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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, agriculture, electronic waste 

sorting, furniture, food and beverages, and mineral processing industries to some extent. The 

approachôs effectiveness stems from the capability of separating lighter particles from heavier 

ones. This study utilised an optimised version of the wind-sifter that was designed and 

fabricated by the author during his master's degree.  

The drawback experienced while testing the first prototype wind-sifting separator led to this 

investigation. This study used a computer simulation technique (the Lagrangian particle 

tracking method). This resulted in observing the 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 bins to the separator assembly. This means the 

optimised separator can be operated with or without the coal collecting bins, unlike the 

prototype version, which could only run with its bins.  

The design of the separator was done with the aid of Autodesk Inventor, and simulation was 

carried out using Star-CCM+TM computer software. The simulation tests were performed for 

different particle sizes (ī6.7+3.35 mm), (ī3.35+1.0 mm) and (ī1.0+0.2 mm) at different 

airstream velocities. The optimal airstream velocities from the previous study (at a cut point of 

1.6 g/cm3) were also used in this study when the separator was run with its bins. These 

airstream velocities were 6.0 to 4.0 m/sec, 4.2 to 2.0 m/sec and 1.7 to 1.0 m/sec for the 

(ī6.7+3.35 mm), (ī3.35+1.0 mm) and (ī1.0+0.2 mm) particle sizes, respectively. A 

simulation was used to determine the airstream velocity ranges of the separator without 

collecting bins. These were 10.5 to 9.0 m/sec for the (ī6.7+3.35 mm), 7.0 to 5.0 m/sec for the 

(ī3.35+1.0 mm) and 3.5 to 2.5 m/sec for the (ī1.0+0.2 mm) particles. For the ï1.0 mm size 

faction, three particle size distributions (ï1.0+0.1 mm), (ï1.0+0.15 mm) and (ï1.0+0.2 mm) 

were simulated. The best airstream velocities of 1.7 m/sec and 3.5 m/sec were achieved, 

respectively, for the closed and opened bins. The results of the simulation study led to the 

fabrication of the optimised wind sifter used in this study.  

From the sink and float test conducted on two sets of feed-coal (coal A and coal B), the extent 

to which the separator could beneficiate coal was determined. The sink and float analysis 

revealed that coal A has a higher ash content than coal B. Coal A, at (ī1.0+0.2 mm) size 
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fraction, has an ash content of 4.29% at 1.3 relative density (RD). This is followed by the 

(ī3.35+1.0 mm) particle size with 5.55% ash content and the (ī6.7+3.35 mm) size fraction 

with an ash content of 5.89%. At an RD of 1.5, coal A has a specific ash content of 16.65%, 

and coal B has an ash content of 13.56% for the (ī6.7+3.35 mm) fraction. Upon separating 

with the wind sifter, the clean coal products from coal A have a higher ash content compared 

to those from coal B. Running the separator without the bins, clean coal products with 

cumulative ash content ranging from 22.42% to 19.44% for the (ī6.7+3.35 mm), 24.61% to 

21.43% for the (ï3.35+1.0 mm) and 27.54% to 22.51% for the (ï1.0+0.2 mm) fractions were 

obtained. For the particle size of (ī6.7+3.3 mm) and with the bins closed, a clean coal product 

of 20.21% was obtained from coal A (feed coal with 37.38% ash content). A coal product with 

19.55% ash content was obtained from coal B (from feed coal of 26.65% ash). 

A second-stage test conducted on a first-stage coal product of 23.48% ash content yielded a 

coal product of 21.79% ash and 80% yield for coal A at (6.7+3.35 mm). This trend was also 

observed for other first-stage products at the three particle sizes used in this study. The Ep 

values obtained from this separator ranged between 0.035 and 0.16, with the Ep values 

increasing as the airstream velocity was reduced. For the (6.7+3.35 mm) fraction, Ep values 

(Probable Error of Separation) of 0.035, 0.095, and 0.16 were obtained at 6.0, 5.0, and 

4.0 m/sec air velocities, respectively. Overall, the cleanest coal product with 16.73% ash and 

26.70 MJ/kg was obtained in this study from coal A at bin 2. According to the studyôs results, 

the separator was highly adaptable. The separator could also be used for upgrading and 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 applications (Dwari and Rao, 2007; Yu et al., 2016; 

Mutezo and Mulopo, 2021). Coal is the largest source of electricity generation and provides 

about a third of the worldôs electricity generation (Future Coal, 2023) According to the Future 

Coal (2023), coal contributes 36% of the global electricity supply and is predicted to be the 

single largest source of electricity  in 2040 (Department of Mineral Resources and Energy, 

2023; Future Coal, 2023; IEA Coal Market Update, 2023). Coal 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 and 61% of energy to make aluminium (Future Coal, 

2023). Coal is a very valuable source not only for thermal energy but also for value-added 

carbon products such as carbon fibers, carbon-carbon, and carbon-metal composites, and 

specialty carbon products (EnergyGov, 2023). 

Coal is the worldôs most abundant energy source owing to its abundance and relatively low 

cost; however, owing to the scarcity of high-grade coal, the use of low-grade coal for fulfilling 

the energy demands of modern civilisation becomes inevitably necessary (Behera et al., 2018). 

Coal serves as the main energy source in the Southern African region and is pivotal to the 

regionôs economic advancement. Being a significant mainstay of the South African economy, 

coal supplies nearly all the nationôs electricity generation demands, accounting for 77% of the 

primary energy supply (Department of Mineral Resources and Energy, 2023) and presently 

meets 70% of installed power generation capacity (IEA, 2023).  

According to Mantashe (2022), 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 

revenue 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 437 288 people. These 

employees received around R31 billion in wages and salaries, around 20.27% of the mining 

industryôs total wage income of R151.53 billion (Mantashe, 2022). 
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In terms of sustainability, coal is abundant in South Africa, with the estimated remaining 

reserves 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 progressively added to the total 

energy mix on the local and global stages. Nuclear 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 energy source in the future owing to its relative abundance 

and minimal cost (Jeffrey, 2005; Future Coal, 2023; International Atomic Energy Agency, 

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

For the continuous use of coal in the abovementioned 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 (Taole, 2015; Mills, 2016; Reid, 2017). According to Jeffrey et al. (2014), high-

grade coal products with an ash content lower than 15% are mostly exported, with the low 

grade used locally. These coal grades are achieved through a wet or dry coal beneficiation 

process, which separates the coalôs inorganic minerals from its organic components. The wet 

beneficiation processes are well received within the mineral processing industry since they 

accomplish a higher quality product with high recovery. Some of these processes include 

dense-medium cyclone (Honaker et al., 2000; Zhang et al., 2014a, 2014b), spirals (Honaker et 

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

wet jig (Rao and Vidyadhar, 2006; Tripathy et al., 2016; Kumar and Venugopal, 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, therefore, becoming the process of choice, and further studies are being 

carried out to increase its efficiency, particularly when upgrading smaller coal particles (Wang 

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

does not change (Dwari and Rao, 2007; Chagwedera et al., 2018; Alade et al., 2021). Dry coal 

beneficiation techniques depend on the coalôs physical properties, as well as its associated 

mineral matter. Numerous studies have been conducted on dry coal beneficiation based on 

coalôs physical properties, such as shape, size, density, electrical conductivity and magnetism 

(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, 
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one of which is the wind-sifter technique, which Alade (2021)adapted for the beneficiation of 

dry South African coal for the first time.  

The wind-sifter separation principle has been successfully implemented in other fields and 

industries, including the separation of municipal solid waste, opal sandstone, mica, food and 

other organic materials (Redemann et al., 2008; Krüger et al., 2014; Pettinari and Simone, 

2015; Ragaert et al., 2017; De la Fuente et al., 2018). From the initial investigation conducted 

using the novel wind-sifter separator designed Alade (2021), a clean coal with an ash content 

of 16.75% and a calorific value of 27 MJ/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 addition, collection of coal products, and 

cleaning of the separator were cumbersome tasks for the old separator design. These drawbacks 

prompted the current study to optimise the already designed and fabricated separator to 

improve its separation performance for effective partitioning of the feed coal. 

1.2. PROBLEM STATEMENT  

In recent times, the quality of Run-of-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 different applications or customersô specifications, the quality of 

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 the demand for dry 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. 2022). Particle separation under dry beneficiation is based on the oreôs 

properties, including the shape, size, density, electrical conductivity/resistivity, frictional 

coefficient and magnetic nature. The heterogeneous and near-density natures of South African 

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

mineral matter finely entrained within the coal (Falcon 1986; Bada, 2010a). 

A prototype version of the wind-sifter separator for dry coal beneficiation was designed and 

fabricated 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 the coal particles rich 
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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 size fraction (ī1.0+0.2 mm) stick to the walls 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 such as 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 the airflow. In 

addition, factors such as the flow rate, velocity of the air, and drag-force 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 airstream in the 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 trajectories. This, in turn, will impact the separation of the particles in the 

first separation chamberôs airstream. The particle density will also influence separation 

efficiency; coal dominated with higher-density particles (lower-grade coal) will travel a shorter 

distance in an airstream than lower-density particles (higher-grade 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 particles in the second 

chamber. The current study focused on redesigning the prototype separator and fabricating a 

new separator for beneficiating coal using wind-sifter technology. The effects of operational 

factors such as feed rate, air velocity, flow rate, the air-jet angle in the chamber, and static and 

dynamic pressure were investigated. 

1.3.RESEARCH QUESTIONS 

The primary research question was: Will the separation efficiency of this optimised version of 

the wind-sifter separator for dry coal beneficiation be viable enough to be applied for coal 

beneficiation; to match other dry beneficiation techniques and replace the wet beneficiation 

technique? This led to four sub-questions: 

¶ At what particle size range will the highest efficiency be attained in this new design, 

and to what extent will the coal particle size influence the separation of the organic 

matter from the high ash mineral-rich particles? 
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¶ What influence will factors such as drag force, gravitational force, and particle shape 

have on the separation of particles in an airstream? 

¶ How will the separation process of this optimised wind-sifter affect properties such as 

the ash content, volatile matter, carbon content, etc. of the coal feed? 

¶ How would the performance of the new design of the wind-sifter separator when 

compared to that of the sink and float analysis? 

1.4.RESEARCH AIM AND OBJECTIVES  

This research aimed to design and fabricate an optimised wind-sifter separator and apply the 

separator for dry beneficiation of South African coal. The research objectives were: 

¶ To design and simulate a new and optimised wind-sifter separator for dry coal 

beneficiation using the software tools Autodesk Inventor and Star CCM+, respectively. 

¶ To fabricate the optimised wind-sifter separator design. 

¶ To experimentally validate the simulated data results by performing sample runs on the 

fabricated unit and compare the obtained outcomes with the simulation results. 

¶ To determine the impact of different particle size fractions ranging from 

(ī6.7 mm+3.35 mm), (ī3.35 mm+1.0 mm) and (ī1.0 mm+0.2 mm) on the separatorôs 

yield and efficiency by analysing the influence of shape, size, density feed rate, air flow 

rate, etc. and comparing those results to that from the sink and float tests.  

¶ To address the problems of sample loss observed, particularly for the 

(ī1.0 mm+0.2 mm) size fraction. 

¶ To determine an appropriate cut size for the separator. 

1.5. HYPOTHESIS 

It was observed from the prototype that the wind-sifting 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 minimal separation 

effectiveness of the (ī1 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 from the organic matter. The 

wind-shifting dry beneficiation principle is based on factors such as drag force, airflow 

velocity, pipe length and diameter in association with the coalôs aerodynamic properties, such 

as shape, size and density. The extent of separation will depend on these variables and the 

airstream response. 
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1.6. LAYOUT OF THE THESIS 

There are five chapters in this thesis, and they comprise of the following: 

I. Chapter One introduces this research with its background and motivation. The studyôs 

aim and objectives are also presented. 

II.  Chapter Two details the available literature associated with the wet and dry techniques 

of coal beneficiation, and also on the wind-sifter technique. 

III.  Chapter Three gives a detailed research methodology. This chaptermeticulously looks 

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. 

IV.   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 the study, as well as the 

recommendations required to optimise the dry recovery process used in this study.  
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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 particles 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, sulphur, and 

moisture content, as well as heating values (Charan et al., 2016). The quality of the mined coal 

varies greatly because of its heterogeneous nature and the unavoidable incorporation of non-

coal bands and possibly a certain amount of out-of-coal seam rock material (Falcon, 1986; 

Bada et al., 2010a, 2010b; Charan et al., 2015; Wagner et al., 2018). This underscores the need 

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

to meet specific end-user needs (gasifier fuel, steam boiler, etc.). 

The separation efficiency of coal cleaning separators is usually assessed by the Probable Error 

in Separation (Ep) and Organic Efficiency (Eorg). The Ep which will be the main index used in 

this study is a widely recognized measure is used to assess the separation efficiency of coal 

separators. It is determined from a Partition or Tromp curve based on precise cut point density 

of separation and implies that for ideal separation the error is zero. Figure 2.1 shows a display 

of a general partition curve. 

 

 
Figure 2.1: General design of a partition curve. Image adapted from Hussain, (2013) 
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Processes with the best separation efficiency are grouped under wet beneficiation, but in recent 

years, there has been renewed interest in dry coal 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 the water table and cause environmental degradation for man, animals and 

plants. 

