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Abstract 

Traditionally wet beneficiation is the predominant method in order to beneficiate coal due to its 

sharp separation efficiency; however large quantities of water are required in order to process the 

coal.  Water scarcity, especially in arid coal rich countries, is therefore encouraging the development 

of dry coal beneficiation technologies.   

The use of a dense medium fluidised bed (DMFB) has received a great deal of consideration in 

recent years, specifically in China.  The use of a DMFB on a large scale was mostly concentrated 

on the beneficiation of coarser (+6 mm) coal fractions.  Although the technology proved to be 

successful for these coarser fractions, little work has gone into the beneficiation of the smaller (-6 

mm) coal fractions.   

The purpose of this paper was therefore to determine whether the DMFB can successfully remove 

impurities from the duff (small) coal particles (-5.6 +0.5 mm).   A seam 4 run-of-mine coal, from 

Witbank, was used during the project which had an initial ash yield percentage of 22.95 % and a CV 

of 24.16 MJ/kg.  The fluidised bed was operated with and without vibration, and the influence of 

different dense media was tested.  Magnetite, sand and a fine discard coal were used as fluidising 

medium.   

It was found that the addition of magnetite was able to segregate coal particles according to density, 

but did not improve the destoning capabilities of the fluidised bed.  This was mainly attributed to the 

very fine nature of the magnetite, which caused back mixing, plug-flow and turbulent behaviour 

within the bed.  Furthermore the separation of magnetite from the coal was troublesome.   

From all the different dense media, sand was found to give the best separation efficiencies.  The 

use of sand as fluidising medium created a more stable bed, which aided in the density separation.   

The results therefore indicated that sand is a lucrative alternate to magnetite. 

A fine discard coal, which was used as a fluidising medium, gave moderate results.  However the 

destoning capabilities of the fluidised bed, with the use of this fine discard medium, were in most 

cases better than when magnetite was used.  Hence, the addition of a fluidising medium did not 

improve the separation efficiencies of the fluidised bed, and the fluidisation of coal without any 

medium gave the best results. 

The addition of vibration did not have a significant impact on the destoning capabilities of the 

fluidised bed, when no medium was added.  However, when a medium was used in order to 

beneficiate the coal, the addition of vibration improved the sharpness of separation.  It was 
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concluded that the use of a fluidised bed is a viable process in order to remove high ash value 

material from a typical South Africa coal with a size range between 0.5 and 5.6 mm.   

Keywords: Dense medium fluidised bed, coal preparation, dry coal beneficiation, density 

separation 
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 Introduction 1.

 

Chapter1presentsanintroductiontotheprojectentitled“The dry beneficiation of duff coal in a 

dense medium fluidised bed”. 

 

Section 1.1 gives a brief background and motivation regarding the project.  Section 1.2 lists all the 

aims and objectives that will be considered in the project.  Section 1.3 gives the scope of the 

investigation as well as the outline of the dissertation. 
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1.1 Background and Motivation 

Coal is a solid sedimentary rock that formed millions of years ago from plant and animal materials 

and contains organic and inorganic matter.  This brown to blackish fossil fuel is embedded in the 

earth’scrust and is extensively used for electricity generation, coal to liquids and as a metallurgical 

reductant (IEA, 2011; Osborne, 1988).  Due to a security in supply, its ability to burn relatively easy, 

containing large quantities of energy and its relatively low cost, coal still remains the number one 

fossil fuel to use for electricity generation  (Eberhard, 2011).   

South Africa has the 9th largest coal reserves in the world, with little oil and gas reserves (IEA, 

2014).  With significant coal reserves, more than 90 % of SouthAfrica’s electricity generation is

dependent on coal as energy resource as of 2010 (Eberhard, 2011) and therefore South Africa still 

relies heavily on the extraction of coal resources.   

The Highveld-Witbank region’s coal deposits, containing a large portion of South Africa’s coal

reserves, are envisaged to be exhausted by 2050 (Cairncross, 2001; Jeffrey, 2005).  Therefore, 

exploitation of other South African coal fields as well as proper utilisation of these coal fields are of 

great importance.  Unlike the Highveld-Witbank coalfields, other coal fields across South Africa, like 

coal found in the Waterberg area, typically have high ash yields (as high as 65 %).  The ash yield of 

coals in this region are often not suitable for the export market, as export coal generally requires 

ash yields less than 15 % (Eberhard, 2011) and therefore require washing.  

Coal is very heterogeneous in nature, containing a vast array of organic and inorganic matter.  Very 

often, it is desired to remove certain impurities in raw coal, prior to combustion.  By reducing these 

impurities such as sulphur, nitrogen and other harmful mineral matter (ash forming inorganic 

matter), environmental penalties can be avoided as well as a reduction in unnecessary energy 

losses (Chen & Yang, 2003).  There are various coal washing techniques, with the two primary 

groups being wet and dry coal beneficiation.  Wet beneficiation is the most popular due to sharp 

separation efficiencies; however one predominant pitfall of this age old preparation step is that it 

requires large quantities of water (Chen & Wei, 2003; Dwari & Rao, 2007).  Chen and Wei (2003) 

indicated that with wet jigging, approximately 3 to 5 tonnes of water are necessary to clean 1 tonne 

of coal. 

Even though water is the most abundant natural resource found on earth, many regions around the 

world are arid.  Several coal rich countries such as Australia, China, India, Mongolia and South 

Africa have shortages in clean process water, especially near coal reserves (Houwelingen & de 

Jong, 2004).  The average annual rain fall for the season June 2014 to July 2015 across South 

Africa is given in Figure 1.1 (South African Weather Service, 2015). 
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Figure 1.1: Rainfall (mm) for July 2014 – June 2015 season (adapted from South African 
Weather Service (2015)) 

From Figure 1.1, the annual rainfall in coal rich regions for the season June 2014 to July 2015 was 

between 300 and 500 mm for the Limpopo (Soutpansberg) and Waterberg areas whilst the Witbank 

area had an annual rainfall between 500 and 2000 mm (South African Weather Service, 2015).  The 

average rainfall overall in South Africa is approximately 464 mm, whilst the fresh water volume per 

capita per year was only 1200 m3.  Therefore, the South African Department of Water Affairs and 

Forestry have strict laws and regulations regarding water utilisation for mineral processing (Zhao et 

al., 2010a).  The Waterberg area has one of the largest coal deposits in South Africa; however, 

water resources are particularly scarce, and therefore the area is constrained in terms of large scale 

plant developments (Eberhard, 2011). 

The same scenario exists in Mongolia, a neighbouring country to China.  The country has a vast 

amount of coal reserves; which according to Erdenetsogt et al. (2009) are estimated at 

approximately 150 billion tonnes of coal.  It is believed that approximately 52 %ofChina’scoking

coal will be provided by Mongolia in 2015 and that Mongolia has enough coal resources to supply 

China, with coal for the next 50 years (Levin, 2012).  Similar to South Africa, Mongolia has the 

inability to economically beneficiate coal with the use of water.  Hence, dry beneficiation is an 

attractive alternative, particularly in regions that have a lack of process water (Honaker et al., 2008; 

Yang et al., 2012). 
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One emerging dry beneficiation technique is the use of an air dense medium fluidised bed 

(ADMFB).  The principle on which an ADMFB operates is very similar to that of wet beneficiation 

technologies such as wet jigging, which are based on density separation.  The material inside the 

bed is fluidised by upward flowing air in order to give the gas-solid system, characteristics similar to 

those of a pseudo fluid.  The gas-solid particle interactions and gravitation enable one to stratify 

coal (or particles) according to its density within an AFDMB (Luo et al., 2007).  For example, 

particles with a lower relative density will float to the top of the bed whilst particles with a higher 

relative density will move to the bottom basedonArchimedes’ theorem(Heet al., 2016a).  Thus 

separation of particles, based on its relative densities, takes place (Mohanta et al., 2013).  

