from mild irritation teiautmne diseases and
cancerous growth (Benson, 2012; Steilegt@., 2018). Another safety concern is the issue of

the combustible powder posing an explosion hazard. The issue of explosion of powders can
either be because the powders are highly reactive in the presence of an ample amount of the
particle dust cloud (Bens, 2012) or because of electrostatic discharges or mechanically
generated sparks (Hoppeal, 2000; Jaeger, 2001). To prevent this from happemngost

cases, the machines are designed for ATEX (explosive atmosphere) classification that mitigates
thecreation of a spark (Kemutec, 2022; HSA, 20238the pharmaceutical industistpppeet

al. (2000) suggested that an inert environment, e.g., a nitrogen atmosphere, be maintained as
this inhibits the availability of oxygen for combustion during pimeumatic transportation of

these inflammable powdery materials.
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A second concern with the pneumatic processing of powdery (fine) particles that must be
outlined is the issue of gwder electrification. When powdery materials are being
pneumatically transpted, the particles tend to collide with each other and with the walls of

the transport chamber, leading to the accumulation of electrostatic chEngeghenomenon

is known as triboelectric charging and may result in hazardous spark discharges (Nifuku a
Katoh, 2003;Ceresiatet al, 2019). To avert this phenomendtifuku and Katoh (2003)
suggest earthing the granular/ powdery mater.
charge buileup, as well as increasing the air velocity to facilitatklate phase as this greatly

minimises inteparticle collisions.

2.8. SUMMARY

The windsifter has been used in numerous studies for diverse applications; however, there is
not much literature on this technology in the field of dry beneficiation of coal. The ability of
this technique to separate lighter particles from heavier onas istegral feature, as was
observed from the previous version designed by Alade (2021) in FigR@eThis feature
makes the wingifting technology a good and viable addition of techniques in the field of dry
coal beneficiation. The potential to optsei the winesifting separator for dry coal
beneficiation will be meticulously investigated in this study. This will add more to the available
literature in the public domain on dry coal beneficiation techniques and provide insight into the
performance ofite separator designed, with the possibility of improving the design and its
operating parameters. Alade and Bada (2023) comprehensively reviewsiftimgl separation,

adding to Section8.6and?2.7 of this literature review.
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CHAPTER 3: RESEARCH METHODO LOGY

3.1. INTRODUCTION

In this chapter, the procedures and characterisation techniques used to analyse the coal samples
utilised in this study, along with the simulation and experimental investigation conducted, are
outlined. The computer design and simulation softwares, thpragat and materials utilised,

as well as information on the experimental standards utilised, are provided.

3.2. EXPERIMENTAL PROCEDURE

The procedures followed in this study is depicted in Figure 3.1, with designing the optimised
separator being the firef the task conducted. Thereafter, the fabricated separator was used in

the beneficiation of two sets of coal samples (coal A and coal B) from Witbank Coalfield at

di fferent particle m)ze (firBda@tSiachdd (afl . (0i1+6.. 2B
and sink analysis, as well as the dry beneficiation separation process, were conducted for coal

A and coal B, and the clean coal products obtained from each of the two coal, under different

conditions, were analysed for their calorific value, ash contaribon content, etc.

Design the separator fluid body using AutoCAD Inventory 2022

ANy

Si mulation of the process for coal 9gelected
(73.35+1.0 mm) and (17T1.0 +/0.2 mm)

N

Design and fabricate the optimised wisifter separator

\Z

Collect raw coal samples (coal A and coal B) and prepare coal samples fractigns

\Z

Sample testuns and results analysis for the dry process

7

Sink and float analysis for the samples (nfrmine and winekifter products) fractions

N7

Results analysis and comparison of the wet process to the dry technique, as Well
comparisorof the simulation study to the experimental study

Figure 31: Summary of experimental methodology
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3.3. DESIGN AND SIMULATION OF THE SEPARATOR

3.3.1. GEOMETRY DESIGN OF THE SEPARATOR

The windsifter separator was first generated using Autodesk Inventory 2022 and then exported

into StarCCM+ for simulation. Importantactors, like the velocity of the airstream,-pat

angle, size and density of the particle, drag force, buoyant tbhecigrce of gravity and friction

on the separatorodés wall, were considered maj
The interparticle interactions are negligible owing to the minimal mass flowrate, which ensure

that a dilute phase of the palés in the airstream is establish&te gas phase (airstream) was

treated as a continuous phase, with Equations 3.1 to 3.3 providing the guiding model used in
describing the forces experienced by the particles at any location in the separator. The basic

equation used arises from the Euler equation.

Q” o Az e s
v — S+ %NOAOGHE | |
|’P,Q(,) ~

Qo U] L PN
0o - ‘0 Q NOAOGHE | |
e
|’P,Q'Q 6 B ~ o~ c Ao oA
" To — & %NOA OGdE | |

When writen in their derived material form, Equations 3.1, 3.2 and 3.3 show the conservation

of mass, impulse and energy, respectively. The flow is assumed to be a steady state. Hence, the
velocity is constant, and® Tt This implies that the terms- and— equals zero. The air

temperature is assumed to datC. This implies that the dynamic viscosity (i) of air with a
value ofp® p 1 0 &is infinitesimal and considered negligible (tends to zero). Hence,

Equations 3.1, 3.2 and 3. 3 can be rewritten as:

or
v '_n RS )) T
I'p Q 0 >
Qo V]

rr Qo0
P QQ
v Qo

0

| €2

Therefore, the above equation becomes:
— 0 " "Q (Equation 3.4)

When explicated, the equation becomes:

—_— "00 0 " "Q0 (Equation 3.5)
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Wheremis the fluid densityp is the fluid velocity,Qis the specific energy of the fluid, is
the air pressurg)is time, Qis the acceleration due to gravity ai@ is the total force of the
interaction between the fluid and the particles perwosiime of fluid (air). The expression of

"O is given in Equation 3.6:
o B —" (Equation 3.6)

Wheredrepresents the fluid (@it e pr es ent s & repeeseptsathetnimbéref 6 j 6 ,
particles consideredyrepresat s t he v ol u méQ pidthefoece of interdcton 6 j 6 a

for individual particles, which is shown in Equation 3.7.
MMp O O O (Equation 3.7)

According to Equations 3.8 and 379, is represented as the buoyant fonses the density of
the fluid (air),wis the displaced body volume of the fluid (this is also the volume of the particle

since it is fully immersed in air), anfis the acceleration due to gravity.