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

beneficiation processes. 

III.  Eliminating the high cost of drying coal prior to use to ensure the retention of the coalôs 

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 be as low as half of that of wet beneficiation 

plants, while the capital expenditure can be as low as one-third.  

This section provides an overview of the origin and extent of coal. The impact of beneficiation 

techniques (both wet and dry) on coal quality, with 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 economy. 

2.2. OVERVIEW OF COAL (ORIGIN AND FORMATION)  

Coal is a solid stratified, complex organic órockô and a natural fossil fuel, formed many millions 

of years ago from the remains of decaying trees and vegetation and occurs in layers in the 

earthôs crust (Orem and Finkelman, 2003). The 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 properties impact 

the various fields of application or use (England et al., 2002; Orem and Finkelman, 2003). 

Thus, the prevailing conditions imply that coal is formed from the biological and geological 

processes that have acted on plant remains for an extended period. The complex (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.  
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Major coal deposits were formed over 400 million years ago, and the coal seams currently 

mined in South Africa were formed roughly between 285 and 200 million years ago (Minerals 

Council South Africa 2023). Formation of coal commenced during the first coal age 

(Carboniferous Period) at around 360 million to 290 million years ago, with the coal seams 

forming from the death and putrefaction of vegetable matter from densely populated tropical 

forests (Wills and Napier-Munn, 2006; Wagner et 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 (England et al., 2002). A typical example showing 

peat occurrence in South Africa can be found in St. Lucia in KwaZulu-Natal (Scholtz et al., 

2015).  

The continuous accumulation and burial of these flora entities beneath the earthôs crust over 

these periods caused the vegetation to be subjected to elevated pressures and temperatures, and 

the flora materials went through a metamorphosis, transforming into coal. ROM coal requires 

the separation of its ash-forming minerals from its organic matter to produce a clean coal 

product of higher quality for specific applications. In South Africa, clean 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 (Jeffrey et al., 2014). 

2.3. COAL BENEFICIATION  

In the area of coal utilisation, especially combustion, high-efficiency, low-emission 

technologies increase coal combustion efficiency while reducing the emission of pollutants. 

With this in mind and the high-cost implication of these technologies,coal processing industries 

globally must take on the challenge imposed by the decline in coal quality or coal grade (Reid, 

2017). With the immense contribution of coal, locally and globally, as a source of energy, its 

inorganic mineral content, which results in gaseous emissions and other pollution, 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 the United States during the last half of the century 

decreased from 24.7 MJ/kg to 14.7 MJ/kg and from 28 MJ/kg to 20 MJ/kg, respectively. Given 

that most coal applications require high-quality coal, it is of the utmost importance to produce 

coal of acceptable quality to achieve the expected process efficiency; this can only be achieved 

through beneficiation. 
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The techniques employed in coal beneficiation to remove these ash-bearing minerals in coal 

are based on the differences in the physicochemical characteristics (specific 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 the recovery 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 

beneficiating coal wet beneficiation and dry beneficiation ï  as well as a mini-review 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 the water-only 

plant, the dense/heavy medium processing of coal over the years has proven to deliver more 

precise and accurate separation efficient and effective automatic control (England et al., 2002; 

Suresh et al., 2010). Owing to its adaptability in handling diverse coal qualities and particle 

fractions in the feed, it is a far more recommended technique than the water-only plant (Wills 

and Naper-Munn, 2006; Langner, 2016). The wet beneficiation techniques in this literature 

review include the float and sink technique, the dense-medium cyclones, the reflux classifiers, 

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

2.3.1.1. Sink and float  

The sink-float 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; Meyer and Craig, 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 stationary liquid of known RD, and, 

by Archimedesô principle, particles that are less dense than the density of the liquid float. 

England et al. (2002) pointed out that there is a relationship between the ash content of a piece 

of coal and the specific gravity, implying that 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 medium-to-ore ratio is adhered to, thus making it a very 

effective means for separating particles. Meyer and Craig (2014) illustrates this technique in 

Figure 2.2. 
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Figure 2.2: Principle of float-sink separation. Image adapted from Meyer and Craig (2014) 

The efficiency of a centrifugal float-sink technique for upgrading different coal fractions 

(ī217+83 Õm), (ī83+48 Õm), (ī48+14 Õm) and (ī14 µm) was determined by Killmeyer et al. 

(1992). The results of the study showed a higher mass yield of floats as the particle size fraction 

decreased. Aktaĸ et al. (1998) also conducted a coal beneficiation study using centrifugal float-

sink equipment to upgrade lignite coal samples from Tunçbilek and SomaïMerkez collieries. 

According to the authors, as the RD of the media was increased from 1.30 to 1.50, the ash 

content of the lignite coal from SomaïMerkez and Tunçbilek 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 4.40% 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 samples. Another study was conducted by Çetinkaya and Bayat (2020) on low-quality 

lignite coal from the Çanakkale lignite coalfield in Turkey at (ī10+0.5 mm) particle size 

fraction using the float and sink technique. The ash content of the feed coal was reduced from 

39.69% to 16.46% at an RD of 1.6. Coalôs responsiveness can be predetermined, as well as its 

amenability to gravity separation, with the float-sink technique. 

2.3.1.2. Dense-medium cyclone  

The dense-medium cyclone separation process is well-known for processing coal. This 

approach is known to be one of the most efficient processes for removing inorganic minerals 

from ROM coal. The principle of dense media separation (Figure 2.3) is a technique based on 

density differences to separate mineral matter from raw coal (Honaker et al., 2000; England et 

al., 2002). 
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Figure 2.3: Basic working principle of the dense-medium cyclones. Image adapted from 

Millops Cyclones (2023) 

Honaker et al. (2000) reported that fine coal (ī1.0 mm) can be separated efficiently by 

increasing the centrifugal force in the cyclone. This is done by applying feed at high pressure 

into the dense-medium cyclone. This phenomenon was also supported by Suresh et al. (2010) 

and Napier-Munn (2018);the efficiency of a dense-medium cyclone for beneficiating fine coal 

(ī1.0 mm) depends on the high-pressure feed injection, which provides significantly high 

centrifugal force in the unit. A pilot-scale medium cyclone separator to upgrade coal of 

(ī6+2.0 mm) was used by Suresh et al. (2010) 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 achievable from a feed coal of 32% ash. 

According to Suresh et al. (2010), a further 5% increase in yield is attainable when the air core 

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

Zhang et al. (2014b) integrated a pump storage system into a dense-medium cyclone coal 

preparation plant to improve the energy efficiency of the plant while continuing to maintain 

the required supply of the medium. It was observed that the circulation loop of the medium 

reduced the associated energy consumption and, ultimately, the cost of separating coal using 

this unit. A life cycle cost analysis was conducted to ascertain the effectiveness of the pump 

storage system approach using the operation status quo of the dense medium cyclone plant, and 

the result showed that with a 160 m3storage tank, a +50% energy cost reduction is achievable. 

Another scenario showed that a 38% overall cost reduction with a 2.7-year payback period was 

attainable.  
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Using dense-medium cyclones and spirals is well-known for upgrading coal, and a combination 

of the two techniques was used by Ma et al. (2018) in a study to upgrade coal (ī1+0.125 mm). 

According to the authors, the presence of near-gravity materials in the coal feed was found to 

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

8.31% with a Probable Error of Separation value (Ep) of 0.150 was achieved from the spiral. 

Whereas a better result was achieved using a medium cyclone with a clean coal yield of 

62.98%, ash content of 8.31%, organic recovery of 80.84% and an Ep of 0.118.  

A novel dense-medium separation investigation was conducted by Williams et al. (2022) using 

calcium nitrate (from common fertiliser) rather than conventional calcium chloride solution to 

upgrade low-grade, high-ash Colombian coals. For this investigation, three low-grade coal 

samples from Valle, Cundinamarca and Antioquia, which are commonly used in Colombian 

stoker furnaces for sugar milling, were tested. The report shows that the calcium nitrate reduced 

the ash content 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 authors recommended further 

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

2.3.1.3. Reflux ClassifierTM 

The Reflux Classifier is an advanced type of gravity separator used in the mineral and coal 

processing industries. The separator is efficient in upgrading coal of (ī8.0 mm) and can go as 

low as 250 µm (Galvin et al., 2010; Kopparthi et al., 2019; Galvin et al., 2020). The Reflux 

Classifier as seen in Figure 2.4, separates fine particles based on the difference in their density 

or particle size. In addition, it combines a conventional fluidised bed separator with a set of 

parallel inclined plates that form lamella channels. A coal beneficiation study using the reflux 

classifier technique to upgrade coal was carried out by Galvin et al. (2010). In this study, the 

effectiveness of upgrading coal at (ī8.0 mm) was critically investigated, and it was observed 

that the process effectively produces a clean coal product with significantly low ash content. 

Four runs of the process were carried out, and the separation result (run 1) shows a product 

mass yield of 80.3% and an ash content of 8.5% from a feed coal of 18.0%. For run 2 and run 3, 

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, respectively. From the fourth run, a product yield of 90.4% and 10.2% ash was 

obtained.  
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Figure 2.4: Working principle of the Reflux ClassifierTM. Image adapted from Galvin et al. 

(2020) 

Another study conducted using the Reflux ClassifierÊ was reported by Campbell et al. (2015) 

on fine coal samples (ī1400+150 µm) from Waterberg Coalfield, Limpopo. A laboratory scale 

Reflux ClassifierÊ (105 × 105 mm), with 23 steel plates arranged at a 70° inclination angle 

and 3.5 mm apart, was designed and built for this study. The test was carried out on different 

coal fractions (ī1180+850 Õm), (ī850+600 Õm), (ī600+355 Õm) and (ī355+150 µm) under 

different water flowrates 25 to 80 L/min. At 35 L/min, a cut-point of RD 1.45 was attained for 

the (ī1180+850 µm) size fraction, while a cut-point 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.  

Kopparthi et al. (2019) also beneficiated high-ash coking coal fines of (ī2+0.25 mm) particle 

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 ClassifierÊ and the feed rate of the feed 

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

the feed coal was de-ashed 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% with an %value ranging from 0.07 

to 0.1 as separation densities varied between 1.34 and 1.7 RD.  

Iveson et al. (2019) also upgraded a (ī6.0 mm) coal using a reflux classifier and comparedthe 

dense-medium cyclone, which processed (ī6.0+4.0 mm), and the Reflux ClassifierTM at 
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(ī4+0.5 mm). Sixteen runs were carried out with the volumetric flowrate of the feed ranging 

from 210 to 368 Í Èϳ  and pulp density ranging from 16 to 37 wt%. 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 93.9%. 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 maximum Ep value of 0.1 was obtained. Rautenbach et al. (2019) also 

beneficiated 100 kg of coal at (ī75+1.7 mm) using the same approach. The result 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 a long-lived and effective gravity separation method to upgrade large arrays of 

unwrought minerals such as gold, raw coal, etc., having approximately 20% near-gravity matter 

(Ambrós, 2020). As pointed out by England et 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, viscosity and particle size (England et al., 2002; Terblanche, 2013; Woollacott and 

Silwamba, 2016; Woollacott, 2018). Langner (2016) pointed out that remixing can occur as 

pulsation strength increases in a wet jig. Figure 2.5 provides a representations of the jigging 

process, adapted from AllMineral (2018). 

 
Figure 2.5: Working principle of the wet jig. Image adapted from AllMineralJig (2018) 
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The wet jig technique was used by Rao and Vidyadhar (2006) to upgrade (ī10+6. mm), 

(ī6.3+4.0 mm), (ī4.0+1.0 mm) and (ī1.0 mm) coking coal samples from Assam. A clean coal 

product of 2.67% ash and 70.7% mass yield was obtained from the (ī10+6.3 mm) size fraction. 

The (ī6.3+4.0 mm) size fraction had the lowest ash content of 1.89% with the highest yield of 

73.7%, while the (ī4.0+1.0 mm) fraction had an ash content and yield of 3.29% and 64.9%, 

respectively. Tripathy et al. (2016) upgraded non-coking coal of (ī3+2.0 mm) and 

(ī2+1.0 mm) 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 and ash content of the clean 

coal product), and from this analysis, the Nelder-Mead 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 optimised conditions.  

Another study was carried out by Kumar and Venugopal (2017) using the wet jig on a coal 

sample with a (ī10 mm) size fraction. The coal was screened into different particle sizes of 

(ī10+6.73 mm), (ī6.73+4.73 mm), (ī4.73+3.0 mm), (ī3+0.5 mm) and (ī0.5 mm). Operating 

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 randomised three-level 

factorial design, was used to optimise the operating parameter and to improve the separatorôs 

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 2.0 L/min 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 (Han, 1983), and this process is a surface chemistry-based unit operation usually for 

fine solid-particle separation from an aqueous suspension (Jafarinejad, 2016). Several 

parameters (air bubbles, particle sizes and oil droplets) involved in this technique concurrently 

interface with each other and other species, like the molecules that boost reagents and ions that 

dissolve in water (Polat et al., 2003). A frothing agent is usually added to help stabilise the 

froth, which is skimmed off and becomes the clean coal product. A flotation aid, such as fuel 

oil, may also be used to increase the hydrophobicity of the coal and to help collect the particles. 