Recently, many studies have been done in order to better comprehend fluidisation.  These in depth 

studies of fluidisation will aid in improving dry beneficiation technologies to compete with already 

established wet beneficiation technologies.  Furthermore, the dry beneficiation of coal in a fluidised 

bed has many advantages which are listed below (Chen & Yang, 2003; Mohanta et al., 2013): 

 The use of a fluidised bed in order to beneficiate coal, give a high precision for coal particle 

sizes ranging from 6 to 50 mm with an Ecart probable moyen value (Ep) between 0.05 and 

0.07 (Chen & Yang, 2003). 

 The fluidised bed has a lower investment cost when compared to wet beneficiation plants, 

which requires complex and expensive slurry treatments.  Dry beneficiation plants can 

therefore be constructed at half the costs of wet beneficiation plants (Chen & Yang, 2003). 

 Environmental pollution during the operation of a fluidised bed is relatively low as only a low 

pressure air is needed.  Furthermore nearly no noise pollution is accompanied with 

fluidisation and the dust pollution is within environmental laws (Chen & Yang, 2003).  

 The fluidised bed can be operated with a wide range of applicable beneficiating densities 

(between 1.3 and 2.2 g/cm3) with the addition of a dense medium such as magnetite 

powder.  Thus both heavy gangue, and/or lower density clean coal, can be removed from 

the feed (Chen & Yang, 2003). 

 No moisture penalties are accompanied with this technology as no process water is required 

nor will the product coal be penalised for unnecessary moisture levels (Luo et al., 2008). 

 A higher thermal quality of product can be delivered through the beneficiation process as the 

calorific value can increase due to the removal of moisture (Sahu et al., 2009). 

 The transportation cost of the coal is reduced significantly due to the fact that the moisture 

content can be reduced and thus decreasing the costs of transporting the weight of the water 

(England et al., 2002). 
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In China, the use of an ADMFB on large scale for particles ranging from 6 to 50 mm has been 

implemented with great success by the Chinese University of Mining and Technology (CUMT) 

(Chen & Wei, 2005; Luo & Chen, 2001; Luo et al., 2008).  He et al. (2013) was able to beneficiate 

raw South African coal (-50 +6 mm) with the use of a dense gas-solid fluidised bed.  However, little 

information is available for the beneficiation of particles smaller than 6 mm in an ADMFB.  He et al. 

(2016a) found moderate separation capabilities in a laboratory scale using a dense medium 

fluidised bed separator for particles larger than 3 mm. 

The difficulty to successfully beneficiate these smaller coal particles can be attributed to many 

reasons.  One major stumbling block in this technology is that the ADMFB is a type of conventional 

bubbling fluidised bed that has a high viscosity, and back-mixing of the bed media due to bubble 

formation is common (Prusti et al., 2015).  These aspects greatly influence the separation 

efficiencies.  Moreover, another challenging factor is that of the difference between the size of the 

medium and coal particles respectively.  A smaller difference thereof is favourable (Luo et al., 2008).  

Consequently, a larger particle and media size will be beneficial, yet having these bed 

characteristics makes fluidisation (with good fluidisation characteristics) more problematic.  One 

solution to this problem might be the addition of vibration (He et al., 2016a).   

A number of authors, most notably Luo et al. (2008) and Yang et al. (2013 a & b), found that the 

addition of vibration to the system to be favourable, as it reduced the formation of large bubbles.  

The addition of vibration is believed to support the gas-solid contact resulting in better fluidisation 

characteristics and hence reducing low size limitations.  The addition of magnetite, similar to that 

employed in wet dense medium separation techniques, has the advantage of providing a bed with 

stable density.  By using a dense medium in a fluidised bed, the gas-solid suspension can have 

properties similar to a pseudo-fluid (He et al., 2016a).  

With the current challenges associated with the dry beneficiation of small coal particles, the aims 

and objectives for the project are described in Section 1.2. 

1.2 Aims and Objectives 

Presently, it is planned that a 10 t/h pilot scale plant would be installed in South Africa.  This plant 

will be used to demonstrate the feasibility of the technology, and establish whether this process is 

suitable for South African coals and conditions.  

As mentioned in Section 1.1, little research has been done on the dry beneficiation of coal particles 

smaller than 6 mm in an ADMFB, whilst particles larger than 6 mm have been successfully 

beneficiated with this technology.  There are still some challenges in the beneficiation of these 

smaller size fractions with the use of this specific technology.  
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Therefore, the aim of this project is to investigate the dry beneficiation of duff (small) coal particles  

(-5.6 +0.5 mm) with the use of a dry dense medium fluidised bed using South African coals.  

Henceforth the validity of this developing technology will be tested on a laboratory scale air dense 

medium fluidised bed (ADMFB) (150 mm ID) in order to complement the testing of the pilot plant. 

The primary objectives of this project are:  

 To study the influence of different dense media on the operation of an ADMFB 

o The different dense media that will be used are magnetite, silica sand and fine-

discard coal 

o Moreover, different volume ratios between coal and medium will be investigated (50 

volume % coal: 50 volume % medium and 30 volume % coal: 70 volume % 

medium); 

 To investigated the separation capabilities with variations in the size of coal ranging from 

0.5 to 5.6 mm; 

 To investigate the effect of the addition of vibration to the ADMFB system. 

The secondary objectives of this project are:   

 To investigate the degree of particle size attenuation by attrition of coal inside the ADMFB. 

1.3 Outline of dissertation 

The purpose of the dissertation is to explore the possibilities of beneficiating smaller sized coal 

particles (-5.6 +0.5 mm) in an air dense medium fluidised bed.  Different particle sizes, dense media 

(and volume ratios thereof) as well as the addition of vibration to the system will be the foremost 

investigative parameters in this project as mentioned in Section 1.2. 

In order to achieve the aims and objectives as defined above, the following project outline was 

proposed.   

 In Chapter 1 the importance of the project will be stated by giving a background and 

motivation as well as setting the aims and objectives for the project.   

 In Chapter 2 a detailed literature study was presented to better comprehend the 

fundamentals and relevant literature related to the project. 

 In Chapter 3 a detailed experimental plan was given to elaborate on the procedures that 

were followed.    

 Chapter 4 presented all the relevant data and results obtained from the experiments as 

described in Chapter 3. 
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 In Chapter 5 the final conclusions and recommendations will be provided in order to 

conclude on the aims and objectives as set out in Chapter 1. 

Figure 1.2, illustrates a detailed layout of the proposed project.  

 

Figure 1.2: Scope of investigation 
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 Literature review 2.