O 0 O (Equation 3.8)
O " wQ (Equation 3.9)
O a N (Equation 3.10)

In Equation 3.10,0 represents the weight of the partiakejs the mass of the particle, aifel

is the acceleration due to gravity.
0o @ — (Equation 3.11)

In Equation 3.11,0 is the drag force on the particke, denotes the drag coefficient of the
particle,0 is the crossectional ared, is the density of the fluid (air), arddis the flow velocity

relative to the air.

When'O 'O 'O, the particles are being transported in the airstream, and '®hen

O "0, which implies thatQ f, is zero, the particle velocity in the airstream terminates,
and the particles falit constant velocityAn important factor that must be stated when dealing
with dry particle separation, particularly using air as the separating medium, is the particle
settling ratio.The settling ratio is equal to the limiting ratio of diameters of particles that may
be s@arated by free settling, given by Equation 3.12.
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YQOo oid (¢ & —— (Equation 3.12)

Where,
Q QOO AdH G WO OGi 60 QO Qi
Q QQOadWMMOL POI QL
” Q'QE i £OEMN WO OF 60 Qo & Qi
” QQE { EQEMM O L POI 0 QO & Qi
” QQe i €QAM QN i @ QOETGHAQI
To also factor in the influence of shape, the following model (Equation 3.13) for the

coefficient of drag was developed as this is the same coefficient of drag used by the

simulation software.

. — Equation 3.13

Where,
* is the Sphericity factor of the particle
‘Q andQare the diameters of the volume equivalent sphetbeoparticle(s) and the

diameter of the particle(s), respectively.

. =. — (Equation 3.14)

Where,| s the shape factor and is expressed as:

B

| Yot -3 (Equation 3.15)

Adaptedfrom Barreiros et al. (1996)

Where,
"Y [ jC isthe powdespecific surface area determined using gas adsorption,
" is the density of the particle of the number of equivalent volume diameter in gample
Q EOEAqui wall ehritea mefp @ rt i @A jeBld A n
¢ is the number of particles,

‘(s the size class (particle size distribution).

The expression for the coefficient of dridgaccounting for shape, which will then be put

into Equation 3.11 is then given by Equation 3.16.
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¢}

o) - = —— = ™ ¢ pn B (Equation 3.16)

Adapted from Holzer and Sommerfeld (2008).

Following the guiding mathematicaiodel derived above, the optimal separator design from

the simulation was attained following these steps:

I.  The first chamber of the separator assembly was designed using the Autodesk Inventor

software and was then imported into the simulation software.

[I. A Simulation test was then carried out using the assumptions listed in se&ian
whilst varying operational parameters like the airstream velocity and the feed rate of
the particles.

lll.  The particle tracks for eadRD were observed, and the operational parameters were
changed to observe the separation effectiveness of that design at-ploencutf 1.6
RD like the prototype.

IV.  Continuous augmentations were made based on the flow tracks observed from each
design until aroptimal separation was attained in the first chamber.

V. Asecond chamber was designed, and the same steps listed above (for the first chamber)
were carried out based on the optimal results achieved through the particle tracks,

leading to the design of thetimised separator assembly.

Figures 3.2 and 3.3 depict the individual chambers and their respective flow boundaries, with
A (Figure 3.2) representing the air supply inlet into the separation chamberBideigotes

the particle inlet into the separatichamber, andC is the outlet of the clean coal particles
elutriated by the airstream from the first chamB&;,.B9 andB10represent the coal bins 8, 9

and 10 for the collection of gangue materi al
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—0

B9 /
B10
Figure 32: Flow boundaries of the first chamber (chamber 1) with its collection bins

B8

In Figure 3.3D represents thmlet of the partitioned particles, i.e., through which the lighter
particles are transported into the second chamWele E is the air outlet from the separator.

B1, B2, B3, B4, B5, B6 andB7 represent the particle collection bins 1, 2, 3, 4, 5, 6 and 7,
respectively, whildB0 represents the collection point for particles that go PasThe design

of the separator was carried out in such a way that coal samples fed into the system are
maximally recovered, either as a product or discard. This helps to prevent the samples from
being retained in the separator, which was observed in theopsegtesign, as seen in Figure
2.20. Figure 3.4 shows the full assembly of the separator with bins, and Figure 3.5 shows the

assembly without bins.
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B10

Figure 34: The optimised separator assembly with bins
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Figure 35: The full separator assembly without bins.

As can be seen from Figure 3.6, the upper part of chamber tlesagied and then merged
with the chute that transfers the particles into collecting bins 8, 9 and 10. The same approach
was also applied to the second chamber design. The merging was done to form a contact
region'surface between the two connecting facéemwimported into the simulation software.
This design approach enabled the determination of the amount of the particle recovered in each

bin. Each of the two chambers was designed as an assembly, as shown in Figures 3.6 to 3.8.

Upper
Section

Collecting i
Chutes gsreing

Bins

il

Figure 36: The designed assembly of chamber 1 to depict contact regions
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Figure 38: The designed assembly of chamber 2 to depict contact regions

3.3.2. THE SIMULATION PROCESS

The mesh is an integral component of this design and was generated for both chambers (1 and
2) to optimise these geometries and obtain a highly accurate measurement. The meshing
models usedvere thesurface remeshethe polyhedral mesheand theprism layer mesher

The surface remesher meshing model is used to improve the overall quality of an existing
surface and to optimise it for the volume mesh model, which is the polyhedral mesher, as used
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in this study The polyhedal mesher is a volume core mesh model that provides a balanced
solution for complex mesh generation as it uses arbitrary polyhedral cell shapes to build the
core meshThe polyhedral mesher was utilised in this design because it is straightforward and
requres no further surface preparation, unlike the tetrahedral mesher model. It is very effective
in the analysis of the simulation and contains approximately five fewer cells than the tetrahedral
mesher modelFigures 3.9 and 3.10 show the mesh generatdzbfbrchambers with the bins

and without the bins, respectively.