The bubbles introduced into the system lift the hydrophobic material to the top of the water 

suspension in which they are collected by skimming while the gangue is left behind in the water 
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suspension (Lynch et al., 1981; Han, 1983). Figure 2.6 portrays a basic working principle of 

froth flotation. 

 
Figure 2.6: Working principle of the froth flotation process. Image adapted from Pawlik 

(2022) 

Ozmak and Aktas (2006) carried out an investigation on the effects of reagent adsorption on 

the froth structure. This investigation determined the relationship between the reagents 

adsorbed on the solid particles, froth structure and froth flotation performance. A (ī53 ɛm) 

bituminous coal was used to perform this experiment, and the results showed that the 

adsorption of a high amount of reagent on the coal particles decreased the systemôs separation 

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

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

collectors. The depressant used was hexa-metaphosphate, and parameters, such as collector 

dosage, pulp inflation rate, stirring or revolving speed, frother dosage and the depressant 

mechanism, were investigated. The optimal flotation condition was achieved at 300 g/t 

collector dosage, pulp inflation rate of 0.25 m3/(m2.mins), 4000 g/t of depressant, 500 g/t 

frother dosage, revolving speed of 2200 rpm and a pulp concentration of 100 g/L. At these 

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

mass yield was achieved. 

Cheng et al. (2020) recently upgraded a coking coal of (ī500 µm) size fraction using the froth 

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 

(ī500+250 µm), (ī250+75 µm), (ī75+45 µm) and (ī45 µm), and the influence of three 

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Meryem++Ozmak
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flotation systems was investigated: the jet, counter-current and cyclone systems. The separation 

result shows that the counter-current system was very effective for the (ī500+250 µm) size 

fraction and the cyclone for the (ī250+45 µm) size fraction, while the jet system was effective 

for the (ī45 µm) 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 responsible for 

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 counter-current system showed 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 the (ī500+250 µm) size fraction showed that ash content lower than 

10%, and combustible recovery in the range of 62.34 to 66.16% was obtained, while for the 

(ī250+75 µm), 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 

ïto 73.03% was obtained for the (ï75+45 µm), while combustible recovery in the range of 30 

to 64.54% and ash content lower than 14.5% was achieved for the (ī45 µm) size fraction.  

2.3.2. DRY BENEFICIATION  

Dry beneficiation techniques explore the differences in the coalôs physical properties and its 

inherent mineral matter, which include the shape, density, size, magnetic susceptibility 

tendencies, lustrous nature and electrical conductivity for coal separation (Dwari and Rao, 

2007; Bada et al., 2010a; Charan et al., 2016; Chagwedera, 2017). Numerous techniques have 

been used for the dry beneficiation of coal, such as the air table, air-dense medium fluidised 

bed (ADMFB), electrostatic separators, air jigging and a few innovative approaches (Chen and 

Wei, 2003; Bada et al., 2010a; Bada et al., 2010b; Bada et al., 2012; Scholtz et al., 2015; 

Chagwedera et al., 2018). In the sections that follow, three different types of dry fluidised bed 

techniques are discussed (ADMFB, dense-medium vibrated fluidised bed (DMVFB) and 

magnetically stabilised fluidised bed (MSFB)), followed by other dry processes.  

2.3.2.1. Air-dense-medium fluidised bed (ADMFB) 

The ADMFB is a major technique used in the beneficiation of dry coal and is deemed to be 

one of the most efficient methods for dry coal beneficiation (Fu et al., 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 of the coal is attained through vertical stratification 

(Chagwedera, 2017). Skimmers are attached to the separator to remove middling and clean 

coal fractions along the table length (Kretzschmar, 2010). The pressure drop across a fixed bed 
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height containing a single size of isotropic solids is determined using a model called Ergunôs 

equation (Makokha et al., 2012). This phenomenon is similar to the sink-float process that 

depends on Archimedes' principle (Sahu et al., 2009; Zhao et al., 2014; Meshram et al., 2015; 

Zhao et al., 2015). 

An investigation was carried out by Choung et al. (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 (medium), were investigated and their influence 

on separation efficiency. Coal samples of (ī6+5.66 mm), (ī5.66+3.35 mm), (ī3.35+1.0 mm), 

(ī1.0+0.42 mm), (ī0.42+0.25 mm), (ī0.25+0.04 mm) and (ī0.04 mm) size fractions and 

magnetite (ī300+150 µm), (ī106+45 µm), (ī75+45 µm), (ī53+45 µm) and (ī45 µm) size 

fractions with the bed density of 1.6 ÇÃÍϳ  were tested. Separation results show that for 

(ī5.66+3.35 mm) coal size, clean coal with an ash content of 14% was achieved for magnetite 

of (ī300+150 µm) size fraction at an air velocity of 23.5 m/sec. However, the ash content was 

further reduced to 6% with a mass yield at 90% when the particle size of magnetite was reduced 

to (ī106+45 µm) at a velocity of 4.0 m/sec, with little to no significant improvement in the 

separation performance when using magnetite of (ī75+45 µm) at a velocity of 2.9 m/sec. For 

the (ī3.35+1.0 mm) coal and magnetite of (ī106+75 µm), a clean coal with an ash content of 

7% and yield of 70% was achieved as the bed density was reduced from 1.6 g/cm3 to 1.4 g/cm3. 

While the separation performance for the (ī1+0.42 mm) coal size fraction was very small. 

In a study carried out by Luo et al. (2007) using a (ī50+6.0 mm) coal particle size, the effect 

of a low-density cut-point was studied using magnetic pearls as the 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 content of 13.95%, while the ash content in the tailings was 

56.82%. Prashant et 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 batch ADMFB separators. ROM coal of (ī6+2.0 mm) particle size range and 

25% ash content were beneficiated, and a clean coal of 10% ash and 80% yield was achieved. 

A continuous ADMFB was used by Dave (2012) to beneficiate a (ī22 mm) coal fraction from 

Genesee Mine, Alberta, Canada. A yield of 80% with an ash content of 10% from a feed coal 

of 26% ash content was obtained. Sahu et al. (2009, 2011, 2013) carried out an investigation 

to upgrade high-ash Indian coal using the ADMFD separator at (ī25+6.0 mm) particle size 

fraction. A 600 kg/h capacity continuous ADMFD separator with nano-bubbling condition was 



20 

 

fabricated by observing the fluidisation stability, and this characteristic was an important factor 

in the separation process. From these investigations, clean coal products of 60 to 72% yield 

and an ash content range between 32 and 35.5% were achieved with an Ep of 0.12.  

Another study was conducted by He et al. (2013) on South African coal using the dense gas-

solid fluidised bed technique utilising a (ī50+6.0 mm) size fraction with 78.20% of the 

cumulative mass distribution being 1.6 g/cm3. Simulation and experimental results of the 

hydro-mechanical and density distribution stability indicated that under stable operating 

conditions, the dense gas-solid fluidised bed 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 material with 15.44% ash content. In another investigation by Azimi et al. 

(2013) on Canadian low-rank coal, the influence of bed height, residence time and superficial 

air velocity on the separation performance of the ADMFD was conducted. A clean coal product 

of 10.60% ash and 95.63% yield at optimal operating conditions of 150 mm bed height, a 

superficial air velocity of 0.15 m/sec and a residence time of 90 seconds was produced. The 

authors observed that with an increased feed rate, a lower ash clean coal product at a higher 

yield can be achieved. 

Integrating a pulsating system with an ADMFB was utilised by Duan et al. (2015) to beneficiate 

a (ī6.0+1.0 mm) coal particle size fraction. A feed coal of 56.15% was de-ashed to 33.69% 

with an Ep of 0.085 at a pulsation frequency of 1.82 Hz. Another novel ADMFB was designed 

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

mixture of magnetite of (ī0.3+0.06 mm) and fine coal (ī1.0 mm) as the heavy medium to 

upgrade coal feed of (ī100+6.0 mm). The approachôs industrial application became the worldôs 

first ADMFB modularised dry separator, achieving clean coal with an organic efficiency of 

95%, ash content of 3.46% and 67.88% yield with an Ep 0.05. Although 0.42 kg loss per ton of 

the heavy medium occurred, less than two dollars was spent for the separation of a ton of coal 

feed. Chagwedera et al. (2018) also carried out an investigation to find an alternative dense 

media to magnetite with potential for use on (ī13+6.0 mm) 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 the bed density under 0.7% and standard deviation under 0.0025 ËÇÍϳ . At 100% 

magnetite bed, a clean coal product of 25.24 MJ/kg 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 of 27.3 MJ/kg 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 an Ep value of 0.083 was achieved.  

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

was investigated by He et al. (2018) in upgrading (ī13+6.0 mm) coal. The two mediums of 

(ī0.20+0.15 mm) of magnetite powder and quartz sand of (ī0.35+0.25 mm) were investigated. 

Optimal separation results were achieved when the quartz sand was between 10 and 20% of 

the binary media. A high-grade coal product of 10.12% ash content and 68.29% yield was 

achieved. The combustible recovery of 92.09% and Ep of 0.085 was also achieved, indicating 

that this process has high separation efficiency. 

2.3.2.2. Dense-medium vibrated fluidised bed(DMVFB) or vibrated fluidised bed(VFB) 

Over time, the ADMFB has been relatively efficient in upgrading coal of (+ 6.0 mm) particle 

size; however, it has been relatively inefficient for (ī 6.0 mm) (Luo et al., 2008). The DMVFB 

separator is a fluidised bed that utilises an external vibrating force to upgrade coal of (ī6.0 mm) 

(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 

(Luo et al., 2008; Yang et al., 2013a, 2013b; Wang et al., 2016). The investigations carried out 

by Luo et 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.  Occurrence 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 deploying the DMVFB to beneficiate the (ī6.0 mm) 

particle size. The bubble-breaking mechanism was exhaustively studied, and the results showed 

that at optimal conditions, the coal of (ī6 mm) with a lower limit of 0.05 mm was effectively 

beneficiated with an Ep of 0.07, and the mechanism proved to be more effective than the wet 

jig, which gave an Ep of 0.11. An experimental study was carried out by Yang et al. (2013a, 

2013b) deploying the vibrated fluidised bed (VFB) to upgrade coal of (ī6.0 mm) particle size. 

The results show Ep values of 0.190 to 0.225 and 0.175 to 0.195 for the particle size fractions 

of (ī6.0+3.0 mm) and (ī3.0+1.0 mm), respectively. In another study, a VFB was also used by 

Yang et al. (2015) to beneficiate fine coal of (ī3.0+1.0 mm), and an Ep of 0.23 was achieved. 

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 out by He et al. (2015). A lignite coal 

of (ī6.0+1.0 mm) was tested and further split into (ī6.0+3.0 mm) and (ī3.0+1.0 mm). The 

respective samples attained a significant yield with cut-points of 1.68 and 1.75 RD and Ep 

values of 0.065 and 0.055. For the (ī6.0+3.0 mm) sample, a mass yield of 84.46% and ash 

content of 10.40% was achieved from a feed coal of 23.52%, while the (ī3.0+1.0 mm) size 

fraction produced a product of 11.43%.  

Fu et al. (2017) likewise used the VFB technique to upgrade lignite coal of (ī6.0 mm) particle 

size distribution. The particles were partitioned into different sizes (ī6.0+4.0 mm), 

(ī4.0+2.0 mm), (ī2.0+0.5 mm) and (ī0.5 mm) before beneficiating in the separator. The 

optimal separation for the (ī6.0+0.5 mm) was obtained at operational parameters of 0.646 m/s 

air velocity, a fluidisation time of 360 seconds and a static bed height of 129.3 mm. The authors 

observed that the separator was not effective in upgrading coal of (ī0.5 mm) size fraction.  

2.3.2.4. Magnetically stabilised fluidised bed(MSFB) 

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 (Fan et al., 2001; Fan et al., 2002). Figure 2.7 is a 

generic schematic diagram of the working principle of the MSFB.  

 
Figure 2.7: Schematic diagram of the crossflow magnetically stabilised air-dense medium 

fluidised bed. Image adapted from Song et al. (2012b) 

 

An experimental investigation was conducted by Fan et al. (2001) using this approach to 

upgrade coal of (ī6.0+1.0 mm) size fraction and magnetic pearls of 98 µm. The separation 

result shows that the process can effectively cut coal at an RD of 1.5 with an Ep value of 
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approximately 0.07. Another coal beneficiation study was performed by Fan et al. (2006) to 

upgrade ROM coal at a top size of (ī50 mm). The coal particles were split into three size 

fractions (ī50+6.0 mm), (ī6.0+0.5 mm) and (ī0.5 mm) and subjected to three different 

beneficiation techniques: ADMFB, MSFB and electrostatic separation. ADMFB was very 

effective in upgrading the (ī50+6.0 mm) coal; however, there was excessive back mixing and 

bubbling for the (ī6.0+0.5 mm coal); therefore, MSFB was used for this fraction. Three 

magnetic beads, the Fushun, Shiliquan and Zouxian beads, were used independently 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 the magnetic field was applied. An optimal separation 

efficiency was achieved with an air velocity of 12.3 m/s and 30 oersted magnetic field intensity. 