 

Chapter 2 presents a literature review for theprojectentitled“The dry beneficiation of duff coal in 

a dense medium fluidised bed”. 

 

An overview of coal and the South African coal market will be given in Sections 2.1 and 2.2 

respectively.  Thereafter, a comparison between different beneficiation technologies (wet and dry 

beneficiation) will be discussed in Sections 2.3 and 2.4.  The focus of the project is the dry 

beneficiation of coal in particular with an air dense medium fluidised bed.  Fluidisation, the focal 

point of the process, is reviewed in Section 2.5 where after the dry beneficiation of coal in a fluidised 

bed will be discussed in Section 2.6.  
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2.1 Overview of coal 

2.1.1  Coal formation 

Over millions of years, coal was formed as the remains of prehistoric swamps and peat quagmires.  

The formation of this sedimentary rock was due to the decomposition of plant residue underneath 

thick layers of silts, sandstone and shales (WCI, 2009).  Over a long period of time, the 

accumulation of these entities beneath the earth’s crust caused the matter to be subjected to 

elevated pressures and temperatures.  Hence, due to chemical and physical changes or 

metamorphosis, the plant material transformed to peat (England et al., 2002; Falcon & Ham, 1988; 

Osborne, 1988; Wills & Napier-Munn, 2006).  The transformation of plant material to coal, or 

coalification, can be arranged as follow: 

𝑝𝑒𝑎𝑡 → 𝑙𝑖𝑔𝑛𝑖𝑡𝑒 → 𝑠𝑢𝑏 − 𝑏𝑖𝑡𝑢𝑚𝑖𝑛𝑜𝑢𝑠 → 𝑏𝑖𝑡𝑢𝑚𝑖𝑛𝑜𝑢𝑠 → 𝑎𝑛𝑡ℎ𝑟𝑎𝑐𝑖𝑡𝑒 → 𝑚𝑒𝑡𝑎 − 𝑎𝑛𝑡ℎ𝑟𝑎𝑐𝑖𝑡𝑒. 

With meta-anthracite being the highest quality and lignite the lowest rank coal.  Peat is 

characterised as a low calorific value and high moisture content substance, and is not classified as 

a coal rank, but more as a precursor of coal (Bend, 1992; Rong & Hitchins, 1995).  The quality of 

coal (or rank) can be attributed to its ‘organicmaturity’. A lower quality coal, such as lignite, has a 

lower maturity than a higher quality coal, such as meta-anthracite (England et al., 2002; Wills & 

Napier-Munn, 2006).  In order to classify coal, various analyses can be carried out which will be 

discussed in Section 2.1.2. 

2.1.2  Coal characterisation 

Coal is a very complex combustible rock, with a black to brownish colour.  Coal consists of a 

complex mixture of inorganic-, organic- as well as mineral matter (England et al., 2002; Wills & 

Napier-Munn, 2006; Yu et al., 2007).  Maturity of the peat material as well as geological factors 

contributed to the quality of a coal.  For example, Northern hemisphere coals differ from Southern 

hemisphere coals due to different environmental conditions during its formation (England et al., 

2002).  According to Falcon and Ham (1988) there are two levels for characterising coal, which will 

be discussed below. 

2.1.2.1  Empirical levels 

The first level to characterise coal is an empirical level which are related to the chemical and 

physical properties of the coal (Falcon & Ham, 1988).  The chemical properties of a coal is related to 

the amount of volatile matter, carbon content, moisture content as well as mineral matter just to 

name a few (Speight, 2005).  Amongst others, physical properties of coal can be catalogued as 
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density, pore structure and surface area.  Thermal properties include calorific value, free swelling 

index and agglomerating index (Speight, 2005).  

2.1.2.2  Fundamental levels 

The second level as described by Falcon and Ham (1988) are the fundamental levels.  This level 

focuses on the foremost building blocks of a specific coal as well as the associated rank.  Typically 

the study of macerals in coal (defined as the organic material in coal) is regarded as important in 

this level, and can be analysed with a microscope.  There are numerous macerals but the four main 

macerals relevant to all South African coals are; vitrinite (reactive and sought after), inertinite 

(unreactive), liptinite (reactive) and reactive semi-fusinite (reactive form of inertinite) (Osborne, 

1988). 

2.2 South African coal market 

South Africa is one of the leading coal producers in the world.  An estimated 51 to 55 billion tonnes 

of coal were classified as recoverable across the nation in the year 2000 (Eberhard, 2012; Jeffrey, 

2005).  In the year 2015, South Africa produced approximately 250 Mt of coal, and was the 7th 

largest coal producer in the world.  From the produced coal, South Africa exported 76 Mt, and was 

the 5th largest exporter of coal in 2015 (IEA, 2016). 

Due to the low production cost of South African coal, the coal mining industry plays a pivotal role in 

the economy of South Africa.  In 2009, the coal mining industry contributed approximately 1.8 % to 

the gross domestic product (GDP) of the country.  With regards to the South African mining sector, 

Statistics South Africa (2015) stated that coal was the largest single generator of income (27 %); 

followed by platinum group metal ores (PGMs), iron ore (16 %) and gold (13 %) for the year 2014. 

Hence, the coal industry is a significant contributor to the GDP of South Africa (Eberhard, 2011). 

A map of the South African coalfields can be seen in Figure 2.1.  
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Figure 2.1: South African coalfields (taken from Eberhard (2011)) 

Currently the most prominent coalfields in South Africa are that of the Witbank, Ermelo and Highveld 

coalfields in the Mpumalanga region, the Sasolburg/Vereeniging coalfields in the Free State and the 

Waterberg coalfield in Limpopo.  More than 70 % of the aforementioned reserves are found within 

the Highveld, Witbank and Waterberg coalfields (Eberhard, 2012; Jeffrey, 2005).   

MostofSouthAfrica’scoalfallsinsidethebituminouscoalcategory,whichareprimarilysuited for 

steam production.  The coal quality within different regions in South African differs to a great extent.  

South African coals are generally classified (according to international standards) as low rank.  

Typically South African run-of-mine (ROM) coals have an ash yield ranging between 20 % and      

30 %; however levels of 30 % to 40 % are becoming increasingly more frequent (Jeffrey, 2005).  It 

has been reported that some regions, for instance the Waterberg, can have ash yields as high  as 
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65 % (Jeffrey, 2005).  Therefore, the coal will need to be beneficiated in order to reduce the ash 

yields and increase the calorific value. 

In the following sections, different coal beneficiation techniques will be evaluated and discussed. 

2.3 Wet coal beneficiation 

The beneficiation of a mineral or ore is the separation of valuable and valueless materials within the 

ore body.  This is done in order to increase the value of the raw material.  In the coal industry, the 

beneficiation process is also referred to as coal washing.  During this method the coal quality can be 

upgraded by separating different coal qualities, and/or the removal of waste material (Wills & 

Napier-Munn, 2006).  The two main beneficiation methods are wet and dry beneficiation.  Even 

though the focus of this project is the dry beneficiation of coal, wet beneficiation methods are of 

importance.  

Wet beneficiation is currently the main method employed in the industry to wash coal.  In the 

process, huge quantities of water are required.  As mentioned in Section 1.1, wet jigging (a wet 

beneficiation technique) use approximately 3 to 5 tonnes of water in order to wash 1 tonne of coal.  