B

Figure 39: Mesh generated for chambers 1 and 2 with bins

b B

Figure 310: Mesh generated for chambers 1 and 2 without bins

The prismlayer mesher model was also applied with the -woteme mesher (polyhedral
mesher). The prisffayer model was used to generate orthogonal prismatic cells next to the

walls (surfaces) of the separator and to give accurate results in the simtédatiouns even
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with just a few prism layers. Figures 3.11 and 3.12 show the prism layers of the generated
meshes for chambers 1 and 2, respectively.

Prism Layers

Figure 311 Prism layer in chamber 1

Prism Layers

Figure 312 Prism layers in chamber 2

As earlier stated, the contact regions generated were used to determine the number of particles,
as well as the RDs of the particles entering the individual collecting bins. Figures 3.13 and 3.14
show the yellow patchesyhich are the contact regions in the first and second chambers,
respectively, and help to ascertain the number of particles entering each bin, as well as the
number of misplacements in both chambers of the separator assembly.
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Figure 313: Contact regions in the first chamber with and without the bins

@ o
Figure 314: Contact regions in the second chamber with and without the bins

Physicsmodels are very important in determining thierary variables of the process being
simulated, for example, velocity, temperature, pressuréyigiicaraj, 2014; Alade et al., 2021)

The physicsmodels to be used in any simulation are dependent on factors such as if the flow
is threedimensional, and is steady, unsteady, transient or stationary. In this study, parameters
such as flow velocity and mass flowrate were also considered, aptytkies models chosen

were thethreedimensionakndtime models, and the flow westeady statelt is important to

point out thasteady state flow indicates that properties at every point in the separator remain
constant; although the flow properties may cteagdifferent points, the overall properties in

the separator do not change. Equation 3.17 is the general equation that defines steady flow with

respect to density’ and velocity 0 :
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— TM— T (Equation 3.17)

The Gravity and Lagrangianmodels were useth the simulation investigation of this dry
beneficiation processvhile air was used as tMaterial (continuum) for this simulation study.
FortheGravitymo d e |l , v al ume/s 0)wdre uged in tha (9 y, B dimension to ensure
proper action of gdirecton inthe sedarator larel, séeyaresesthe | v e 0
same as Alade (2021) (densities of ¢/&r to 1.9g/cn?) for the Lagrangian model as
particles fed into the computational geometry (separator) via the tetdbaundary of the first
chamberThe following assumptions were made regarding the simulation test runs:

I. The shape factors of the particles are between 32.5 and 0.03. This was done to create a

spectrum of particles between the low and high drag caaiticiof the particles.

Il. The particle RDs are equally represented in terms of mass.

lll. Each RD within the coal was represented in the simulatoassigned size (mm) to
simplify the simulationwhich can be seen fable 31.

IV. Normal and tangential restitution coefficients of the boundary for the -giftet
separator were assumed to be 0.7. This was to account for the inner section of the
separator, which was lined with linatex rubber HD(I6@avy duty}o help cushion the

travelling coal particles as they are transported in the airstream.

Table 31: The assigned particle diameters for each particle size fractions per density fraction

Relative Density (7T 6. 7mny . (13.3mm1l| (1T21. OmmyoO
1.3 3.35 1.00 0.20
1.4 3.80 1.40 0.35
15 4.60 1.80 0.40
1.6 5.40 2.30 0.55
1.7 6.10 2.70 0.70
1.8 6.35 2.90 0.85
1.9 6.70 3.35 1.00

From Table 3.1, the cidize appropriate for the finest size fraction in the separation process
was determined using the velocity indicated for this size fraction and then observing the flow
tracks of the particles. The size that had a smoothened flokv (& mm) was then used as

the cutsize, as portrayed in Figures 4.24 to 4.26 in See&idn

3.4. WIND-SIFTER SEPARATOR
The optimised wingifter, with its bins and without auxiliaries, has a footprint of 2néders
in length, 1.30meters in height an@.2meters in width. With its auxiliaries, the footprint is

4.0meters in length, 2.Beters in height and Orfieters in width. The separator assembly was
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designed to sit on a cradle that suspends it from the ground so that it can operate with and
withouti t s bins at the operator sd first chamberhaso n.
two inlets and an outlet; the top inlet serves as an inlet for the coal, and the other inlet is for the
airstream. The second chamber only has one inlet to feed the clean coal and an outlet for the
air to exit the separator. Figures 34l 3.17 show the designed chambers 1 and 2, alongside
their respective angle irons, to help them sit on their respective cradles. The design of the fluid
bodies of both separator assembly chambers can be saBRPENDIX A. and the design of

the separatoias well as fabricated parts of the separator chambergmtaskown in this thesis

This is because documentations still need to be filed to protect the design for intellectual
property.

Angle-Irons
for Chamber 1

Figure 315: The designed chambemith its angle irons

68



Figure 316. The designed chamber 2 with its angle irons

The designed cradles for chambers 1 and 2 are displayed in Figures 3.17 and 3.18; each figure
depicts each cradle without and with its respectivaadter. Figure 3.19 shows the designed
full assembly on cradles without auxiliaries.

Figure 317: Chamberl on cradle 1
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Figure 319: The optimised winskifter separator assembly design

3.4.1. OPERATING PRINCIPLE

As in its preceding design, the optimised wsifler separator separatéghiter particles from

heavier ones. As can be seen from Figure 3.20, the air blower supplies the air into the separator,
which is drawn into the system through the inlet filter. The air then flows through a control
valve (ball valve) for regulation and thegulated air flows into the separator through the flex.

The gauge displayed in this figure is used to know if the filter is clogged: the higher the pressure
reading the more the filter is clogged.
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Inlet-Filter
Gauge

iure320:Theseparat6rs auxiliaries (a)

The safety/relief valve shown in Figure 3.21 below serves as a measure to depressurise the
separator assembly from excessive pressure-bpilahd is also used together with the control
valvewhen the percentage opening of the contabVe is reduced for velocity control. The air

that flows in through the flex enters chamber 1 of the separator assembly, and its velocity is
measured. The value of the velocity is measured using a velocity probe/sensor (Figure 3.21).