A clean coal product of 14.6% ash and an Ep value of 0.066 was achieved at a separation density 

of 1.52 g/cm3.  

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

of (ī6.0+0.05 mm) size fraction of low ash coal. The optimal operating parameters used in this 

study were 55.0 m/sec gas velocity, 30 Tesla magnetic field intensity and bulk density of 

1.5 g/cm3. 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 Ep value of 0.065. Song et al. (2012a, 2012b) also utilised a crossflow MSFB separator to 

beneficiate coal of (ī6.0+0.5 mm) size fraction, using magnetite of (ī0.074+0.045 mm) size 

fraction. A significant separation efficiency was achieved, with an Ep of around 0.068 to 0.095. 

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

of the coal decreases below 0.5 mm. 

2.3.2.5. Air/pneumatic table 

The stratification of particles based on the difference in their density and terminal velocity 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 velocities of 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 to the bottom in the direction of the deckôs vibration 

along the riffles (Zhao et 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 clean coal and middling along the tableôs length (Kretzschmar, 2010). 

Figure 2.8 shows the basic working principle of the air/pneumatic table. 

 
Figure 2.8: Basic air/pneumatic table. Image adapted from Rusmagnet (2022) 

 

The technical and economic feasibility study of the air table was carried out by Çicek (2008). 

Two coal feed samples (A and B) of three different particle size ranges (ī8.0+5.0 mm), 

(ī5.0+3.0 mm) and (ī3.0+1.0 mm) were upgraded and the results showed that the coal feed of 

(ī3.0+1.0 mm) size fraction 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 

EP of 0.09 and 0.20, respectively.  

A study to ascertain the 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 investigation show 

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 transverse inclination increases.  

Chalavadi and Das (2015) used an air table separator to beneficiate fine coal at (ī1.0 mm) size 

fraction. Feed coal of 43% ash content was upgraded using the air table. Based on the separation 

results, it was established that a 10% (absolute) reduction in ash with a significantly high 

quantity 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 that the 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 led to the productôs 

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 the Southern Illinois University air table, was utilised by Akbari 

et al. (2017) to upgrade coal of (ī6.35+1.0 mm) 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 the Southern Illinois University air table for coal beneficiation was optimised, 

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

for 1.0 mm and 2.0 mm coal fractions. The two coal samples were from seam 6 in Illinois, and 

the separation results showed that coal A and B had cut-points of 1.70 and 1.89 and Ep values 

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 52.9%, respectively. The 

efficiency of screening for 1.0 mm and 2.0 mm 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 separator applies the difference in the particlesô 

densities and settling velocities, which is practically equivalent to the wet jig (Zhao et al., 2014; 

Charan et 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 

(Charan et al., 2016; Chagwedera, 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 (Zhao et 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 (Zhao et al., 2014; Charan et al., 2016). 

Combining vibration with air supply boosts stratification and transportation of materials across 

the jigging bed (Honaker, 2007). Sampaio et al. (2008) utilised an air jig separator to beneficiate 

a high ash Brazilian coal from Candiota. This low-rank coal with 1.8% sulphur content and 

51% ash content was upgraded using this approach. The sulphur and the raw 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 Allmineral with a 50 t/h capacity, was used by Charan et 

al. (2011) to beneficiate an Indian high-ash non-coking 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 

(ī40+5.0 mm). In another study, an Allair stratification jig was also used by Boylu et al. (2015) 

to upgrade a feed coal of (ī13+4.0 mm) particle size fraction and 43% ash content. A clean 

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

Barro Branco seam in Brazil using a dry batch jig by Feil et al. (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 layer 74.93%, contrasted 

with a feed coal of 54.89% ash content.  

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

the Denver air jig to upgrade coking coal of (ī10+3.0 mm) size fraction. In this study, the coal 

particle size was split into three size fractions of (ī10+6.73 mm), (ī6.73+4.73 mm) and 

(ī4.73+3.0 mm). 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 the separatorôs 

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 size of (ī5 mm) and 40 mm 

bed height. Figures 2.9 and 2.10 illustrate details of the working principle of the air/dry jig. 

 
Figure 2.9: The basic working principle of an Air/dry jig. Image adapted from Ambrós (2020) 
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Figure 2.10: The working principle of an air jig. Image adapted from , Charan et al. (2011) 

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 inherent minerals (mineral/gangue material) are to 

magnetisation. As pointed out by Zhao et al. (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 and mineral 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 (Zhao et al., 2014; Meshram et al., 2015). Zhou et al. 

(1996) carried out an investigation using the gravity-enhanced 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 separation process. 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 de-ash 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 density of the magnetic field, as well as the fieldôs intensity of the coal 

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 is the measure of 

the degree to which a material becomes magnetised in response to an external magnetic field. 

In addition, an opposite polarity in the magnetism of the low- and high-density coal was 

observed. The results from the separation performance of the tested coal show that the fine coal 

was de-ashed and de-sulphurised by 64.41% and 55.52%, respectively. Zhang et al. (2020) 

conducted a study on the de-sulphurisation of (ī0.5 mm) coal using a high gradient magnetic 

separator. The feed coal was screened into three different particle sizes (ī0.5+0.3 mm), 

(ī0.3+0.15 mm) and (ī0.15+0.074 mm), and the effects of the background field intensity, 

specific susceptibility and microwave pretreatment time were investigated for the coal-feeds. 

The experimental results show that 31% sulphur rejection was achieved for the 

(ī0.15+0.074 mm) 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 

(ī0.074 mm) coal size fraction at 240 seconds microwave pretreatment time with a background 

field strength of 5000 tesla (T).  

2.3.2.8. Fuhe Ganfa Xuanmei dry separator 

The Fuhe Ganfa Xuanmei (FGX) dry separator is one of the few dry coal separators that has 

been utilised commercially for the beneficiation of South African coal (De Korte, 2015). The 

separator was initially designed by a Chinese dry coal specialist, with a few hundred separators 

designed and sold worldwide (Zhao et al., 2014). It utilises the separation standards of an 

autogenous medium and a table concentrator (Charan et al., 2016). The deck vibration 

frequency, feeder frequency, height of the baffle plate, longitudinal deck angle, vibration and 

the air stream all considerably influence the separatorôs efficiency (Zhao et al., 2014). The FGX 

separator gives a moderately effective separation at high values of separation densities between 

1.8 RD to 2.2 RD. The typical Ep is about 0.25 (Charan et al., 2016). Riazi and Gupta, 2015 

illustrate the principle of operation of the FGX dry separator in Figure 2.11. 
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Figure 2.11: Schematic diagram of the Fuhe Ganfa Xuanmei dry separator and its processing 

system. Image adapted from FGX Sep. Tech, LLC, USA (Riazi and Gupta, 2015) 

A 5 t/h pilot-scale FGX dry separator was utilised by Honaker et al. (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 FGX can reject more than 70% of rocks of high 

density from ROM coal at high separation density estimations of around 1.8 to 2.2 ÇÃÍϳ , 

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

a feed coal of 43% ash content and (ī13+4.0 mm) particle size fraction. The separation results 

show a clean coal with a yield of 48.8% and 17.4% ash content. The FGX dry separator was 

also used by Ling et al. (2018) to upgrade ROM coal from the Dafeng mine in China. In this 

study, the FGX-3 dry separator was used to upgrade coal of 80 mm top size. The studyôs results 

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 increased as the size 

distribution of coal decreased from (ī80+50 mm) to (ī6.0+3.0 mm). In addition, the FGX 

could beneficiate the (ī3.0 mm) fraction effectively.  

Hacifazlioglu (2018) used the FGX dry separator to carry out a beneficiation study on low-

rank lignite Turkish coal. In this study, the FGX dry separator integrated with infra-red 

increased the net calorific value of the coal to 10.46 MJ/kg from 6.90 MJ/kg, reaching the 

minimum energy requirement of lignite coal for the Turkish coal market. The FGX dry 

separatorôs optimal result was achieved at operational parameters of 15 mm baffle height, 50% 

air rate, a longitudinal angle of (ī1Ü) and a (5Ü) latitudinal angle, and 48Hz motor frequency. A 

clean coal product of 70.30% yield with an ash content of 35.20%, 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 9.37 MJ/kg. The humidity decreased with 

the infra-red drying process, leading to an increased net calorific value of 10.46 MJ/kg.  

2.3.2.9. Tribo-electrostatic separator 

The tribo-electrostatic beneficiation process is an advanced coal cleaning process that can 

upgrade (ī300 µm) particle size fraction feed coal (Dwari and Rao, 2009; Xin-xi et al., 2009; 

Zhao et al., 2014). Meshram et al. (2015) also stated that this technique can effectively 

beneficiate fine coal (ī74 µm) size fractions. This technique utilises contrasts in the electrical 

conductivity characteristic of the clean coal and mineral matter in the coal feed (Bada et al., 

2010a, 2010b). Three key mechanisms involved in the electrostatic separation process, as stated 

by Dwari and Rao (2007), are conductive induction, tribo-electrification and corona 

bombardment. Coal feed particles 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 separation 

chamber, attracting the mineral matter and the clean coal to opposite plates thus producing 

clean coal and gangue stream (Chagwedera, 2017; Zhao et al., 2014).  

It is important to note that this process requires a certain amount of particle liberation in the 

feed material. This implies that each particle must be independent of each other to allow for 

separation when passing through the electrostatic field (Zhao et al., 2014). The yield of this 

technique is known to be low on average, but high-grade clean coal products with significantly 

low ash content are achievable (Soong et al., 2001; Xin-xi et al., 2009; Zhao et al., 2014). Xin-

xi et al. (2009) showed the principle of this process in Figure 2.12. 
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Figure 2.12: Principle tribo-electrostatic separator and sampling rule (Xin-xi et al., 2009) 

In a study carried out by Soong et al. (2001) utilising the triboelectric separation technique to 

upgrade three coal samples from Cigel, Handlová and Nováky in Slovakia, the feed coals were 

screened to a particle size of (ī15 Õm) for the Cigel coal, (ī20 µm) for the Handlová coal, and 

(ī12 Õm) for the Nov§ky coalThe separation process was modest, with ash contents of 51.58% 

in the Handlová coal feed reduced to 39% and a combustible recovery of 78%. 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%, but the combustible recovery dropped to 28%. The 

Nováky 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 a tribo-electrostatic separator 

to upgrade Indian thermal non-coking coal at (ī300 µm). A clean coal 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 tribo-electrostatic separator on a 

(ī75 µm) particle size fraction. Results from this test show that 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 removed. Bada et 

al. (2010a) utilised a rotary tribo-electrostatic separator for the separation of South African coal 

at (ī177 µm). The investigation was carried out under various process parameters, such as air 

injection velocity, feed rate, applied charging and separating voltage, and splitter position. The 
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results showed that Majuba raw coal with 30% ash content was de-ashed to 14.30% and 10.82% 

after two stages of separation and at different separating voltages. A coal beneficiation study 

was conducted by Dwari et al. (2015) to upgrade high-ash Indian coking coal. In this study, the 

electrical and chemical properties of the carbon, kaolinite and quartz constituents of the coal 

sample were investigated. The tribo-charging medium used was copper, and the separatorôs 

design parameters, such as the plate angle and gap, were studied to determine the separatorôs 

optimal performance. It was observed that the carbon, kaolinite and quartz acquired different 

amounts of absolute charge, and as the tribo-charging time increased, the magnitude of charge 

also increased. Separation results from this research show that at an angle of 5º 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 compares the EPM/Ep values of a few 

wet and dry coal beneficiation techniques. 

Table 2.1: Comparison between fine coal (ī6.0 mm) beneficiation techniques for wet and dry 

processing 

Separation Technique Ecart Probable Moyen/Probable Error of 

Seperation 

Dense-Medium Cyclones (Wet 

Beneficiation) 

~0.08 ï 0.150 (Ma et al., 2018) 

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

Reflux Classifier (Wet 

Beneficiation) 

~ 0.07 ï 0.10 (Iveson et al., 2019; Kopparthi et al., 

2019) 

Froth Flotation (Wet Beneficiation) ~ 0.125 (Horsfall et al., 1986) 

Air -Dense Medium Fluidised Bed 
(Dry Beneficiation) 

~ 0.05 ï 0.12 (Zhenfu and Qingru, 2001; Sahu et al., 

2009) 

Air Jig (Dry Beneficiation) ~ 0.16 ï 0.27 (Boylu et al., 2015) 

Fuhe Ganfa Xuanmei (Dry 

beneficiation) 

~ 0.25 (Charan et al., 2016) 

Air Table (Dry Beneficiation) ~ 0.18 ï 0.65 (Akbari et 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 by Yang et al. (2018) to upgrade 

coal of (ī6.0+2.0 mm) size fraction. This separation technique uses the difference 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 result obtained shows a clean coal yield of 56.75% with 

an ash content of 16.61% from feed coal of 26.92%. Figure 2.13 illustrates an overview of the 

planar air jet principle.  
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Figure 2.13: The planar air jetôs working principle (Yang et al., 2018) 

Another novel technique was also applied by Dong et al. (2019) on coal of two particle size 

fractions (ī100+50 mm) and (ī50 mm). The innovative 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 and FGX dry separators, and the 

process of coal transportation and the extent of de-ashing under different vibration parameters 

(i.e., the vibration amplitude and vibration frequency) were investigated. The result from the 

study showed that optimum separation efficiency for the ADMFB was attained at an air 

velocity of 0.11 m/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 amplitude of 18 Hz 

and 2.2 mm, respectively, with a yield of 90.30% and a 13.28% ash content. 