The insufficiency of clean water is an ongoing problem that is affecting wet beneficiation methods 

currently employed in the coal industry (Zhao et al., 2011).   

Therefore, the biggest drawback of wet beneficiation is the considerable amounts of water needed. 

However, wet beneficiation offers sharper separation efficiency in comparison to dry beneficiation 

technologies, and therefore still remain popular in the coal washing industry today (Wei et al., 2003; 

Yang et al., 2012).  Some wet beneficiation technologies include (Chikerema & Moys, 2012; 

England et al., 2002): 

 Froth flotation 

 Spiral concentration 

 Wet jigging 

 Wet dense medium beneficiation 

Wet jigging is a popular wet beneficiation technique and the principle on which it operates is similar 

to the fluidisation of dry coal, hence wet jigging is discussed in Section 2.3.1. 

2.3.1  Wet Jigging 

Jigging is an age old method in order to beneficiate a large array of ores; from gold, iron to coal.  

Being a gravity separation method, particles of different specific gravities can be separated based 

on its relative movement in response to gravity amongst a few other factors such as viscosity effects 
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etc.  Moreover, the efficiency of gravity concentration methods is largely dependent on particle sizes 

(Wills & Napier-Munn, 2006). 

Jigging operates on the same principle as fluidised beds.  Particles with different relative densities 

can be stratified when a vertical, pulsation is introduced to the solids.  However, as the pulsation 

strength increases, remixing can occur.  A schematic representation of a jigging process is given in 

Figure 2.2 (England et al., 2002). 

 

Figure 2.2: Wet jigging principle (adapted from England et al. (2002)) 

From Figure 2.2 it can be seen that, unprocessed coal is continuously fed onto the jig washing deck.  

Wash water is thereafter pulsed from the bottom of the bed to enhance the fluidisation of the solids 

due to the sufficient supply of stratification forces.  The solids are then stratified according to 

density, where lighter (less dense) fractions float to the top, and heavier (denser) fractions sink to 

the bottom.  Once the process is completed, the final bed can be cut into three sections namely the 

clean- (top), middling (when applicable) -, and discard (bottom) coals (England et al., 2002).  
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Separation of the coal takes place at a given cut point, with the main objective being to split the 

heavier fractions from the lighter fractions.  Once the separation and division into different fractions 

have been completed, the coal is then transferred to dewatering devices for further processing 

(England et al., 2002).  The stratification mechanism within a jig is generally driven by some particle 

size segregation.  The coarser heavy particles (discard) will be layered below the smaller heavy 

particles, but below the coarser middling particles.  Ideal stratification of the jigging process will 

therefore be depended on the turbulent regime, as well as the specific residence time that is 

required to permit the stratification kinetics (England et al., 2002).  

Wills and Napier-Munn (2006) stated that jigging is most advantageous to concentrate relatively 

coarse materials.  Moreover, a good separation efficiency can be achieved if the feed is relatively 

closely sized (e.g. 3 to 10 mm) for a narrow specific gravity range.  Another advantage of jigs is that 

it can wash a wide range of coal sizes, ranging from 0.5 to 150 mm (England et al., 2002). 

As mentioned, jigging is very similar to the fluidisation processes.  Like fluidisation, jigging can be 

done on wet or dry basis.  Dry coal beneficiation, the focus of this project, is reviewed in Section 

2.4.  

2.4 Dry coal beneficiation 

Apart from wet coal beneficiation as discussed in Section 2.3, coal can be cleaned by using dry coal 

beneficiation technologies.  Several methods have been introduced to the coal cleaning market 

including; hand picking, gas-solid fluidised beds, gravity separators, electrostatic separators and air 

jigging to name a few (Chen & Wei, 2003; Dwari & Rao, 2007; Zhao et al., 2015).  Differences in 

hardness, density, surface characteristics, size, shape and friction of particles are properties that 

are exploited to perform dry coal beneficiation (Azimi et al., 2013; Kumar et al., 2010). 

Dry coal beneficiation technologies have been developed and researched since 1930.  Dry cleaning 

of coal was popular in the United States of America (USA) from 1930 to 1990.  The dry processing 

of coal peaked during 1965, where approximately 25.4 Mt of coal was processed.  In the late 

1980’s, the dry processing of coal declined,mainly due to increased run-of-mine moisture levels 

due to dust suppression requirements.  Moreover, an increasing demand for a better coal quality at 

the best efficiency and at the lowest separation densities became more important (Honaker et al., 

2008).  

Honaker et al. (2008) listed some advantages of dry beneficiation processes as having a lower 

capital and operational cost, there are no additional water treatment requirements, it delivers a 

product with lower moisture content as well as being less permitting (in terms of using less water 
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and require less downstream processes such as water treatment processes), and thus easier to 

implement.  

Due to extensive research, pneumatic beneficiations, such as air jigging and air dense medium 

fluidised beds have since been introduced to the industry (Chen & Wei, 2003).  Tough restrictions 

on particle feed size ranges, low beneficiation efficiencies, dust pollution and high air flow 

requirements are some of the pitfalls of pneumatic separators (de Jong et al., 2004; Chen & Yang, 

2003).  One of the more promising, and favourable, dry beneficiation technologies is the air dense 

medium fluidised bed (ADMFB).  

The Ecart Probable Moyen (Ep) value is a parameter that is commonly linked to the efficiency of the 

separation process.  The Ep value can be calculated with the use of Equation 2.1. 

𝐸𝑝 =  
𝛿75− 𝛿25

2
        (2.1) 

where δ is the relating partition coefficient density (g/cm3) (Yang et al., 2012). 

Chikerema and Moys (2012) did a comparison between the reported Ep values for different coal 

beneficiation technologies which is given in Table 2.1. 

Table 2.1: Comparison between different coal beneficiation processes (taken from 
Chikerema & Moys (2012)) 

Method Ecart Probable Moyen (Ep) Value 

Dry air fluidised bed 0.040 – 0.150 

Air Jig 0.200 – 0.300 

FGX 0.150 – 0.300 

Wet dense medium separator 0.015 – 0.120 

 

It is noticeable from Table 2.1 that the fluidised bed technology’s separation efficiency compares

well with the wet dense medium separation techniques (Chikerema & Moys, 2012).  In South Africa 

one air table, called the FGX separator, is fully installed and have received a lot of interest.  

Although the technology was able to de-stone raw coal, the FGX in South Africa had poor 

separation efficiencies with Ep values between 0.20 and 0.30.  Moreover, the FGX is not able to 

separate size fractions smaller than 6 mm (de Korte, 2014).  

As mentioned in Section 2.3.1, jigging works in an analogous method to fluidised beds.  Hence dry 

jigging is discussed in the following section. 
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2.4.1  Dry jigging 

Although the principle of both wet and dry jigging is the same, dry jigging uses air instead of water 

to separate coal particles of different relative densities.  As in Figure 2.2, only now with the use of 

air, the air is pulsated through the bed where after the denser particles form a part of the discard 

fraction, and the less dense particles of the product fraction (Sampaio et al., 2007).  Sampaio et al. 