Velocity N -
Monitor i ;
< 2 ’ Velocity

Probe/Sensor

Safety/Relief

Figure321: The separatordés auxiliaries

The airstream then travels through theimliet, the zigzag section and into the diffuser section,
and then exits the separator assembly via its air outlet. Coal iistéethe separator through
the malfeed inlet, the particles then fall into the zigzag section, and as they bounce in this
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section, some separation occurs because of their varying weights. The continuously flowing
incoming air then separates the lighter particles from the heavier mreesdunteicurrent

manner and then transports them into the second chamber, where they are collected. As the
clean coal product enters the second chamber, under the differential drag acting on particles in
an airstream, the particles are further sepaiatedlifferent bins based on their densities. This
chamber was designed under a different principle from that of the first chamber. The coal is
fed with the aid of a vibratory feeder and a rotary hopper valve. The rotary hopper valve helps
to feed the cdgparticles directly into the system and to seal the-tmed inlet section so it

does not serve as an outlet for the flowing airstream. Figure 3.22 shows the fabricated separator
with the mentioned sections labelled, while Figure 3.23 shows the vibfatmtgr, the rotary

hopper valve and the control panel upon installation. The control panel powers both the electric

motordriven rotary hopper valve, as well as the air blower.

Elbow Pipe

Air Outlet

»

254 A
Zlgzag Section / b’ 1“
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0
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Figure 322 The Fabricated Optimized WirSlfter Sparator
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Control Panel

‘ Flex for Air-Inlet
b ‘
Figure 323: The installed separator assembly setup with its auxiliaries and cradles.

Equation 3.18 was used to calculate thevand f t er separ ator o6s effici

%Yield = p T TT
(Equation 318)

Comparisons were made between the simulation test results, the fabricated laboratory scale
separator and that obtained from the fleak tests (for coal A). The evaluations were then
made in terms of their respective mass yield and separation efficiency and the extent to which

the separator can beneficiate (ash content).

3.4.2. CALIBRATION OF THE COAL FEEDER

A vibratory feeder was used to feed the coal into the separator. It is important to note that the

vi bratory feeder was cali brated bygofncreas
representative feed coal was fed into the chute ofitthratory feeder assembly, as shown in

Figure 3.24.
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Vibratory Feeder
Assembly

Chute

Material

Electromagnetic
280 Conveyor

Vibratory
Actuator

Figure 324: The vibratory feeder assembly

The time that it takes for the coal to be completely fed into the system is recorded, and mass
flowrate is derived by dividing thenass of the feed by the time it takes for the feed to be
completely fed into the separator. The feed rate of the system can be varied with changes to the

vibration intensity and carrier frequency from the electromagnetic actuator of the feeder.

3.5. SINKAND FLOAT ANALYSIS

The sink and float laboratory scale test, deployed in accordance with the-R83KL and

ISO 7936:1992standards, was used to beneficiate samples from coal A and coal B at
(176. 7mmM). 35(17T 32:m3 5ah.d0 (in)lat different RDsThe float and sink
analysis entails the use of a heavy medium s
RD. Zinc chloride was used as a medium of separation, and the washability data obtained was
used as a benchmark to compare against éseggaed separator to ascertain its separation
efficiency. The test was conducted at six RDs ranging from 1.8 to 1.3 (in 0.1 decrements), with

the sinks in the 1.8 RD solution considered as the sink of the test.

Already prepared zinc chloride solutions ir § L beakers ranging from 1.8 to Ig&nt at

0.1 intervals were used as the heavy medium forggROM coal samples for all the test work.
The density of the solution was determined using a digital density metre with a buffer solution
of high concentradn, also prepared to account for any decreasing RD in any of the solutions.
The 500g ROM coal sample was added stagse into the first solution of 1.8 RD, and 3:1
(medium: ore) was maintained, agitated for a few minutes, and allowed to stand fali@epara
to take place. As the separation was achieved, the-dgydity particles floating on the

medi umdés surface were collected using a siev
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then poured into the beaker of 1.7 RD. The same process isagf@atach solution with the

floats collected and poured into the next until the floats of the 1.3 RD solution are obtained.

The results attained were used to construct a washaiibifye, which is a plot of RDs against
the cumulative mass for the individual fractions. Equations 3.19 to 3.29 were used to find the

percentage yield of the clean coal products for the three size fractions.

% Float recovery = p tt (Equation 3.19)

Float analysis (wt. %) = p

(Equation 3.20)

Sink analysis (wt. %) = pTT

(Equdion 3.21)

% Float of the feed p T

(Equation 3.22)

% Sink of the feed = p T TT

(Equation 3.23)

% Yield= p T TT (Equation 3.24)

Reconstituted feed"Od ¢ 6 & TMQQQY QLB MO QQ (Equation 3.25)

Nominal Relative DensifRD) 0 0 Qi 308 QQ'Q ¢ { "Moo 6 Q¢ &
(Equation 3.26)

Partition coefficientE "Y'QEé B "MQQ QY QD¢ &0 WMAGONQ 'Q
(Equation 3.27)

Organic efficiency(%)= p T

(Equation 3.28)

The separation efficiency of the process was determined by calculating the mean probable error

(Ep) using Equation 3.29.

Ep=— (Equation 3.29)
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WhereD is the RD at which 75% of the particles report to the sinksDands theRD at

which 25% of the particles report to the sinks.

3.6. ANALYTICAL TECHNIQUES
Coal analyses, such as proximate analysis, ultimate analysis and calorific value, were
conducted to ascertain the physwwemical properties of the ROM coals and the clean coal

products from each bin and from the sink and float fractions.

3.6.1. PROXIMATE ANALYSIS

The inherent moisture, volatile matter, ash content and fixed carbon (calculated by the
difference) are determined in accordance with ASTM D75&3 standard, in which 1@ of
representative sample was added staige in each crucible in theGA 701 Leco equipment.

The proximate analysis entails the use of nitrogen in the first step, which is the drying step.
The moisture content was determined by mass loss starting from room temperature (around
20PC) to 107°C, as the temperature ramps uphaiasing rate of 8°C/min.