In a recent study by Dong et 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 separator were arranged in series to upgrade low ash coal of (ī100 mm) 

particle size fraction with 14.86% ash content. The raw coal was sized into two size fractions 

of (ī100+50 mm) and (ī50 mm); the former size fraction was upgraded using the ADMFB, 

while the latter was beneficiated with the FGX separator. For the ADMFB, fluidisation 

characteristics were investigated, and results showed that at a gas velocity of 0.11 m/sec, a 

clean coal product of 90.96% and ash content of 7.86% was achieved. For the FGX, results 

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

achieved at operating parameters of 18 Hz frequency and a vibration amplitude of 2.2 mm.  
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2.5. THE SOUTH AFRICAN COAL MARKET  

As of 2021, South Africa produces an average of 224 million tons of coal annually (ESKOM, 

2021), meeting around 70% of the installed power generation capacity (IEA South-Africa, 

2023). The largest coal deposits in South Africa are found in the Ecca deposits, which are part 

of the Karoo supergroup and cover around two-thirds of the country. These deposits contain 

more than a third of the coal reserves in the entire Gondwanan region (Cairncross, 2001; 

Mining Africa, 2022). Present coal reserves are deemed to sustain the nationôs coal 

consumption for 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 Emalahleni coalfields gradually 

approaching their useful life (Minerals Council South Africa, 2023). The Grootegeluk Coal 

Mine in the Limpopo province is presently the countryôs largest colliery, producing an 

estimated 32.46 million tons of coal in the year 2022 (Mining Technology, 2023a). Figure 2.14 

from Hancox and Götz (2014) shows nineteen generally accepted coalfields in the nation. 
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Figure 2.14: South African coalfields (Hancox and Götz, 2014) 

In the year 2022, coal 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, 2022). From 1990 to 

2017 in South Africa, energy production increased by 37.39% from 115 to 158 million tons of 

oil equivalent (IEA, 2023). The total primary energy supply increased by 46.67% from 

90 million tons of oil equivalent, and electrical final consumption increased by 45.51% from 

156 TWh to 227 TWh, which caused a 72.95% increase in carbon dioxide emissions from 244 

to 422 million tons (IEA, 2023). As the Minerals Council South Africa (2023) points out: 

I. The coal industry employed 92 230 individuals in 2019, making 19% of the total 

employment in the mining industry. Likewise, in 2018, it employed 86 647 people and 

82 248 in 2017. In 2022, the coal industry employed nearly 91 000 people (90 977), 

who together earned R31.7 billion.  

II.  About 231.2 million tons of coal was produced in 2022, and total sales for that year 

were R252.3 billion. For the year 2019, 258.9 million tons of coal were produced with 
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a total sale of R139.3 billion; in 2018, 253 million tons were produced with a total sale 

of R146 billion. 

III.  About 70% of coal produced is consumed locally, with more than 70% meeting the 

electricity demand. 

In 2022, South Africa was the seventh-largest 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 CAGR of 0.74% 

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, with the highest share being 

exported to India. South Africaôs coal exports are expected to grow at a CAGR of 0.67% 

between 2022 and 2026 (Mining Technology, 2023b). South Africa currently ranks 7th largest 

coal producer (Global Fire Power, 2023a) and 6th largest consumer 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 particles based on the continuous decline in the velocity with which the 

travelling particles fall through a fluid medium (Wills and Napier-Munn, 2006). This concept 

is well-used in several industries, including agriculture, food processing and, particularly, 

mineral processing. Particle classification is made possible by the particlesô physical properties, 

such as their shape, size and density. Solid particles falling freely in a vacuum are subject to 

constant acceleration as their velocity increases indefinitely, regardless 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 particles come to rest as they attain what is known as terminal or settling 

velocity (Wills and Napier-Munn, 2006; Alade et al., 2021). Particle separation is possible 

when these solid particles reach their respective settling velocities due to different sizes and 

densities. 

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 provides excellent separation efficiency, some 

drawbacks, including negative environmental impacts and high operational capital costs, have 
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made dry classification a viable alternative (Chagwedera, 2017; Alade et al., 2021; Kaas et al., 

2022). The primary purpose of classification is to separate coarse particles from fine particles 

in a particle mix. With dry classification, the processing of particles in various sizes ranging 

from fine powder to pellets, flakes and even two-dimensional materials such as paper and 

aluminium foil are achievable (Shapiro and Galperin, 2005; 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 literature. Some of these 

techniques involve ballistic air separators, winnowing separators and wind-sifting separators, 

among others (Bao et al., 2009; Jang et al., 2014; Luijsterburg and Goosens, 2014; Mielke, 

2018;; Roloff et al., 2019; Cappelli et al., 2020; Netsch et al., 2022).  

In the case of wind-sifting, this technique sometimes involves using sieves for the classification 

of particles and without sieves, as seen with the Zigzag wind-sifter, which uses air primarily 

for particle sorting (Stebbins, 1932). The wind-sifting separation techniques have been used in 

various applications and in the diverse recycling of materials, like electronic waste (e-Wastes), 

municipal solid wastes, food, furniture, pharmaceuticals, minerals, chemicals and 

metallurgical, and, recently, in the field of coal processing (Goran, 1951; Heinrich 1962; 

Rumpf and Leschonski, 1979; Ericsson, 1991; Nishinari et al., 1992;Gornet et al., 2002; Krauß 

et al., 2002; Kimmeyer and Schnartz, 2003; Eichert et al., 2008; Redemann et al., 2008; Pehlken 

and Müller, 2009; Giani et al., 2014; Krüger et al., 2014; Pettinari and Simone, 2015; Adamļ²k 

et al., 2017; De la Fuente et al., 2018; Evangelopous et al., 2018; Roloff et al., 2019; Alade et 

al., 2021). In a study conducted by Redemann et al. (2008), the technology was used in 

managing ash production in the circulating fluidised bed combustors during the co-firing of 

refuse-derived fuel and coal. In addition, it was employed in monitoring the transportation of 

a mixture of fuel and limestone from a hammer mill into the combustion chamber. The same 

technique was also used by Krüger et al. (2014) to separate toxic substances from the waste 

stream to obtain a higher quality refuse-derived fuel.  

A study on Material Advanced Recovery Sustainable Systems conducted by Giani et 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 solid waste to generate biomass fuel to feed the biomass 

plant. The municipal solid waste was subjected to a thorough waste characterisation 

programme. The wind-sifter was utilised to partition the heavy inert portion from the lighter 

desired fuel to obtain the required particle size distribution. The results showed that the 
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biodegradable portions were in the fraction (ī40 mm) particle size, whereas the fraction 

(ī10 mm) had about 45% of the streamôs energy content (calorific value). The study 

recommended that screening municipal solid wastes to (ī11.5+4.0 mm) size fraction will boost 

the heating value of the stream to 13.3 -*ËÇϳ . Hagemeier et al. (2014) used computational 

fluid dynamic simulations and discrete particle modelling in a coupled manner to numerically 

investigate the separation efficiency of a pilot-scale zigzag wind-sifter 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 performance varied 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 than the coarser particles, making them easily affected by the 

vortices, thus increasing their residence time. 

In a study conducted by Lotfi et al. (2015), the author applied a combination of SMART 

demolition technologies coupled with innovative techniques to produce high-grade recycled 

aggregates with very low pollutants. The sifting technology combined with near-infrared was 

used by the author to sort plastic and wood fragments, with the (ī16+4.0 mm) particle size 

fraction achieved within the stipulated European Union standard. Overall, the study shows that 

the combination of wind-sifter and near-infrared sorting proved very valuable when compared 

with using the near-infrared sensor sorting system alone. Mann et al. (2017) conducted a study 

using the zigzag wind-sifter to investigate the processing of agricultural raw materials, minerals 

and their products using gravel and sand as models for the feed of non-homogenous sized 

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

shape and density was investigated. A SMART (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 size. A study by Adamļ²k et al. (2017) utilised the wind-

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 of the rotor and their influence on turbulent flow field patterns within the 

air classifier were investigated. The wind-sifter unit was installed together with a centrifugal 

fan (for air recirculation) and was used for the separation and transportation of particles.  

The recovery of useful metals from the automotive shredder residue was carried out by 

Evangelopoulos et al. (2018) using the wind-sifter technique. The automobile shredder residue 

is the remaining fraction, which are the lighter particles of municipal metallic vehicle waste. In 
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another investigation carried out by Roloff et al. (2019), a multi-camera shadow imaging 

system was installed in a wind-sifter separator to capture the dynamics of the particles in the 

separator. The fabricated wind-sifter separator was used to separate glass beads of 1.0 mm to 

4.0 mm 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 particle loading for the classification of the particles. Reddy et al. (2021) used the zigzag 

wind-sifter separator to separate food particles such as milk, spices, starch, sugar, salt, flour 

and grain. The wind-sifting principle was used to circumvent the challenges, as well as high 

capital and operational expenditures, that would have been encountered with the conventional 

approach of using sieves for separation. Reddy et al. (2021) also noted that it was easier to 

maintain the zigzag separator due to its wear-resistance and not sensitive to changes in the 

composition of the feed material. 

The most recent wind-sifter separator was fabricated by Alade et al. (2021). The separator was 

used by the author to upgrade ROM coal from the Witbank coalfield, South Africa. The 

separator was effective in upgrading a feed coal of 30.28% ash content and 21 MJ/kg calorific 

value to a clean coal of 18.94% ash content with a calorific value of 26.8 MJ/kg. This was the 

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

prototype with an optimised version in view.  

Although various configurations of wind-sifter separators exist, the three major types of wind-

sifters are zigzag sifters, rotary/drum/centrifugal sifters and air-wheel sifters. This section 

reviews these types of wind-sifter 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 approaches to using the wind-sifting principle for particle separation. 

2.6.1. THE ZIGZAG WIND -SIFTER 

2.6.1.1. General design features and mode of operation 

The zigzag wind-sifter consists of cascading connected vertical channels. The channels 

alternatively slant left and right and facilitate the separation of a solid dispersed particle phase 

into its light-fine and heavy-coarse fractions (Roloff et 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 wind-sifter is its zigzag section, from which its name is derived. Figure 2.15 

provides a general representation of the segmented section in question.  

 
Figure 2.15: General design of the zigzag section (Alade and Bada, 2023). 

Kaas et al. (2022) provided an elucidating review of the zigzag wind-sifter, 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 cross-sections, while the step angle of the section in each 

stage is shown in Figure 2.16. The separator design can vary based on manufacturerôs design, 

like Impact Air Systems, etc., for their respective applications. In the Kaas et al. (2022) design, 

the step angle for each stage was 120 degrees to ensure an adequate amount of kinetic energy 

in the sifting and transportation of the lighter particles. 
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Figure 2.16: Side view of the zigzag wind-sifter. Image adapted from Kaas et al. (2022). 

2.6.1.2. Operational principle 

Figure 2.17 shows the basic function of a zigzag wind-sifter 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 directly from the top of the 

zigzag separator, usually with the aid of a rotary valve, as indicated in Figure 2.18. This is then 

distributed over the complete sifter channelôs cross-section. In the zigzag section, the feed 

materials bounce through this section as they cascade 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 designated collection zone.  
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Figure 2.17: Working principle of the zigzag separator. Image adapted from ERGA Global 

zigzag separator (2022) 
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Figure 2.18: Image showing the rotary hopper valve. Image adapted from 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 attain their settling velocities. This type of wind-sifter engages 

both the counter-current and co-current modes of particle separation. The counter-current 

separation occurs when the incoming air meets with the incoming feed, while for the co-current 

separation, the lighter particles are transported to their settling zones. Major companies like 

Trennso Technik and Impact Air Systems, etc., usually combine their zigzag separators with a 

gas cyclone equipment to ensure adequate classification. Some researchers have combined the 

zigzag separator with other separators, like the ballistic air separator, depending on the nature 

of the application, like municipal solid wastes and e-waste treatment (Trennso Technik, 2018; 

Impact Air Systems, 2021). Figure 2.19 shows a typical zigzag sifter and gas cyclone assembly. 
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Figure 2.19: A zigzag separator with a gas cyclone. Image from ERGA Global Zigzag 

Separators (2022) 

The research conducted by Alade (2021) for dry coal beneficiation entailed using 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 points). The labelled schematic of the separator designed by 

Alade (2021) is provided in Figure 2.20, demonstrating that the zigzag separator is very 

flexible. The particles are separated based on their sizes and densities by varying process 

parameters, such as particle loading (feed rate), size disbributions of the particles fed, and air 

flowrate into the separator (Blanke 2015; Walton et al., 2015; Alade, 2021; Alade et al., 2021; 

Kaas et al., 2022). 
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Figure 2.20: 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 variable frequency drive motor drive for the rotary hopper valve 

9- The first chamber (the wind-sifter) with the zigzag section  

10- Support frame for the wind-sifter 

11- Coal bin for the first chamber 

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

13- Second 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 the filter 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 centrifugal force to the feed particles. Major components of this sifter 

(Figure 2.21) 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 in a helix form, also called an auger.  