(2007) found that a low quality coal with particle sizes less than 50 mm can successfully be 

beneficiated with the use of a dry jig.  The coal had an initial ash and sulphur content of 51 % and 

1.8 % respectively.  The ash yield in the discard from the jigging tests was above 60 %, indicating 

that the jigging technique can de-stone high ash yield coals.  Moreover, after jigging the product had 

an ash yield and sulphur content of 41 % and 0.7 % respectively. 

2.4.2  Dense medium separation 

Like jigging, dense medium separators can either be utilised on a dry or wet basis.  This technique 

exploits the different densities of particles, to separate the material in the bed.  During the 

separation process, a medium other than air is added to set a constant relative density (Chen & 

Wei, 2005; Prusti et al., 2015).  Wills and Napier-Munn (2006) listed some advantages of dense 

medium separators as: 

 Having a sharp separation efficiency which can be reached at any necessary relative 

density; 

 Being able to accurately control the separating density;  

 Selecting a new cut density relatively fast, and therefore making the necessary changes 

during operation and  

 Being a relevant method in order to beneficiate many other ores. 

Adversely, the dense medium required for dense medium separators, can be expensive in some 

instances.  Moreover, the recovery of all media is nearly impossible, and therefore the continuous 

addition of medium to the process is required (Wills and Napier-Munn, 2006).  

The project focus on the dry beneficiation using an air dense medium fluidised bed which can be 

classified as a dense medium separation process as discussed above.  The following sections will 

focus on fluidisation principles as well as the dry beneficiation of coal in a fluidised bed. 

2.5 Fluidisation 

Kunii and Levenspiel (1991) classify fluidisation as a fluid-like state of solid particles due to a 

suspension in an upwards flow of gas (or liquid).  When a fluid is passed through a bed of particles, 

the forces that act on the particles cause the particles to move around.  At an increased flow rate of 
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the liquid or gas, the particles become suspended.  At this critical fluid velocity, the frictional forces 

between the particles and the liquid offset the weight of the particles, causing them to become in a 

suspended state.  The particles inside the bed then adapts fluid-like properties and is then classified 

as’fluidised’ (Kunii & Levenspiel, 1991).   

Thefirstlargescale,andcommerciallysignificant,useofafluidisedbedwasWinkler’scoalgasifier

in 1926 (Kunii & Levespiel, 1991).  The gasifier fluidised coal, and with the injection of steam and 

oxygen, the coal was converted to a synthesis gas.  The process was deemed inefficient due to 

numerous reasons such as requiring a high oxygen consumption rate and a loss of carbon due to 

entrainment.   

In the 1940’s, catalytic cracking was a starting point in the industrial application of fluidisation 

techniques and led to intense research by scientists to better comprehend this phenomena (Kunii & 

Levenspiel, 1991).  The application of fluidisation in different processes are highlighted by Kunii and 

Levespiel (1991), but include the cracking of hydrogen, combustion, gasification and incineration of 

different fuel types, carbonisation and bio-fluidisation.  Most of these fluidisation processes involve a 

set of reactions, which is accompanied with other auxiliary processes.  However, the dry 

beneficiation of coal does not include any chemical reaction and is only used in order to stratify the 

coal according to density. 

A dense medium process (in the form as a fluidised dense medium bed) is an example of 

fluidisation, and the principle thereof will be discussed in Section 2.5.1.  

2.5.1  Principle of fluidisation 

FluidisationisbasedonArchimedes’principlewhichstatesthatan object, whether partially or fully 

submerged in a fluid, is subjected to an upward buoyant force.  Fluidisation can be characterised by 

threedifferent ‘states’.Thefirststate is thefixedstate, inwhich the particles lie stacked together, 

with little to no movement.  During state 2, at a specific airflow of gas, each particle becomes 

suspended in the fluid flow.  During this state, also known as fluidisation, the particles are free to 

move and rearrange.  The last stage is where particles are subjected to a very high air flow rate. At 

this stage, pneumatic transport of particles takes place, in which particles can escape the bed. 

Hence, by the law of Archimedes, particles can separate from each other based on the difference in 

densities in the gas-solid pseudo fluid within the second state (He et al., 2016a; Zhao et al., 2015).   

During fluidisation, a certain velocity is needed to ensure a well-developed fluidised bed.  This 

velocity is known as the minimum fluidisation velocity.  The minimum fluidisation velocity indicates 

the transition of the particles from state 1 (fixed state) to state 2 (fluidisation state) (Luo et al., 2002; 

Zhao et al., 2015).  During fluidisation, the bed of particles expands to some extent.  This expansion 

is mainly due to bubble formation (which occupies a certain volume) (Zhao et al., 2015).  The 
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minimum fluidisation can be well described by the Ergun equation, which will be discussed in the 

following section.    

Once the minimum fluidisation velocity has been reached, particles in a fluidised bed steadily move 

downward due to gravitation, however due to an upward force, particles occasionally move in the 

upward direction (Rhodes, 2008).  This buoyancy force is equal to the weight of the fluid displaced 

by the object.  In other words, a particle that is dense will sink to the bottom, whilst a particle that is 

less dense will float to the top (Choung et al., 2006; Luo & Chen, 2001).  As mentioned in Section 

2.3.1 and 2.4.1, jigging works on a similar principle. 

A study by Wei and Chen (2001) indicated that material in a fluidised bed behaves similar to a 

Bingham fluid.  The rheological characteristics of a fluidised bed can be described by the falling 

sphere method.  A series of upward and downward forces affect the particles within a fluidised bed.  

It is due to the fluid-like properties of the fluidised content in the bed that cause the separation of 

heavy and light particles (Sahu et al., 2009).  Figure 2.3 gives an illustration of the forces that act on 

a solid particle during fluidisation. 

 

Figure 2.3: Forces exerted on a particle during fluidisation (adapted from Sahu et al. (2009)) 

There are four main forces acting on a particle, as can be seen from Figure 2.3.  These forces 

include; but are not limited to (Sahu et al., 2009): 

 Gravitational force of the particle (G), Newton; 

 Effective buoyancy force put forth on the particle (Fb), Newton; 
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 Frictional drag force put forth on the particle (Fgd), Newton; 

 Drag force of the air dense medium put forth on the particle (Fsd), Newton. 

The frictional drag force of the air exerted on the particle (Fgd) is negligible since the diameter of 

such a particle is much larger than that of the medium.  Hence there are three main forces acting on 

a particle during fluidisation (Sahu et al., 2009). 

Figure 2.4 depicts the pseudo-fluid like characteristics of a fluidised bed (Luo & Chen, 2001; 

Mohanta et al., 2013):  

 

Figure 2.4: Pseudo fluid-like properties of particles in a fluidised bed (adapted from Luo & 
Chen (2001); Mohanta et al. (2011)) 

Figure 2.4 (a) indicates that two connected chambers will be fluidised to the same height due to 

upward flowing gas.  If the chamber is tilted to an angle, the surface of the particle bed will remain 

horizontal (2.4b).  From Figure 2.4 (c) the pressure differential between two points in the bed is 

equivalent to the hydrostatic head of the bed.  In Figure 2.4 (d), it is noticeable that if there is a hole 

in the chamber, the particles will escape similar to a liquid.  In Figure 2.4 (e) the fundamentals of this 

project are depicted, which indicates that particles with a higher density will sink to the bottom of the 

bed whilst less dense particles will float to the top of the bed.  Hence density separation occurs (Luo 

& Chen, 2001).  