The volatile matter was determined as the mass loss within a temperature range between 107°C

to 950°C, whereas the combustion step that follows evaluates the mass loss under oxygen
between the temperature range of 650°C and 730f€residual mass left after the analysis is

then taken as the total ash content in the sample, while the fixed carbon is calculated as
(1007 (Moisture content + Volatile Matter + A

3.6.2. ULTIMATE AND TOTAL SULPHUR ANALYSIS

The ultimate (cdron, hydrogen, nitrogen, sulphur and oxygen (by difference)) and total
sulphur analyses of all samples were performed according to ASTM D 1332315 and
ASTM D 423914:2015 for carbon, hydrogen and nitrogen, and sulphur content, respectively,
using LECOCHN 628 with add on 628 module. Approximately 0.2% of each sample was
used for the analyses at a temperature upAa01C with an analysing time between 60 to 300

seconds.

3.6.3. CALORIFIC VALUE DETERMINATION

The calorific value is the measure of theat content in the coal and was determined in
accordance with ASTM D58684. This analysis was carried out for some selected samples,
particularly the coal samples from bin 1, using a Leco AC 500 bomb calorimeter. The bomb
calorimeter calculates the toamhount of heat released from the complete combustion ef one

unit mass (1 g) of fuel under the oxygen atmosphere at a high pressure of about 3,000 kPa. The

temperature was controlled at 25 degrees Celsius by recirculating cooling water in the
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equipment wih the aid of a pump. The system uses an electronic thermometer with an accuracy
of 0.0001 OC to measure the temperature every six seconds, with the results obtained within

4.5 to 7.5 minutes.

3.7. SUMMARY

The design of the separator and simulation weneethout to ascertain the dimensions of the
separator, which then ultimately led to its fabrication. Coal samples used in this study were
screened into three particle size fractiofs7+3.35 mm;3.35+1 mm and1+0.2 mm). The
proposed experimental testere carried out on the separator, and the results were compared
with those from the simulation study. Sink and float tests were also carried out to serve as a
basis of comparison for the physichemical properties of both the wet and dry beneficiation
process. The next chapter (Chapter 4) will present the results and discussions of the simulation

and experimental investigations that were carried out on the separator.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1. INTRODUCTION

In this chapter, the results dofie simulation and experimental study are presented. The
simulation results were used to design and fabricate the optimiseesifterdseparator, and

the experimental results were obtained from the fabricated separator. Simulation tests for all

the fractons were executed according to the assumptions outlined in Table 3.1 of Section 3.3.2

for both instances of the shape factors (32.5 and 0l68)shape analysis was carried out for
thethreesi ze fractions when t he s ensandawhenitwas bi ns
open (without the bins). The values for the shape factor in this study were based on a study
conducted by Barreirost al (1996), which ranged from 32.5 to 0.03. The upper limit (32.5)
provides the least coefficient of drag, while®D(@®wer limit) provides the greatest coefficient

of drag. The effect of the airstreammm)el ocit
(173.3Bm)Ll.&O&nd (7T1.0+0.2 mm) was al so deter min

Similar to the prewus investigation conducted by Alade (2021), the experimental study on
this separator was based on the results obtained from the simulationT$tedgmpact of air
velocity on the separation performance and ash contents of the products achieved was
invesigated through experimental studies. The vibratory feeder for the feed sample was
calibrated, and the mass flowrates for the test runs were kept constant and low to maintain a
dilute phase and minimise partidi@particle interactions that can lead toefgnelectrification

in the separator.

4.2. SIMULATION RESULTS

To ensure that the dilute phase was achieved, the simulation study was carried out according
to the study by Santast al (2011), where a dilute phase of §.0f particles to 13 of air in

the flowing airstream was usetlhe density of air used during the simulation process was
1.204kg/m? (1.204 1072 g/cn?) as the air is assumed to be at room temperatuP€)Zbhe

massyield of the separator was determined according to Equétion
D wiadQQbQ — (Equation 4.1)

Where,- represents the mass of the lighter particles at-paint of 1.6g/cn?, which flows
from the first chamber into the second chamber,-ant the total mass of the particles fed

into the separator through the separator-éeadl inlet.Following the condition from the study
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conducted by Santost al (2011), the masBowrate of the particles was determined using
Equations 4.2 and 4.3.

OB OINaeEVI WO Q o6 0 Equation 4.2

Where,” E the density of air at 28C, 6 is the velocity of air entering the separator, and the

diameter of the crossectional area of the air inlet channel was &m0.
0N OGN ¢ VI BIROI VY E VI o-0—— Equation 4.3

4.2.1. Optimal velocity determination

The optimal airstream velocities for all particle size fractions when the bins were closed were
obtained from Alad¢2021). The reason for this was that the new separator design, chamber 1,
was not too different from the previous design, with only some minor adjustments. Setting the
cut-point of 1.6 RD, the airstream velocities were®.0 s e ¢ f o r mn{),i4.@m/secH& . 3 5
(1T 3. 3BmMmand DM/ sec f ommjsizefradionf . 2

To determine the optimal velocity for the separation of each size fraction without the bins
(open), di fferent airstream velocities were
behaviour s. F o mm)} argtrearq vebocities+i®dm Busec to 12n/sec were

used. It was observed that at 6.0 andn?/€ec, an insignificant yield was realised; however,

as the airstream velocity increased, so did the yield. This is becansesase in the airstream

velocity also leads to an increase in the buoyant force. To obtain an optimal mass yield for this

size fraction (29.46 to 44.97%), the airstream velocity range was between 9.0 amids&@,5

as seen in Figure 4.1.
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Figure4l: Opti mal wvelocity demm)simeifracaohdpenbin f or t h

A similar i nvestigation warsm)alasnod -chomlsizadcttOe A2
fractions, the results of which are shown in Figures 4.2 and 4.3, respectively, until their optimal
mass yields were attained. The optimal mass yield (30.47 to 44v6&8/@btained at velocities

ranging betweeb.0and 7.0n/ sec and was at t aam)foeacupomtrof t he (
1.6 RD. The velocity rram)gize frection veas besveen 3.50and t h e
2.5m/sec for the same cpbint, with theoptimal mass yield of 21.00 to 38.65%.
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Figure 42: Optimal velocity determination for th&3.35+1.0mm) size fractiongpen bin
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4.2.2. Shape aalysis (effect of shape factor) based on assumptions

After determining the optimal velocities for all particle size fractions, simulation tests were
carried out based on the assumptions earlier stated in s8@i@nThe simulation test results

at a shape factor of 32.5 and 0.03, representing the process separation efficiency, are presented
in Figures 4.44.5and4.6for all fractions. The bold lines represent the percentage mass yield

at a shape factor of 32.5, atite broken lines represent the mass vyields at a shape factor of
0.03. Figures 4.4a, 4.5a and 4.6a show the washability or separation process with all the
separatoro6s outlet bins closed, while Figur
open binsRegardless of the shape factor, it was observed from Figure 4.4a that the yield for

t he (1 énm)fracBian BobeacliRD was the same. When the bins were open, the yields
recovered were noticeably different.