 
Figure 2.21: 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 through the feed inlet, 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 action (Walton et al., 2015). Figure 2.22 illustrates the flow path 

of the feed material through the separator. 
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Figure 2.22: Side view of a centrifugal sifter. Image adapted from Kemutec (2022) 

The finer particles pass through the cylindrical mesh while the coarser particles, which cannot 

pass through the mesh, continue moving forward as they are transported by the rotating 

paddles. Figure 2.23 displays the respective outlets for the fine and coarse particles in a typical 

centrifugal sifter, while Figure 2.24 shows the centrifugal sifter when closed. It is important to 

note that the air in this wind-sifter is generated by the rotating action of the paddles that are 

coupled to the cantilever shaft and not an external air supply. This contrasts with the zigzag 

wind-sifter, which mainly uses a co-current 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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Figure 2.23: Side view of a centrifugal sifter. Image adapted from Gericke (2022) 

 
Figure 2.24: Closed centrifugal sifter. Image adapted from Kemutec (2022) 
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The flexibility of this sifting process depends on the ability to change the cylindrical mesh to 

different aperture sizes to obtain a product of different qualities. Figure 2.25 shows different 

cylindrical meshes of various aperture sizes. 

 
Figure 2.25: Mesh of different apertures. Image adapted from Gericke (2022) 

2.6.3. THE 3-FRACTION WIND -SIFTER 

The 3-fraction wind-sifter is compared to the zigzag wind-sifter, a recent technique of wind-

sifting. In this technique, an air-wheel is used to partition the air, which is transporting the 

particles to heavy, medium and light fractions at the operatorôs discretion.  

2.6.3.1. General design features and mode of operation 

The 3-fraction wind-sifter is a relatively new approach wind-sifter, which works primarily on 

the principle of applying centrifugal force to the feed particles. Major components of this sifter 

include the air-inlet section separation chamber doors and hand rails (Figure 2.26), and the 

feeder for the raw materials, as well as an air-wheel (Figure 2.27).  
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Figure 2.26: The 3-fraction sifter. Image adapted from Schulz & Berger (2014a) 

 
Figure 2.27: Image showing inlet air and air-wheel. Image adapted from Schulz & Berger 

(2014a) 

2.6.3.2. Operational principle 

In operation, the raw material undergoing the separation process is fed by means of a feeder, 

usually a conveyor belt with an adjustable feed rate, into the already flowing airstream, as 

shown in Figure 2.28. The heavy fractions fall into their designated discharge tray or belt, the 

middle fraction flows into its designated discharge, while the light particles are sucked upwards 

out of the separation chamber into their designated collection point (Figure 2.29). 
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Figure 2.28: Image showing fractions locations after classification. Image adapted from 

Schulz & Berger (2014a) 

The major function of the air-wheel is to partition the airstream carrying the particles into their 

respective sections. The air-wheel is driven by the airstream, reducing the airstreamôs kinetic 

energy so that the particles being transported attain their terminal velocities. The three fractions 

from the separation process are portrayed in Figure 2.29. 

 
Figure 2.29: Image showing fractions after classification. Image adapted from Schulz & 

Berger (2014a) 
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This type of wind-sifting 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 Figures 2.30 and 2.31. 

These enable the separator unit to deal effectively with the lighter fractions of the separated 

particles, and the separation operation is usually a closed circuit, as seen in both figures. Figure 

2.30 shows the 3-fraction wind-sifter separator connected in tandem to a light-fraction 

separator and then to a filter chamber dust container. The light-fraction separator separates the 

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

Figure 2.31 shows the 3-fraction separator connected to a gas cyclone for processing.  

 
Figure 2.30: Image showing the 3-fraction connection to a light fraction separator and filter 

chamber. Image adapted from Schulz & Berger (2014b) 
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Figure 2.31: Image showing the 3-fraction connection to a gas cyclone. Image adapted from 

Schulz & Berger (2014b) 

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 containing inhalable particles 

during management or processing, ultimately posing a health hazard to individuals within their 

proximity. Some of these health issues range from mild irritation to auto-immune diseases and 

cancerous growth (Benson, 2012; Steiling et al., 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 (Benson, 2012) or because of electrostatic discharges or mechanically 

generated sparks (Hoppe et al., 2000; Jaeger, 2001). To prevent this from happening, in most 

cases, the machines are designed for ATEX (explosive atmosphere) classification that mitigates 

the creation of a spark (Kemutec, 2022; HSA, 2023). In the pharmaceutical industry, Hoppe et 

al. (2000) suggested that an inert environment, e.g., a nitrogen atmosphere, be maintained as 

this inhibits the availability of oxygen for combustion during the pneumatic 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 powder electrification. When powdery materials are being 

pneumatically transported, the particles tend to collide with each other and with the walls of 

the transport chamber, leading to the accumulation of electrostatic charges. This phenomenon 

is known as triboelectric charging and may result in hazardous spark discharges (Nifuku and 

Katoh, 2003; Ceresiat et al., 2019). To avert this phenomenon, Nifuku and Katoh (2003) 

suggest earthing the granular/powdery materialsô pneumatic transport vessels to discharge any 

charge build-up, as well as increasing the air velocity to facilitate a dilute phase as this greatly 

minimises inter-particle collisions. 

2.8. SUMMARY 

The wind-sifter 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 ones is an integral feature, as was 

observed from the previous version designed by Alade (2021) in Figure 2.20. This feature 

makes the wind-sifting technology a good and viable addition of techniques in the field of dry 

coal beneficiation. The potential to optimise the wind-sifting 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 of the separator designed, with the possibility of improving the design and its 

operating parameters. Alade and Bada (2023) comprehensively review wind-sifting separation, 

adding to Sections 2.6 and 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, the equipment 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 first of 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 

different particle size fractions of (ī6.7+3.35 mm), (ī3.35+1.0 mm) and (ī1.0+0.2mm). Float 

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 content, carbon content, etc.  

 
Figure 3.1: Summary of experimental methodology 

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

Sink and float analysis for the samples (run-of-mine and wind-sifter products) fractions 

Sample test-runs and results analysis for the dry process

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

Design and fabricate the optimised wind-sifter separator

Simulation of the process for coal selected particle size distributions (ī6.7+3.35 mm), 
(ī3.35+1.0 mm) and (ī1.0 +0.2 mm).

Design the separator fluid body using AutoCAD Inventory 2022
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3.3. DESIGN AND SIMULATION OF THE SEPARATOR  

3.3.1. GEOMETRY DESIGN OF THE SEPARATOR 

The wind-sifter separator was first generated using Autodesk Inventory 2022 and then exported 

into Star-CCM+ for simulation. Important factors, like the velocity of the airstream, air-jet 

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

on the separatorôs wall, were considered major parameters during the design of the separator. 

The inter-particle interactions are negligible owing to the minimal mass flowrate, which ensure 

that a dilute phase of the particles in the airstream is established. The 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. 
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When written 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 ɳÕ π. This implies that the terms  and  equals zero. The air 

temperature is assumed to be ςπC. This implies that the dynamic viscosity (µ) of air with a 

value of ρȢφ ρπ 0ÁȢÓ is infinitesimal and considered negligible (tends to zero). Hence, 

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

ừ
ỬỬ
Ừ

ỬỬ
ứ
Ὠὴ

Ὠὸ
 ”​Ȣό π

Ὠό

Ὠὸ
​
ὖ

”
Ὣ

ὨὩ

Ὠὸ
 
ὖ

”
​ό π

 

Therefore, the above equation becomes: 

” ​ὖ ”Ὣ       (Equation 3.4) 

When explicated, the equation becomes: 

 
 ​” ό ό ​ὖ ”Ὣ Ὂ     (Equation 3.5) 
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Where ʍ is the fluid density, ό is the fluid velocity, Ὡ is the specific energy of the fluid, ὖ is 

the air pressure, ὸ is time, Ὣ is the acceleration due to gravity and Ὂ  is the total force of the 

interaction between the fluid and the particles per unit volume of fluid (air). The expression of 

Ὂ  is given in Equation 3.6: 

Ὂ  В
 ȟ

       (Equation 3.6) 

Where ὥ represents the fluid (air), ὴȟὮ represents the particle ójô, ὲ represents the number of 

particles considered, ὠ represents the volume of particle ójô and Ὢ ȟ is the force of interaction 

for individual particles, which is shown in Equation 3.7.  

Ὢ ȟ Ὂ Ὂ Ὂ        (Equation 3.7) 

According to Equations 3.8 and 3.9, Ὂ is represented as the buoyant force, ʍ is the density of 

the fluid (air), ὠ is the displaced body volume of the fluid (this is also the volume of the particle 

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

Ὂ  Ὂ  Ὂ         (Equation 3.8) 

Ὂ ” ὠ Ὣ        (Equation 3.9) 

Ὂ ά  Ὣ        (Equation 3.10) 

In Equation 3.10, Ὂ represents the weight of the particle, ά is the mass of the particle, and Ὣ 

is the acceleration due to gravity. 

Ὂ
   

       (Equation 3.11) 

In Equation 3.11, Ὂ is the drag force on the particle, ὅ denotes the drag coefficient of the 

particle, ὃ is the cross-sectional area, ” is the density of the fluid (air), and ό is the flow velocity 

relative to the air. 

When Ὂ  Ὂ  Ὂ, the particles are being transported in the airstream, and when Ὂ 

 Ὂ   Ὂ, which implies that Ὢ ȟ is zero, the particle velocity in the airstream terminates, 

and the particles fall at constant velocity. An 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 separated by free settling, given by Equation 3.12. 
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ὛὩὸὸὰὭὲὫ ὶὥὸὭέ      (Equation 3.12) 

Where, 

Ὠ ὨὭὥάὸὩὶ έὪ ὸὬὩ ὰὭὫὬὸὩὶ ὴὥὶὸὭὧὰὩί 

Ὠ ὨὭὥάὸὩὶ έὪ ὸὬὩ ὬὩὥὺὭὩὶ ὴὥὶὸὭὧὰὩί 

” ὨὩὲίὭὸώ έὪ ὸὬὩ ὰὭὫὬὸὩὶ ὴὥὶὸὭὧὰὩί 

” ὨὩὲίὭὸώ έὪ ὸὬὩ ὬὩὥὺὭὩὶ ὴὥὶὸὭὧὰὩί 

” ὨὩὲίὭὸώ έὪ ὸὬὩ ίὩὴὥὶὥὸὭὲὫ άὩὨὭόά ὥὭὶ 

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 

Ὠ and Ὠare the diameters of the volume equivalent sphere of the particle(s) and the 

diameter of the particle(s), respectively. 

•  = •     (Equation 3.14) 

Where, ‌  is the shape factor and is expressed as:  

‌ Ὓ ”
В

В
  (Equation 3.15) 

Adapted from Barreiros et al. (1996) 

Where, 

Ὓ Í Çϳ  is the powder-specific surface area determined using gas adsorption,  

” is the density of the particle of the number of equivalent volume diameter in sample j, 

Ὠ  ÉÓ ÔÈÅ equivalent volume diameter of particles in ÓÁÍÐÌÅ Ὦȟ  

ὲ is the number of particles, 

Ὥ is the size class (particle size distribution). 

The expression for the coefficient of drag ὅ  accounting for shape, which will then be put 

into Equation 3.11 is then given by Equation 3.16. 
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ὅ  
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  (Equation 3.16) 

Adapted from Hölzer and Sommerfeld (2008). 

Following the guiding mathematical model 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. 

II.  A Simulation test was then carried out using the assumptions listed in section 3.3.2., 

whilst varying operational parameters like the airstream velocity and the feed rate of 

the particles.  

III.  The particle tracks for each RD were observed, and the operational parameters were 

changed to observe the separation effectiveness of that design at the cut-point of 1.6 

RD like the prototype. 

IV.  Continuous augmentations were made based on the flow tracks observed from each 

design until an optimal separation was attained in the first chamber. 

V. A second 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 the optimised 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 chamber, while B denotes 

the particle inlet into the separation chamber, and C is the outlet of the clean coal particles 

elutriated by the airstream from the first chamber. B8, B9 and B10 represent the coal bins 8, 9 

and 10 for the collection of gangue materialôs particles, respectively.  
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Figure 3.2: Flow boundaries of the first chamber (chamber 1) with its collection bins 

In Figure 3.3, D represents the inlet of the partitioned particles, i.e., through which the lighter 

particles are transported into the second chamber, while E is the air outlet from the separator. 

B1, B2, B3, B4, B5, B6 and B7 represent the particle collection bins 1, 2, 3, 4, 5, 6 and 7, 

respectively, while B0 represents the collection point for particles that go past B1. The 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 the previous design, 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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Figure 3.3: Flow boundaries of the second chamber (chamber 2) with its collection bins 

 
Figure 3.4: The optimised separator assembly with bins 
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Figure 3.5: The full separator assembly without bins. 

As can be seen from Figure 3.6, the upper part of chamber 1 was designed 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 faces when imported 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. 