It can be believed that perfect particle distribution can be achieved, however in reality light and 

heavy particles can be misplaced due to multiple reasons.  This phenomenon is commonly referred 

to as the displaced distribution effect or back mixing (Chen & Wei, 2005; Sahu et al., 2009).  This 

effect can be caused by various factors; most prominently by movement and viscosity effects. The 

displaced movement effect will be significant when the air flow is too high or too low; thus influenced 

by the feed air velocity.  The displaced viscosity effect increases with a decrease in air flow rate; 

thus influenced by the viscosity of the bed (Chen & Wei, 2005).  Moreover, particle size is also a 

factor that influences displacement.  A large less dense particle can sink to the bottom of the bed 

whilst a small denser particle can float to the top.    
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The gas velocity is a very important parameter to take into account when separating particles in a 

fluidised bed.  The velocity of the upward flowing gas must be between the minimum fluidisation and 

bubbling velocity in order to ensure effective separation, as aforementioned.  Hence accurate flow 

instrumentation is needed during experimental proceedings (Luo et al., 2002).  The minimum 

fluidisation velocity or gas velocity is therefore discussed in detail in Section 2.5.2 in order to 

comprehend fluidisation to its fullest. 

2.5.2  Minimum fluidisation velocity 

The minimum fluidisation velocity is defined as the velocity at which particles transform from a fixed 

state, to a fluidised state.  During this state, the particles within the bed behave like a fluid.  Particles 

are free to rearrange its position in the bed, according to its relative densities (He et al., 2016a; 

Zhao et al., 2015).  The minimum fluidisation velocity, therefore play a pivotal role in the separation 

abilities of the particles in the bed. 

From Figure 2.3, the drag force is ultimately responsible for creating a suspended bed of particles, 

which is proportional to the fluidisation velocity.  Gupta et al. (2009) stated that there are 79 

correlations that could possibly envisage the minimum fluidisation velocity and suggested that the 

superficial air velocity, that administers the efficiency, must be predicted beforehand.  Although 

there are numerous models in literature to predict the minimum fluidisation velocity, most prediction 

models are derived from principles by Kunii and Levenspiel (1991). Those fundamentals are still 

extensively used in industry and by research institutions.  

There are a number of parameters that influence the minimum fluidisation velocity, many of which 

have interactive influences on one another (Mohanta et al., 2013).  But various authors (Escudero & 

Heindel, 2011; Gupta et al., 2009; Kunii & Levenspiel, 1991) divided the most important parameters 

into three categories namely; particle-, fluid- (or gas) and bed properties.  These parameters are 

essential to consider when designing a fluidised bed as it play an important role in the 

hydrodynamics of the bed.  It is therefore a very intricate system that needs to be comprehended to 

achieve the best performance of a fluidised bed as it all influences the minimum fluidisation velocity 

(Escudero & Heindel, 2011). 

The equation for the minimum fluidisation velocity is derived below whilst it is assumed that a 

constant upward flow of fluid/gas is present.  This assumption can be attained by installing a 

distributer plate at the bottom of a fluidised bed, to ensure gas is evenly distributed across the entire 

cross sectional area of the bed.  Minimum fluidisation comes about when the drag forces created by 

the upward flowing air are equal to the weight of the particles.  Thus (Kunii & Levenspiel, 1991): 

∆𝑝𝑏𝐴𝑡 = 𝑊 = 𝐴𝑡𝐿𝑚𝑓(1 − 𝜀𝑚𝑓) [(𝜌𝑠 − 𝜌𝑔)
𝑔

𝑔𝑐
]      2.2) 
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Where, 

 Δpb is pressure difference between 2 points in the bed, which is always positive (Pa), 

 At is the cross-sectional area of the bed (m2), 

 W is the weight of the particle bed (N),  

 Lmf is the length of the bed (m), 

 εmf the voidage between particles - Kunii and Levenspiel (1991) suggested 0.63 for small 

Anthracite and Bituminous coals, 

 ρs the density of the particle (kg/cm3), 

 ρg the density of the gas (kg/cm3), and 

 g the gravity acceleration constant (m/s2). 

By rearranging Equation 2.2, the condition for minimum fluidisation can be described by: 

∆𝑝𝑏

𝐿𝑚𝑓
= (1 − 𝜀𝑚𝑓)( 𝜌𝑠 − 𝜌𝑔)

𝑔

𝑔𝑐
         2.3) 

The superficial velocity at minimum fluidising conditions, umf, is given by 

1.75

𝑚𝑓
3 𝜑𝑠

(
𝑑𝑝𝜇𝑚𝑓𝑝𝑔

𝜇
)

2

+
150(1− 𝑚𝑓)

𝑚𝑓
3 𝜑𝑠

2 (
𝑑𝑝𝜇𝑚𝑓𝑝𝑔

𝜇
) =

𝑑𝑝
3𝜌𝑔(𝜌𝑠−𝜌𝑔)𝑔

𝜇2     (2.4) 

Where, 

 umf is the minimum fluidisation velocity (m/s), 

 dp the particle diameter (m), 

 φs the sphericity of the particle (perfect round sphere = 1) and 

 μ the viscosity of the gas (Pa.s) 

By rearranging Equation 2.4, Equation 2.5 is attained as 

1.75

𝑚𝑓
3 𝜑𝑠

𝑅𝑒𝑝,
2

𝑚𝑓
+

150(1− 𝑚𝑓)

𝑚𝑓
3 𝜑𝑠

2 𝑅𝑒𝑝,𝑚𝑓 = 𝐴𝑟                  (2.5) 

With Re being the Reynolds number (Equation 2.6) and Ar being the Archimedes number (Equation 

2.7): 

𝑅𝑒𝑝,𝑚𝑓 =  
𝑑𝑝𝜇𝑚𝑓𝜌𝑔

𝜇
          (2.6) 

𝐴𝑟 =
𝑑𝑝

3𝜌𝑔(𝜌𝑠−𝜌𝑔)𝑔

𝜇2          (2.7) 
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Equation 2.7 can therefore be simplified to give the minimum fluidisation velocity of small particles 

as (Kunii & Levenspiel, 1991): 

𝑢𝑚𝑓 =  
𝑑𝑝

2(𝜌𝑠−𝑝𝑔)𝑔

150𝜇

𝑚𝑓
3 𝜑𝑠

2

1− 𝑚𝑓
                                 𝑅𝑒𝑝,𝑚𝑓 < 20    2.8) 

The Ergun equation, Equation 8, specifies that an increased particle size (dp) will increase the 

minimum fluidisation velocity quadratic.  Moreover, the voidage (εmf) between the particles are 

proportional to the minimum fluidisation velocity.  Similarly, as the density of the particles increases 

the minimum fluidisation velocity will increase. 

The relative velocity between the particle and the medium within the bed dictate the position of the 

particle in the bed.  This contributes to the separation efficiency as the efficiency is dependent on 

the bed viscosity and the velocity of the medium.  Sahu et al. (2009) therefore emphasised the 

importance of the accurate determination of the minimum fluidisation velocity.  Failing to have the 

correct fluidisation conditions will not only contribute to the displacing effect due to viscosity and 

motion but cause ineffective separation.  Hence it is crucial to determine the correct minimum 

fluidisation velocity to ensure the successful operation of the bed.  In the following section, methods 

will be given to aid in determining the correct minimum fluidisation velocity. 