Separation with bins at 6.0 m/sec air Separation without bins, at 10.5 m/sec
a velocity b air velocity
100 100
90 90
80 80
g 70 g 70
o 60 o 60
[} (8}
< 50 < 50
g 40 @ 40
S 30 < 30
20 20
10 10
0 0
13 14 15 16 1.7 1.8 1.9 13 14 15 16 17 18 1.9
Relative Density (g/crd) Relative Density (g/crd)
Mass Yield (%) S.F @ 32.5 Mass Yield (%) S.F @ 32.5
Mass Yield (%) S.F. @ 0.03 Mass Yield (%) S.F. @ 0.03

Figure4daand b: Particl e r emnysize fractersfor both pdrticle (17 6.
shape factors (S.F)

I n Figures 4.5a andmmj. 6aan df otrhram)héee fiaddBhs)3 2+ 1 .
respectively, it can be observed that the trend for both shapesfatterms of recoveries is
similar for the closed bins. mAm)withareopdnlip was
(Figure 4.5b). This was more pronounced in the yields for both shape factors in the coarsest
si ze f r act mm)ntcanbeinclidedthaBitte influence of shape on the mass yield

when the bins are closed is not as noticeable as when the separator is operating without the
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bins. It was observed that the finer the particle size fraction, the less influence the shape factor
has orthe particles and the mass yield.

Separation with bins, at 4.2 m/sec air Separation without bins, at 7 m/sec air
a velocity b velocity
100 100 | Beay
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- 8 80
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T 60 o 60 °
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@ 40 0 40
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30 ©
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20 = 20 B
10
0 0 o—=a
1.3 14 15 16 17 18 1.9 13 14 15 16 17 18 19
Relative Density (g/crf) Relative Density (g/crd)
Mass Yield (%) S.F @ 32.5 Mass Yield (%) S.F @ 32.5
Mass Yield (%) S.F. @ 0.03 <%= Mass Yield (%) S.F. @ 0.03

Figure 45 a and b: Patrticle recoveries of th&35+1.0mm) size fraction for both particle

shape factors (S.F)

Separation with bins, at 1.7 m/sec air Separation without bins, at 3.5 m/sec
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Mass Yield (%) S.F. @ 0.03 Mass Yield (%) S.F. @ 0.03

Figure 46 a andb: Particle recoveries of theX.0+0.2mm) size fraction for both particle

shape factors (S.F)
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4.2.3. Particle tracks for the {6.7+3.35mm) size fraction at different relative densities

and airstream velocities

The particle track presents the partibbev pattern during separation. Figures 4.7 to 4.14 show

the particle separation (with and without the bins) for tH&7+3.35mm) fraction. It can be
observed that the lighter the particles, the more particles are recovered in chamber 2 (chamber
with sewen bins). The particle shape factor used to inspect the particle track flow had a shape
factor of 32.5, as this will experience a lower drag force. This, in turn, ultimately travels further
than those with the 0.03 shape factor. The flow patterns arsiaigar for the other two size
fractions inAPPENDIX B.

Figures 4.7 and 4.8 (with and without the bins, respectively) show that the particle flow tracks
for the 1.3 RD particles travel the furthest in chambérrhis is due to the delay in particles
achievng their settling velocity as they enter the diffuser chamber. The kinetic energy of the
airstream transporting the particles decreases as they enter the diffuser section of chamber 2
due to the expansion of the airstream channel. As the airstream exgrendtisjectory of

particle flow tends to follow the airflow trajectory as they attain their respective settling
velocities. The patrticles travel further when they are lighter. This means that the 1.3 RD
particles, which were the lightest for this studyere transported the furthest by the
transporting airstream. Following the same phenomenon, the next step was identifying the 1.4
RD particles, as shown in Figures 4.9 and 4.10 (with and without bins, respectively).

Total Pressure (Pa)

360.98
p—

155.04 ( -

-50.893

-256.83

-462.77

-668.70

x =<
~

Figure 47: Particle tracks for tha 6.7+3.35mm) size fraction at 1.3 relative density in both

chambers at 6.0/sec ¢losedbins)
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Figure 48: Particle tracks for tha 6.7 + 3.35mm) size fraction at 1.3 relative density in
both charbers at 10.5n/sec ¢penbins)
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Figure 49: Particle tracks for tha 6.7+3.35mm) size fraction at 1.4 relative density in both

chambers at 6.0h/sec ¢losedbins)
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Figure 410: Particle trackdor the { 6.7 + 3.35mm) size fraction at 1.4 relative density in
both chambers at 10rB/sec ¢penbins)

The particle tracks for the 1.5 RD particles are shown in Figures 4.11 andwitizand

without the bins, respectively), atide 1.6 RD particle tracks are shownFigures 4.13 and

4.14 (with and without the bins, respectively) A decr ease in the sampl e
the second chamber was observed as the density increased for both open (Figures 4.12 and
4.14) and cleed bins (Figures 4.11 and 413). More samples are recovered when the separator

is operated without the binsgen thanrunning the separatorwithe bing(closed. This result

is expected, as an increase in airstream velocity results in an increasgantbacce, leading

to higher elutriation of particles into chamber 2 (from Equations 3 to 8).