 
Figure 3.6: The designed assembly of chamber 1 to depict contact regions 
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Figure 3.7: Designing chamber 2 

 
Figure 3.8: 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 used were the surface remesher, the polyhedral mesher and the prism 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 polyhedral 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 mesh. The polyhedral mesher was utilised in this design because it is straightforward and 

requires 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 model. Figures 3.9 and 3.10 show the mesh generated for both chambers with the bins 

and without the bins, respectively. 

 
Figure 3.9: Mesh generated for chambers 1 and 2 with bins 

 

 
Figure 3.10: Mesh generated for chambers 1 and 2 without bins 

The prism-layer mesher model was also applied with the core-volume mesher (polyhedral 

mesher). The prism-layer model was used to generate orthogonal prismatic cells next to the 

walls (surfaces) of the separator and to give accurate results in the simulation test runs 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. 

 
Figure 3.11: Prism layer in chamber 1 

 
Figure 3.12: 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 patches, which 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 3.13: Contact regions in the first chamber with and without the bins 

 
Figure 3.14: Contact regions in the second chamber with and without the bins 

Physics models are very important in determining the primary variables of the process being 

simulated, for example, velocity, temperature, pressure, etc (Maharaj, 2014; Alade et al., 2021). 

The physics models to be used in any simulation are dependent on factors such as if the flow 

is three-dimensional, and is steady, unsteady, transient or stationary. In this study, parameters 

such as flow velocity and mass flowrate were also considered, and the physics models chosen 

were the three-dimensional and time models, and the flow was steady state. It is important to 

point out that steady state flow indicates that properties at every point in the separator remain 

constant; although the flow properties may change at different 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 ό: 
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π, π       (Equation 3.17) 

The Gravity and Lagrangian models were used in the simulation investigation of this dry 

beneficiation process, while air was used as the Material (continuum) for this simulation study. 

For the Gravity model, values of (0, ī9.81 m/s, 0) were used in the (x, y, z) dimension to ensure 

proper action of gravity of the ónegativeô y-direction in the separator and, seven phases, the 

same as Alade (2021) (densities of 1.3 g/cm3 to 1.9 g/cm3) for the Lagrangian model as 

particles fed into the computational geometry (separator) via the coal inlet boundary of the first 

chamber. The 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 coefficients of the particles.  

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

III.  Each RD within the coal was represented in the simulator and assigned a size (mm) to 

simplify the simulation, which can be seen in Table 3-1.  

IV.  Normal and tangential restitution coefficients of the boundary for the wind-sifter 

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 60 (heavy duty) to help cushion the 

travelling coal particles as they are transported in the airstream.  

Table 3.1: The assigned particle diameters for each particle size fractions per density fraction 
Relative Density (ī6.7+3.35 mm) (ī3.35+1.0 mm) (ī1.0 +0.2 mm) 

1.3  3.35  1.00  0.20 

1.4 3.80  1.40 0.35 

1.5 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 cut-size 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 flow track (0.2 mm) was then used as 

the cut-size, as portrayed in Figures 4.24 to 4.26 in Section 4.3.  

3.4. WIND-SIFTER SEPARATOR 

The optimised wind-sifter, with its bins and without auxiliaries, has a footprint of 2.46 meters 

in length, 1.30 meters in height and 0.2 meters in width. With its auxiliaries, the footprint is 

4.0 meters in length, 2.5 meters in height and 0.9 meters 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 

without its bins at the operatorsô discretion. Like the previous version, the first chamber has 

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 3.16 and 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 seen in APPENDIX A. and the design of 

the separator, as well as fabricated parts of the separator chambers, are not shown in this thesis. 

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

property. 

 
Figure 3.15: The designed chamber 1 with its angle irons 
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Figure 3.16: 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 respective chamber. Figure 3.19 shows the designed 

full assembly on cradles without auxiliaries. 

 
Figure 3.17: Chamber1 on cradle 1 
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Figure 3.18: Chamber 2 on cradle 2 

 
Figure 3.19: The optimised wind-sifter separator assembly design 

3.4.1. OPERATING PRINCIPLE 

As in its preceding design, the optimised wind-sifter separator separates lighter 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 the regulated 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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Figure 3.20: The separatorôs auxiliaries (a) 

The safety/relief valve shown in Figure 3.21 below serves as a measure to depressurise the 

separator assembly from excessive pressure build-up and is also used together with the control 

valve when the percentage opening of the control valve 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). 

 
Figure 3.21: The separatorôs auxiliaries (b) 

The airstream then travels through the air-inlet, the zigzag section and into the diffuser section, 

and then exits the separator assembly via its air outlet. Coal is fed into the separator through 

the coal-feed 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 ones in a counter-current 

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 separated into different 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 coal particles directly into the system and to seal the coal-feed 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 vibratory feeder, the rotary 

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

motor-driven rotary hopper valve, as well as the air blower.  

 
Figure 3.22: The Fabricated Optimized Wind Sifter Separator 
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Figure 3.23: The installed separator assembly setup with its auxiliaries and cradles. 

Equation 3.18 was used to calculate the wind-sifter separatorôs efficiency: 

%Yield = 
            

     
ρππ   

          (Equation 3-18) 

Comparisons were made between the simulation test results, the fabricated laboratory scale 

separator and that obtained from the float-sink 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 

vibratory feeder was calibrated by increasing its ócarrier frequencyô, while 200 g of 

representative feed coal was fed into the chute of the vibratory feeder assembly, as shown in 

Figure 3.24.  
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Figure 3.24: 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 the mass 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. SINK AND FLOAT ANALYSIS  

The sink and float laboratory scale test, deployed in accordance with the ASTM-D4371 and 

ISO 7936:1992 standards, was used to beneficiate samples from coal A and coal B at 

(ī6.7+3.35 mm), (ī3.35+1.0 mm) and (ī1.0+0.2 mm) at different RDs. The float and sink 

analysis entails the use of a heavy medium solution to partition particles based on the solutionôs 

RD. Zinc chloride was used as a medium of separation, and the washability data obtained was 

used as a benchmark to compare against the designed 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 in six 5 L beakers ranging from 1.8 to 1.3 g/cm3 at 

0.1 intervals were used as the heavy medium for 500 g ROM 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 concentration, also prepared to account for any decreasing RD in any of the solutions. 

The 500 g ROM coal sample was added stage-wise into the first solution of 1.8 RD, and 3:1 

(medium: ore) was maintained, agitated for a few minutes, and allowed to stand for separation 

to take place. As the separation was achieved, the light-density particles floating on the 

mediumôs surface were collected using a sieve, drained to remove the excess zinc chloride, and 
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then poured into the beaker of 1.7 RD. The same process is repeated for each 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 washability profile, 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 = 
      

      
ρππ (Equation 3.19) 

Float analysis (wt. %) =
       

     
ρπ0  

   (Equation 3.20) 

Sink analysis (wt. %) = 
       

    
ρππ   

    (Equation 3.21) 

% Float of the feed 
       

    
ρππ  

    (Equation 3.22) 

% Sink of the feed =
        

     
ρππ  

    (Equation 3.23) 

% Yield = 
     

     
ρππ     (Equation 3.24) 

Reconstituted feed = Ὂὰέὥὸί Ϸ έὪ ὪὩὩὨὛὭὲὯί Ϸ έὪ ὪὩὩὨ   (Equation 3.25) 

Nominal Relative Density (RD) ὃὺὩὶὥὫὩ ὙȢὈȢὴὩὶ ὨὩὲίὭὸώ ὪὶὥὧὸὭέὲ   

          (Equation 3.26) 

Partition coefficient = ὛὭὲὯί Ϸ έὪ ὪὩὩὨὙὩὧέὲίὸὭὸόὸὩὨ ὪὩὩὨρππ    

          (Equation 3.27) 

Organic efficiency (%)=  
     

      
ρππ    

          (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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Where D  is the RD at which 75% of the particles report to the sinks, and D  is the RD 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 physico-chemical 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 D7582 ï 15 standard, in which 1.0 g of 

representative sample was added stage-wise in each crucible in the TGA 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 

20oC) to 107ºC, as the temperature ramps up at a heating rate of 8ºC/min. 

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

to 950ºC, whereas the combustion step that follows evaluates the mass loss under oxygen 

between the temperature range of 650ºC and 750ºC. The residual mass left after the analysis is 

then taken as the total ash content in the sample, while the fixed carbon is calculated as 

(100ī(Moisture content + Volatile Matter + Ash Content)) %. 

3.6.2. ULTIMATE AND TOTAL SULPHUR ANALYSIS  

The ultimate (carbon, hydrogen, nitrogen, sulphur and oxygen (by difference)) and total 

sulphur analyses of all samples were performed according to ASTM D 5373-14:2015 and 

ASTM D 4239-14:2015 for carbon, hydrogen and nitrogen, and sulphur content, respectively, 

using LECO CHN 628 with add on 628 S module. Approximately 0.25 g of each sample was 

used for the analyses at a temperature up to 1 450 C with an analysing time between 60 to 300 

seconds. 

3.6.3. CALORIFIC VALUE DETERMINATION  

The calorific value is the measure of the heat content in the coal and was determined in 

accordance with ASTM D5865-04. 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 total amount of heat released from the complete combustion of 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 with the aid of a pump. The system uses an electronic thermometer with an accuracy 

of 0.0001 0C 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 were carried out 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 fractions (-6.7+3.35 mm, -3.35+1 mm and -1+0.2 mm). The 

proposed experimental tests were 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 physico-chemical 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 of the simulation and experimental study are presented. The 

simulation results were used to design and fabricate the optimised wind-sifter separator, and 

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

the fractions 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 0.03). The shape analysis was carried out for 

the three-size fractions when the separatorôs bins were closed (with the bins) and when it was 

open (without the bins). The values for the shape factor in this study were based on a study 

conducted by Barreiros et al. (1996), which ranged from 32.5 to 0.03. The upper limit (32.5) 

provides the least coefficient of drag, while 0.03 (lower limit) provides the greatest coefficient 

of drag. The effect of the airstream velocity on the three particle size fractions (ī6.7+3.35 mm), 

(ī3.35+1.0 mm) and (ī1.0+0.2 mm) was also determined during the simulation test work.  

Similar to the previous investigation conducted by Alade (2021), the experimental study on 

this separator was based on the results obtained from the simulation study. The impact of air 

velocity on the separation performance and ash contents of the products achieved was 

investigated 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 particle-to-particle interactions that can lead to fines electrification 

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 Santos et al. (2011), where a dilute phase of 6.0 g of particles to 11 g of air in 

the flowing airstream was used. The density of air used during the simulation process was 

1.204 kg/m3 (1.204 10-3 g/cm3) as the air is assumed to be at room temperature (20oC). The 

mass yield of the separator was determined according to Equation 4.1: 

ὓὥίί ὣὭὩὰὨ Ϸ         (Equation 4.1) 

Where, -  represents the mass of the lighter particles at a cut-point of 1.6 g/cm3, which flows 

from the first chamber into the second chamber, and -  is the total mass of the particles fed 

into the separator through the separator coal-feed inlet. Following the condition from the study 
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conducted by Santos et al. (2011), the mass flowrate of the particles was determined using 

Equations 4.2 and 4.3. 

ὃὭὶ άὥίί ὪὰέύὶὥὸὩ ” ό ὃ      Equation 4.2 

Where, ”  ÉÓ the density of air at 20 0C, ό is the velocity of air entering the separator, and the 

diameter of the cross-sectional area of the air inlet channel was 100 mm. 

ὖὥὶὸὭὧὰὩ άὥίί ὪὰέύὶὥὸὩὃὭὶ άὥίί ὪὰέύὶὥὸὩ  
   

   
 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 Alade (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 6.0 m/sec for (ī6.7+3.35 mm), 4.2 m/sec for 

(ī3.35+1.0 mm) and 1.7 m/sec for (ī1.0+0.2 mm) size fractions. 

To determine the optimal velocity for the separation of each size fraction without the bins 

(open), different airstream velocities were simulated to observe the particlesô separation 

behaviours. For the (ī6.7+3.35 mm), airstream velocities from 6.0 m/sec to 12 m/sec were 

used. It was observed that at 6.0 and 7.0 m/sec, an insignificant yield was realised; however, 

as the airstream velocity increased, so did the yield. This is because an increase 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 and 10.5 m/sec, 

as seen in Figure 4.1.  
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Figure 4.1: Optimal velocity determination for the (ī6.7+3.35 mm) size fraction (open bin) 

A similar investigation was also conducted for the (ī3.35+1.0 mm) and (ī1.0+0.2 mm) size 

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 44.65%) was obtained at velocities 

ranging between 5.0 and 7.0 m/sec and was attained for the (ī3.35+1.0 mm) for a cut-point of 

1.6 RD. The velocity range attained for the (ī1.0+0.2 mm) size fraction was between 3.5 and 

2.5 m/sec for the same cut-point, with the optimal mass yield of 21.00 to 38.65%. 
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Figure 4.2: Optimal velocity determination for the (ï3.35+1.0 mm) size fraction (open bin) 

 
Figure 4.3: Optimal velocity determination for the (ï1.0+0.2 mm) size fraction (open bin) 
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4.2.2. Shape analysis (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 section 3.3.2. The simulation test results 

at a shape factor of 32.5 and 0.03, representing the process separation efficiency, are presented 

in Figures 4.4, 4.5 and 4.6 for all fractions. The bold lines represent the percentage mass yield 

at a shape factor of 32.5, and the broken lines represent the mass yields at a shape factor of 

0.03. Figures 4.4a, 4.5a and 4.6a show the washability or separation process with all the 

separatorôs outlet bins closed, while Figures 4.4b, 4.5b and 4.6b show the washability with 

open bins. Regardless of the shape factor, it was observed from Figure 4.4a that the yield for 

the (ī6.7+3.35 mm) fraction for each RD was the same. When the bins were open, the yields 

recovered were noticeably different.  