2.5.3  Relationship between pressure and velocity in a fluidised 

bed 

Commonly the degree of fluidisation can be observed, however it is not always possible.  An 

estimation of the minimum fluidised velocity can be made by constructing a pressure versus gas 

velocity diagram as presented in Figure 2.5.  Figure 2.5 is related to the frictional pressure drop in 

the bed as given by the Ergun Equation, Equation 2.9, below for a fixed bed (Kunii & Levenspiel, 

1991): 

∆𝑝𝑓𝑟

𝐿𝑚
𝑔𝑐 = 150

(1− 𝑚)2

𝑚
3

𝜇𝑢0

(𝜑𝑠𝑑𝑝)
2 + 1.75

1− 𝑚

𝑚
3

𝜌𝑔𝑢0
2

𝜑𝑠𝑑𝑝
      (2.9) 

During the construction of the graph, particles with uniform sizes were used. 

Figure 2.5 is given to demonstrate the pressure drop and superficial velocity relationship as 

discussed above. 
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Figure 2.5: Pressure vs. velocity diagram in order to determine the minimum fluidisation 
velocity (taken from Kunii & Levenspiel (1991)) 

From Figure 2.5, the data line reaches a maximum pressure point (ΔPmax), where the pressure in 

the bed is slightly higher than the static pressure of the bed.  Up until the maximum pressure point, 

the bed will be a fixed bed.  Once the maximum pressure has been reached, a decrease in pressure 

across the bed is observed, and this point is known as the minimum fluidisation point.  However, this 

pressure drop is only an indication that initial fluidisation occurred.  A small increase in the gas 

velocity will lead to the formation of small bubbles, the expansion of the bed, and ultimately 

fluidising the static bed (Kunii & Levenspiel, 1991).  The minimum fluidisation velocity can therefore 

be established during operation.   

To ensure complete fluidisation, the fluidisation velocity is chosen slightly higher than the minimum 

fluidisation point.  However, the formation of bubble within the bed need close observation.  The 

formation of the bubbles has a direct relation to the gas velocity within the bed (Luo et al., 2012). 

Although no exact indication is given in literature as to how much higher the operating air flow 

(superficial velocity U) should be than the minimum fluidisation velocity (Umf) for a specific size and 

range of coal, He et al. (2016a) elaborated on these specifics.  

He et al. (2016a) performed experiments in a laboratory scale dense medium fluidised bed with the 

use of a Chinese coal (-25 +3 mm).  The coal had an initial ash yield percentage of 39.56 %.  A 

relatively coarse magnetite was used, by mixing two different magnetite sizes i.e. (-0.3 +0.15 mm) 

and (-0.15 +0.074 mm).  The coal and magnetite mixture (Umf = 7.3 cm/s) was then fluidised at 

different superficial velocities, i.e. (a) U = 1.2Umf, (b) U = 1.3Umf, (c) U = 1.4Umf, (d) U = 1.6Umf,      
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(e) U = 1.7Umf and (f) U = 1.8Umf.  To elaborate on the influence of airflow on the separation of coal 

in the dense medium fluidised bed, Figure 2.6 is presented (He et al., 2016a). 

 

 

Figure 2.6: Separation of (-25 +3 mm) coal in a dense medium fluidised bed at various gas 

velocities (a) U = 1.2Umf; (b) U = 1.3Umf; (c) U = 1.4Umf; (d) U = 1.6Umf; (e) U = 1.7Umf; (f) U =1.8 

Umf (taken from He et al. (2016a)) 
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From Figure 2.6 it can be seen that if U = 1.2Umf, the denser tailings and less dense clean coal was 

still mixed together and remained in its original positions; even though the minimum fluidisation 

velocity has been reached.  This caused no/poor separation for the coal due to the insufficient 

provision of external energy in order to overcome the bed resistance created by the densely packed 

magnetite.  As the gas velocity was increased from 1.2Umf to 1.3Umf, stratification of the bed 

occurred, which led to the denser particles sinking, whilst the less dense particles started to float.  

The slight segregation is due to the fact that the increased gas velocity expanded the bed, as more 

bubbles formed.  A further increases in gas velocities (from 1.3Umf to 1.8Umf) provided for more 

efficient segregation of the coal particles as the gas velocities provided enough energy to produce 

small bubbles.  Hence, the space available for particles to freely float or sink was created at these 

gas velocities.  The ash yield content in the bottom layers for these increased gas velocities 

reached a maximum of nearly 80 % at 1.6Umf.  A further increase in air flow (U = 1.9Umf), caused 

severe back mixing, resulting in high density tailings being carried to the top and low density coal 

disorderly and circulatory being carried to the bottom of the bed.  This larger gas velocity worsened 

the segregation as the stability of the bed decreased due to the conjoining of the small bubbles and 

thus forming large unwanted bubbles.  These findings can also be summarised in Figure 2.7 (He et 

al., 2016a). 

 

Figure 2.7: The influence of various gas velocities on the density distribution of coal 

particles (-25 +3 mm) in a dense medium fluidised bed (U* = U/Umf) (taken from He et al. 

(2016a)) 

From Figure 2.7, the effect of gas velocities on the density distribution is evident.  If U* < 1.4, the 

turbulent behaviour in the bed resulted in poor density distribution due to insufficient bubble 
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formation.When1.4≤U*≤1.8,smallbubbleswereformedwhichresultedincompletefluidisation

and uniform density behaviour of the bed.  The denser coal had the ability to sink to the bottom, 

whilst the less dense coal particles floated to the top providing for complete segregation.  When    

U* > 1.8, remixing of the bed material resulted in poor density distribution.  The optimum operating 

velocity was therefore established as U* = 1.6 (He et al., 2016a).   

Similar experiments were conducted by Zhao et al. (2016).  Coal (-3 +1 mm) was mixed with coarse 

magnetite (anaveragesizeof232μm) ina4:1coal tomagnetitevolume ratio.  Most of the coal 

(about 73 % of the mass) that was used had low ash yield values (8.47 to 15.34 %), whilst 11.79 % 

of the mass had an ash yield of 79.51 %.  The coal was beneficiated inside an ADMFB at U* = 1.0, 

U* = 1.35, U* = 1.7; U* = 2.0; U* = 2.4 and U* = 3.1.  The results found were, however, to be a bit 

different from those reported by He et al. (2016a).  He et al. (2016a) stated that U* = 1.6 will be the 

optimum, while if U* >1.8 severe back mixing was observed.  In the work of Zhao et al. (2016), back 

mixing was only observed at U* > 2.4.  The reason for this might be attributed to the different size 

ranges of particles used.  He et al. (2016a) used a wider size range (-25 +3 mm) than Zhao et al. 

(2016).  Therefore no exact recommendation for U* is available in literature for specific coal sizes 

and ranges, and would differ from scenario to scenario.   

However from the results, it is crucial to note the importance of both the gas velocity and minimum 

fluidisation velocity.  These factors dictate the formation of bubbles, which is essential for good 

separation in a dense medium fluidised bed.   