Total Pressure (Pa)
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Figure 411: Particle tracks for tha 6.7+3.35mm) size fraction at 1.5 relative density in

both chambers at 6r@/sec ¢losedbins)
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Figure 412: Particle tracks for tha 6.7+3.35mm) size fraction at 1.5 relative density in
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Figure 413: Particle tracks for tha 6.7+3.35mm) sizefraction at 1.6 relative density in

both chambers at 6rfi/sec ¢losedbins)
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Figure 414: Particle tracks for tha 6.7+3.35mm) size fraction at 1.6 relative desity in

both chambers at 10rb/sec openbins)

4.2.4. Effect ofshape factor on mass yield(s) of individual particles within

(16.7+3.35mm)

From the computer simulator program, each RD within the coal was assigned a size (mm) to
simplify the simulation, as seen in Table 3.1 (Chapter 3). This test was carried out to determine
the effect of the shape factor at 32.5 and 0.03 on the mass yi#ld{g) individual particles

wi t hi n t h em)(sizesfraction at.cdh&ant RD and velocithe simulation results

for the { 6.7+3.35mm) size fraction for the 32.5 and 0.03 shape factor, respectivetyofad

bins and at6.0 m/secare shown in Figres 4.15 and 4.16. Figures 4.17 and 4.18 show the

simulation results for the same size fraction wittopan binat 10.5m/sec

Figure 4.15 shows that particles with a size of 3% had a 100% mass yield for 1.3 to 1.6

RDs for a shape factor of 32.5hi§ was not the case for the same 3B particle size, as

seen in Figure 4.16, for a shape factor of 0.03. Only the 1.3 RD particles had a 100% mass
yield, while mass yields of 98.45%, 96.10% and 91.95% were achieved for the 1.4, 1.5 and 1.6
RD,respeciel y. As the individual sizes increase
yield for shape factor 32.5 (Figure 4.15) is higher than for shape factor 0.03 (Figure 4.16). For
the same size fraction, the yield obtained at a 32.5 shape factor wasighertttan the yield

at a 0.03 shape factor. This is because the shape influence is more predominant in the coarsest
size fraction. In addition, the yield from the 32.5 shape factor particles was much higher than
the 0.03 shape factor due to a lower caeedfit of drag in the former than the latter with a

higher coefficient of drag.
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Figure 415: Mass yield(s) of individual particles in the particle size distribution of the
(1 6. 7mnd siZk Faction as a function of relatidensity (for a 32.5 shape factor with
bins) at 6.0m/sec
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Figure 416: Mass yield(s) of individual particles in the particle size distribution of the
(17 6. 7mnd siZk Faction as a function of relative density (for a 0.@psliactor with
bins) at 6.0m/sec
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Figures 4.17 and 4.18 show the results from
outlets were open (without the bins). The separation was simulated at a higher velocity to
accommodate for the observed presdoss. Comparing Figures 4.17 and 4.18, it is apparent
that the mass yields at 32.5 shape factor (Figure 4.17) were different from those at 0.03 shape
factor (Figure 4.18). The mass yields of ther@rd particle size for relative densities of 1.3

and 1.4were 99.23% and 97.6%, respectively (Figure 4.17). For the same particle size, the
mass Yyields were 97.29% and 90.12%, respectively (Figure 4.18). The trend was observed for
other relative densities in this size fraction (Bi&). Considering the impact ¢the drag
coefficient, the test conducted at a lower shape factor (0.03), i.e., higher drag coefficient,
resulted in a lower yield (Figure 4.18) than at a higher shape factor (32.5) (Figure 4.17), for the
same particle size. The lower mass yield obtainéseopen bincircuit compared to thelosed

bin in this study is due to the higher pressure drop inoien bin circuit, resulting in a
decreased buoyant force.
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Figure 417: Mass yield(s) of individual particles in the pele size distribution of the
(17 6. 7mnd siZe Faction as a function of relative density (for 32.5 shape factor without
bins) at 10.5n/sec
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Figure 418. Mass yield(s) of individual particles in the particle sikgribution of the
(1 6. 7mnd siZe Faction as a function of relative density (for 0.03 shape factor without
bins) at 10.5n/sec

4.2.5. Effect of shape factor on mass yield(s) of individual particles withim 8.35+1.0mm)
Figures 4.19, 4. 20, 4. 21 and 4. 22 me)saev t he
fraction. Figures 4.19 and 4.20 show the results for the 32.5 and 0.03 shape factors,
respectively, with a constant air velocity of an2sec anatlosed bingwith bins). For Figures

4.21 and 4.22 at a 32.5 and 0.03 shape factor, respectively, the test conditiomgendrms
(without bins) and 7.@n/sec. The result obtained follows the same trend as in Figures 4.15 and
4.16. The recoveries of all the indilial sizes in Figure 4.19 (the 32.5 shape factor) are much
higher than the recoveries in Figure 4.20 (the 0.03 shape factor). In addition, the mass yields
of the smallest particle in the particle size fractib® (hm particle) in Figures 4.19 and 4.20
aremuch higher than themallest particlée n  t h e (mm)pfraction 8.35& i particle)

with closed bins. This occurrence points to the difference in size; as the particle size reduces,
so do the weight and drag force, making it much easier for thelparto be transported by

the flowing airstream.
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Figure 419: Mass yield(s) of individual particles in the particle size distribution of the
( 17 3. 3rBm) dize @action as a function of relative density (for 32.5 sfeqter with
bins) at 4.2n/sec
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Figure 420: Mass yield(s) of individual particles in the particle size distribution of the
( 7 3. 3rBm) dize @raction as a function of relative density (for 0.03 shape factor with
bins) at 4.2n/sec

Figures 4.21 (32.5 shape factor) and 4.22 (0.03 shape factor) show the simulated st for

bins (without bin)f or t h e nim) dze Babtidnl It Was observedFigure 421 a much

higher mass yieldvas experiencedompared td-igure 422. This follows the same trend as

t hat of t nm)sigeifréction witBoutdibdigures 4.17 and 4.18The shape factor
impacts the mass vyield obtained for this fraction, but not to the same degree as when the
( 1T 6. MmmpBfracdon is separated.
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Figure 421: Mass yield(s) of individual particles in the particle size distribution of the
( 7 3. 3rBm) dize @action as a function of relative density (for 32.5 shape factor without
bins) at 7.0m/sec
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Figure 422. Mass yield(s) of individual particles in the particle size distribution of the
( 7 3. 3rBm) dize @action as a function of relative density (for 0.03 shape factor without
bins) at 7.0m/sec