 
Figure 4.4a and b: Particle recoveries of the (ī6.7+3.35 mm) size fraction for both particle 

shape factors (S.F) 

In Figures 4.5a and 4.6a for the (ī3.35+1.0 mm) and the (ī1.0+0.2 mm) size fractions, 

respectively, it can be observed that the trend for both shape factors in terms of recoveries is 

similar for the closed bins. An overlap was observed for the (ī3.35+1.0 mm) with an open bin 

(Figure 4.5b). This was more pronounced in the yields for both shape factors in the coarsest 

size fraction (ī6.7+3.35 mm). It can be concluded that the 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 on the particles and the mass yield.  

 
Figure 4.5 a and b: Particle recoveries of the (ī3.35+1.0 mm) size fraction for both particle 

shape factors (S.F). 

 
Figure 4.6 a and b: Particle recoveries of the (ī1.0+0.2 mm) size fraction for both particle 

shape factors (S.F) 
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4.2.3. Particle tracks for the (ī6.7+3.35 mm) size fraction at different relative densities 

and airstream velocities 

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

the particle separation (with and without the bins) for the (ī6.7+3.35 mm) fraction. It can be 

observed that the lighter the particles, the more particles are recovered in chamber 2 (chamber 

with seven 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 are also similar for the other two size 

fractions in APPENDIX 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 chamber 2. This is due to the delay in particles 

achieving 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 expands, the trajectory of 

particle flow tends to follow the airflow trajectory as they attain their respective settling 

velocities. The particles travel further when they are lighter. This means that the 1.3 RD 

particles, which were the lightest for this study, were 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). 

 
Figure 4.7: Particle tracks for the (ī6.7+3.35 mm) size fraction at 1.3 relative density in both 

chambers at 6.0 m/sec (closed bins) 
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Figure 4.8: Particle tracks for the (ī6.7 + 3.35 mm) size fraction at 1.3 relative density in 

both chambers at 10.5 m/sec (open bins) 

 

 
Figure 4.9: Particle tracks for the (ī6.7+3.35 mm) size fraction at 1.4 relative density in both 

chambers at 6.0 m/sec (closed bins) 
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Figure 4.10: Particle tracks for the (ī6.7 + 3.35 mm) size fraction at 1.4 relative density in 

both chambers at 10.5 m/sec (open bins) 

The particle tracks for the 1.5 RD particles are shown in Figures 4.11 and 4.12 (with and 

without the bins, respectively), and the 1.6 RD particle tracks are shown in Figures 4.13 and 

4.14 (with and without the bins, respectively). A decrease in the sampleôs yield or collected in 

the second chamber was observed as the density increased for both open (Figures 4.12 and 

4.14) and closed bins (Figures 4.11 and 413). More samples are recovered when the separator 

is operated without the bins (open) than running the separatorwith the bins (closed). This result 

is expected, as an increase in airstream velocity results in an increase in buoyant force, leading 

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

 
Figure 4.11: Particle tracks for the (ī6.7+3.35 mm) size fraction at 1.5 relative density in 

both chambers at 6.0 m/sec (closed bins) 
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Figure 4.12: Particle tracks for the (ī6.7+3.35 mm) size fraction at 1.5 relative density in 

both chambers at 10.5 m/sec (open bins) 

 
Figure 4.13: Particle tracks for the (ī6.7+3.35 mm) size fraction at 1.6 relative density in 

both chambers at 6.0 m/sec (closed bins) 
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Figure 4.14: Particle tracks for the (ī6.7+3.35 mm) size fraction at 1.6 relative density in 

both chambers at 10.5 m/sec (open bins) 

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

(ī6.7+3.35 mm) 

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 yield(s) of the individual particles 

within the (ī6.7+3.35 mm) size fraction at constant RD and velocity. The simulation results 

for the (ī6.7+3.35 mm) size fraction for the 32.5 and 0.03 shape factor, respectively, for closed 

bins and at 6.0 m/sec are shown in Figures 4.15 and 4.16. Figures 4.17 and 4.18 show the 

simulation results for the same size fraction with an open bin at 10.5 m/sec.  

Figure 4.15 shows that particles with a size of 3.35 mm had a 100% mass yield for 1.3 to 1.6 

RDs for a shape factor of 32.5. This was not the case for the same 3.35 mm 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, respectively. As the individual sizes increase (Figures 4.15 and 4.16), the sampleôs mass 

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 was much higher than 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 coefficient of drag in the former than the latter with a 

higher coefficient of drag. 
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Figure 4.15: Mass yield(s) of individual particles in the particle size distribution of the 

(ī6.7+3.35 mm) size fraction as a function of relative density (for a 32.5 shape factor with 

bins) at 6.0 m/sec 

 
Figure 4.16: Mass yield(s) of individual particles in the particle size distribution of the 

(ī6.7+3.35 mm) size fraction as a function of relative density (for a 0.03 shape factor with 

bins) at 6.0 m/sec 
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Figures 4.17 and 4.18 show the results from the simulation test conducted when the separatorôs 

outlets were open (without the bins). The separation was simulated at a higher velocity to 

accommodate for the observed pressure loss. 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 the 3.5 mm particle size for relative densities of 1.3 

and 1.4 were 99.23% and 97.6%, respectively (Figure 4.17). For the same particle size, the 

mass yields were 97.29% and 90.12%, respectively (Figure 4.18). The trend was observed for 

other relative densities in this size fraction (3.5 mm). Considering the impact of 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 obtained in the open bin circuit compared to the closed 

bin in this study is due to the higher pressure drop in the open bin circuit, resulting in a 

decreased buoyant force. 

 
Figure 4.17: Mass yield(s) of individual particles in the particle size distribution of the 

(ī6.7+3.35 mm) size fraction as a function of relative density (for 32.5 shape factor without 

bins) at 10.5 m/sec 
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Figure 4.18: Mass yield(s) of individual particles in the particle size distribution of the 

(ī6.7+3.35 mm) size fraction as a function of relative density (for 0.03 shape factor without 

bins) at 10.5 m/sec 

4.2.5. Effect of shape factor on mass yield(s) of individual particles within (ī3.35+1.0mm) 

Figures 4.19, 4.20, 4.21 and 4.22 show the simulation results for the (ī3.35+1.0 mm) size 

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 4.2 m/sec and closed bins (with bins). For Figures 

4.21 and 4.22 at a 32.5 and 0.03 shape factor, respectively, the test conditions were open bins 

(without bins) and 7.0 m/sec. The result obtained follows the same trend as in Figures 4.15 and 

4.16. The recoveries of all the individual 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 fraction (1.0 mm particle) in Figures 4.19 and 4.20 

are much higher than the smallest particle in the (ī6.7+3.35 mm) fraction (3.35 mm 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 the particles to be transported by 

the flowing airstream.  
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Figure 4.19: Mass yield(s) of individual particles in the particle size distribution of the 

(ī3.35+1.0 mm) size fraction as a function of relative density (for 32.5 shape factor with 

bins) at 4.2 m/sec 

 
Figure 4.20: Mass yield(s) of individual particles in the particle size distribution of the 

(ī3.35+1.0 mm) size fraction as a function of relative density (for 0.03 shape factor with 

bins) at 4.2 m/sec 
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higher mass yield was experienced compared to Figure 4.22. This follows the same trend as 

that of the (ī6.7+3.35 mm) size fraction without bins (figures 4.17 and 4.18). The shape factor 

impacts the mass yield obtained for this fraction, but not to the same degree as when the 

(ī6.7+3.3 mm) fraction is separated.  
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Figure 4.21: Mass yield(s) of individual particles in the particle size distribution of the 

(ī3.35+1.0 mm) size fraction as a function of relative density (for 32.5 shape factor without 

bins) at 7.0 m/sec 

 
Figure 4.22: Mass yield(s) of individual particles in the particle size distribution of the 

(ī3.35+1.0 mm) size fraction as a function of relative density (for 0.03 shape factor without 

bins) at 7.0 m/sec 
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bins (open bin) at 3.5 m/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 particles with a size of 0.2 mm 

and 0.3 mm at 32.5 and 0.03 shape factors with closed bins (Figures 4.23 and 4.24). 

 
Figure 4.23: Mass yield(s) of individual particles in the particle size distribution of the 

(ī1.0+0.2 mm) size fraction as a function of relative density (for 32.5 shape factor with bins) 

at 1.7 m/sec 

 
Figure 4.24: Mass yield(s) of individual particles in the particle size distribution of the 

(ī1.0+0.2 mm) size fraction as a function of relative density (for 0.03 shape factor with bins) 

at 1.7 m/sec 
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The results from the simulation of the (ī1.0+0.2 mm) size fraction without bins for the 32.5 

shape factor are presented in Figure 4.25. The yield was higher than that obtained for the 0.03 

shape factor (Figure 4.26). The difference in mass yield for the (ī1.0+0.2 mm) size fraction 

(Figures 4.25 and 4.26) was smaller than that achieved for the (ī3.35+1.0 mm) size fraction. 

This is because the influence of particle shape decreases as the particle size decreases. Also, a 

smaller particle size implies lesser weight and drag force and a higher likelihood of the particle 

being elutriated by the flowing airstream. 

 
Figure 4.25: Mass yield(s) of individual particles in the particle size distribution of the 

(ī1.0+0.2 mm) size fraction as a function of relative density (for 32.5 shape factor without 

bins) at 3.5 m/sec 
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Figure 4.26: Mass yield(s) of individual particles in the particle size distribution of the 

(ī1.0+0.2 mm) size fraction as a function of relative density (for 0.03 shape factor without 

bins) at 3.5 m/sec 

These results show that a particleôs density and size play a role in its transportation and 

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 size fractions 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 partitions coal particles based on their RD with minimal influence on 

shape. Section 4.3 summarises why the (ī1.0+0.2 mm) particle size was used in the simulation 

of the separator rather than the (ī1.0 mm) size fraction. 

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

FOR THE (ī1 MM PARTICLE SIZE)  

Using the previous separator designed and fabricated by Alade (2021), a massive sample loss 

was observed when beneficiating coal of a size of (ī1.0 mm). The smaller particles in this size 

fraction tended to be constantly 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 suitable cut-size for this new design with minimal sample loss. 

Three particle size distributions (ī1.0+0.1 mm), (ī1.0+0.15 mm) and (ī1.0+0.2 mm) were 

simulated at 1.7 m/sec air velocity for closed bins and 3.5 m/sec air velocity for open bins. The 

particle tracks for the cut-size determination are presented in Figure 4.26 (for 0.10 mm), Figure 

4.28 (for 0.15 mm) and Figure 4.29 (for 0.20 mm). For all three figures (Figures 4.27 to 4.29), 
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A represents the particle flow tracks for closed bins (with bins), while B represents the tracks 

for open bins (without bins). 

 
Figure 4.27: Test for 0.1 mm particle for closed (a) and open bins (b) 

To determine the cut-size for the (ī1.0 mm) size fraction, three different cut sizes, 0.10 mm, 

0.15 mm and 0.2 mm [(ī1.0+0.1 mm), (ī1.0+0.15 mm) and (ī1.0+0.2 mm), respectively], 

were simulated at 1.7 m/sec air velocity with bins and 3.5 m/sec air velocity without 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 the cut-size 

determination are shown in Figure 4.24 (for 0.10 mm), Figure 4.28 (for 0.15 mm) and Figure 

4.29 (for 0.20 mm). For all three figures (4.27 to 4.30), A represents the particle flow tracks 

for closed bins (with bins), while B represents the tracks for open bins (without bins). Figure 

4.27b indicates that the particles recirculate with the airstream, particularly when the separator 

bins are open. Figure 4.28 demonstrates that the particles for the separation process were 

smoother with and without bins. Figure 4.29a displays the particlesô flow tracks that settle 

appropriately, resulting in a cut-size for particle size fraction (ī1.0+0.2 mm).  
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Figure 4.28a and b: Test for 0.150 mm (150 µm) particle for closed (a) and open bins (b) 

 

 
Figure 4.29: Test for 0.2 mm (200 µm) particle 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 

separator, are 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 the as-received two feed coals and 

compared their results with those from the optimised wind-sifter separator. The washability 

plot from this test displays the cumulative yield at each RD with their corresponding 

cumulative ash contents (Figures 4.30 to 4.31). It can be observed in Figure 4.30 that for coal 

A, the (ī1.0+0.2 mm) size fraction has the lowest ash content of 4.29% at 1.3 RD. This is 

followed by the (ī3.35+1.0 mm) size fraction with 5.55% ash content and the (ī6.7+3.35 mm) 

size fraction with ash content of 5.89%. A similar trend was observed for coal B (Figure 4.31); 
















































































































































































































