4.2.5. Effect of shape factoromass yi el d(s) of indivmnual par
Figures 4.23, 4.24, 4.25 and 4.26 show the simulation results for the finest particle size fraction
(1T 1. oD Figures 4.23 and 4.24 show the results for the 32.5 and 0.03 shape factor,

respectiely, forclosed binsat an air velocity of 1.//sec. The simulation results without the
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bins pen bir) at 3.5m/sec for the 32.5 and 0.03 shape factors are presented in Figures 4.25
and 4.26, respectively. A 100% mass yield was obtained for pamidles size of 0.2Znm
and 0.3mm at 32.5 and 0.03 shape factors with closed bins (Figures 4.23 and 4.24).
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Figure 423. Mass yield(s) of individual particles in the particle size distribution of the
(7T 1. onmPsizefractioras a function of relative density (for 32.5 shape factor with bins)

atl.7m/sec
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Figure 424: Mass yield(s) of individual particles in the particle size distribution of the
( 7 1. onmpPsizefraction as a function of relatidensity (for 0.03 shape factor with bins)

atl.7m/sec
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The results from t hemm)isizedraciéon withaut biasffor théh32.5 ( T 1 . |
shape factor are presented in Figure 4.25. The yield was higher than that obtained for the 0.03
shape factor (Figure 4. 26) . 1.0F02mm)dsizd flacktione nc e i
(Figures 4.25 and 4.26) was s mam)siegerfractioman t h e
This is because the influence of particle shape decreases as the particle size decreases. Also, a
smaller particle size implidesser wigght and drag force and a higher likelihood of the particle

being elutriated by the flowing airstream.
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Figure 425: Mass yield(s) of individual particles in the particle size distribution of the
( T 1. onmPsize2fraction aa function of relative density (for 32.5 shape factor without

bins)at 3.5m/sec
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Figure 426: Mass yield(s) of individual particles in the particle size distribution of the
( T 1. OnmPsize2fraction as a function of relative density (for 0.03 shape factor without

bins)at 3.5m/sec

These results show that a particleds densit
separation in an airstream. In addition, it was observed that the shape factor of the particles is
highly significant in the separation of coarse particle sizeifnas and vice versa when the

particles are finer. As the particle sizes decrease, the influence of the particle shape on the
separation of particles, as well as the mass yield, is less. This is not the case for the sink and
float method, which partitionsoal particles based on thd®D with minimal influence on
shape. Section 4. 3 s mm)particle Sze was usldyn the kiraulajon 1 . 0 +

of the separ at omm)sizetircékon. t han the (11.0

4.3. DETERMINATION OF THE PARTICLE SIZE FRACTI ON (CUT-SIZE)

FOR T HBMM(PARTICLE SIZE)

Using the previous separator designed and fabricated by Alade (2021), a massive sample loss
was observedhen benefi ci at i nmgm)clbesmaller partides is thigstze o f  (
fraction tended to be agtantly entrained in the airstream, and some of them stuck to the walls

of the separator. To prevent the issues that were initially encountered in the previous design, it
was essential to determine a suitablestzé for this new design with minimal sal@poss.

Three particle sizmem)di s(tirinnoQutG.rodbs (inf)Iwdre ©O0-.02 1
simulated at 1.™/sec air velocity for closed bins and &#sec air velocity for open binghe

particle tracks for the ctdize determination are presentedrigure 4.26 (for 0.16hm), Figure

4.28 (for 0.15mm) and Figure 4.29 (for 0.28m). For all three figures (Figures 4.27 to 4.29),
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A represents the particle flow tracks filosedbins (with bins), whileB represents the tracks

for openbins (without bins).

A

Total Pressure (Pa)

sssure (Pa)
llé, 741

11.430
6.1188

H 0.80770

Figure 427: Test for 0.Imm particle for close¢n) and open bingb)

To determinethe ctd i z e f o mm}kshzesfragtidn,thre@ different cut sizes, 01,

0.15mm and 0.2nm [ (T Imn0 + 0 . (i Inm0 + G.nM5 min)] redpectivelyp

were simulated at 1.m/sec air velocity with bins and 3m&/sec air velocitwithout bins. The

particle density at 1.3 RD was maintained during all experiments to observe the flow of the
smallest and lightest particles in the airstream. The particle flow tracks for tszeut
determination are shown in Figure 4.24 (for Oni®@), Figure 4.28 (for 0.151m) and Figure

4.29 (for 0.20mm). For all three figures (4.27 to 4.3@),represents the particle flow tracks

for closed bins(with bins), whileB represents the tracks fopen bins(without bins). Figure

4.27b indicates that thegicles recirculate with the airstream, particularly when the separator
bins are open. Figure 4.28 demonstrates that the particles for the separation process were
smoot her with and without bins. Figure 4.29

appropriately, resultinginacsti ze f or particlmm)si ze fraction
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A Total Pressure (Pa)

Figure 428a and b: Test for 0.150 mm (150 um) particle for closed (a) and open bins (b)

Figure 429: Test for0.2 mm (200 um) patrticle for closed (a) and open bins (b)

The results of the wet analysis test conducted to ascertain the degree of separation efficiency
of the designed separator for beneficiating coal, as well as the results from the fabricated

separatqgrare presented in section 4.4.

4.4. EXPERIMENTAL RESULTS

4.4.1. Sink and float results for coal A and coal B

The sink and float tests were carried out to beneficiate thecasved two feed coals and
compared their results with those from the optimised wsiftdr separator. The washability

plot from this test displays the cumulative yield at e&ib with their corresponding
cumulative ash contents (Figures 4.30 to 4.31). It can be observed in Figure 4.30 that for coal

A, t h e ihm)kizeOfraclian Bas the lowest ash content of 4.29% at 1.3 RD. This is
foll owed by the (713.35+hsh mm)nteindz e ammja ¢ thieo 1
size fraction with ash content of 5.89%. A similar trend was observed for coal B (Figure 4.31);
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