According to Luo et al. (2012) and Sobrino (2009), bubbles can either have an advantage or a 

disadvantage.  The effects of bubble formation are: 

 The first important result of bubble formation is that of remixing.  Initially mixing of bed 

material is needed as the mixing enhances the uniformity of density throughout the bed.  

This beneficial initial mixing stage is caused by small bubbles. However, the remixing of 

particles caused by large bubbles can suppress the stratification of particles.  The remixing 

of bed material can cause some denser particles to get trapped inside a large bubble and 

consequently being misplaced.   

 Small bubbles travelling through the bed can cause particles to loosen and allow for better 

separation.  Whilst on the other hand, the shocks created by the larger bubbles can cause 

variations in bed height and heterogeneity of the bed having an adverse effect on the 

performance of the bed (Luo et al., 2012).  

The favourable effects are related to smaller bubbles, which will promote a well-developed fluidised 

bed, whilst large bubbles will suppress good segregation (Luo et al., 2012).  The observation and 

control of the formation of small bubbles is therefore important.   
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The bubble formation, which is related to the minimum fluidisation velocity (arguably the most 

important parameter for effective fluidisation), can also be related to the particle properties within 

the bed.  The following section will elaborate on the classification of particles used during 

fluidisation. 

2.5.4  Particle classification in a fluidised bed 

The hydrodynamics of a fluidised bed is very intricate and better comprehension of properties 

influencing the operation of a fluidised bed is of strategic importance.  Arguably the most important 

consideration is the aforementioned minimum fluidising velocity, which is a function of the particle 

properties, particle and bed geometry, as well as fluid properties (Escudero & Heindel, 2011). 

Different particles behave different in a fluidised bed, however Geldart categorised different particle 

types into four classes.   

 

Figure 2.8: Geldart classification of particles (taken from Kunii & Levenspiel (1990)) 

From Figure 2.8 it can be seen that the four particle classification groups are; Aeratable, Sand-like, 

cohesive and Spoutable. These four Geldart particle groups are discussed (Kunii & Levenspiel, 

1991):  
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Group A:  The fluidisation of this group is relatively easy and bubble formation at low gas 

velocities is easily controllable.  Particles within this group are characterised by a density lower than 

1.4 g/cm3 and a small mean particle size. 

Group B:  The particle size and density of this group range from 40 to 500 μm, and 1.4 to 4 

g/cm3 respectively.  Vigorous bubbling will be visible during fluidisation, whilst the bubble size will 

increase as the height of the bed increases.  

Group C: This group involves very fine particles.  Fluidisation of this particle group is nearly 

impossible as the gas-particle forces are much weaker than particle-particle interaction.   

Group D:  The final group is regarded as very large, and/or dense particles, which hinders 

fluidisation due to large erupting bubbles.  Furthermore, serious channelling and back-mixing can 

occur (Yang et al., 2015). 

The coal particles used in this project can be classified as a Geldart particle A or a Geldart particle 

D (a density range larger than 1.4 g/cm3).  It is expected that a bed filled entirely with coal will 

fluidise quite easily.  However, the dense medium powders that will be used during the project 

(magnetite, sand and fine discard coal) are classified as a Group B particle.  The fine powdery 

nature of the medium can cause vigorous bubbling which should be attended to during experimental 

procedures.  

The use of a dense medium in previous literature as well as the addition of vibration to a dense 

medium fluidised bed will be discussed in the following section. 

2.6 Dry beneficiation of coal in a fluidised bed 

In 1926, Yancey and Frazer, issued a patent and published a paper on using a fluidised bed in 

order to beneficiate coal.  The process was developed to clean coal with a particle size between 10 

and 50 mm.  Sand as dense medium, the first of its kind, was used with a bulk density of 1.45 g/cm3 

(Houwelingen & de Jonge, 2004; Mohanta et al., 2013).  This process was however never employed 

and verified on a pilot or industrial scale, and therefore the separation capabilities are still unclear.  

Since then, dry density-based separation using gas-solid fluidised beds were explored by many 

countries based on YanceyandFrazier’smethods for various other applications and are highlighted 

by Zhao et al. (2011).  The dry beneficiation of large coal particles (-50 +6 mm) was tested by a 

number of research institutions using a fluidised bed.  The beneficiation was a success, with an Ep 

value of 0.05 (Luo & Chen, 2001; Luo et al., 2003; Wei et al., 2003).  The Chinese University of 

Mining and Technology (CUMT) constructed the first air dense medium dry coal beneficiation plant.  

The plant had the ability to process 320 000 tonnes of coal (-50 +6 mm) per year with an Ep of 0.05.  
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Since then, with support from the government, a larger commercial plant were built to have an 

output of 700 000 tonnes per annum (Chen & Wei, 2005).  In Figure 2.9, the dry dense medium 

(DDM) plant that is in operation in Shenhua, China, can be seen.  

 

Figure 2.9: Dry dense medium plant in Shenhua, China (taken from de Korte (2016)) 

The plant in Figure 2.9 was able to cut at a relative density of between 1.4 and 1.5 g/cm3, whilst the 

Ep value was reported as 0.055 (de Korte, 2016).   

Additional research done by CUMT regarding dry coal beneficiation, concluded on the following: 

Vibrated air dense medium fluidised bed – The ash yield was reduced by 8.22 %, with a yield of 

80.2 % for the dry beneficiation of fine coal (-0.5 +6 mm).  The accompanying Ep value was found to 

be 0.065 (Chen & Wei, 2005). 

Deep air dense medium fluidised bed – An Ep of 0.02 was possible for the beneficiation of dry 

coal, with a size smaller than 50 mm.  This technologywasof importance toChina’sbigsurface

mines in order to remove waste from feedstocks having a particle size range between 50 and 300 

mm (Chen & Wei, 2005). 

Triboelectric cleaning technology – This technology, for pulverised coal of approximately 43 μm 

in size, yielded ultra-low ash coal with ash yields below than 2 %.  However, the coal was fully 

liberated beforehand (Chen & Wei, 2005). 

Dual-density fluidised bed – This technology beneficiated coal in order to yield three products 

namely; clean, middlings and discard coal.  The upper and lower layer had a density of 

approximately 1.52 g/cm3 and 1.87 g/cm3, and an Ep value of approximately 0.07 and 0.1 

respectively (Chen & Wei, 2005). 
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In addition to the advantages of the ADMFB as described in Section 1.1, this technology has some 

pitfalls which include (Sahu et al., 2009): 

 Previous work done at the North-West University by Terblanche (2011) found that coal 

particles containing a moisture content larger than 7 wt %, caused the particles to stick to the 

sides of the fluidised bed, or to agglomerate, and hence preventing good fluidisation.  

Although not quantified, Sahu et al. (2009) also stressed the inefficient separation at too high 

moisture contents for both the coal and dense medium, which reduce the fluidity of medium.  

Furthermore, the agglomeration of particles decrease the effective interaction between the 

solid and gas phase.  He et al. (2015) proposed that the surface moisture of lignite coal in 

the size fraction (-6 +3 mm), should be lower than 2.5 % and below 2.0 % for the (-3 +1 mm) 

size fraction lignite, in order to ensure good segregation.  The DDM plant in China is 

equipped with a thermal dryer to ensure that the surface moisture is below 3 %.  If the 

technology were to be installed in South Africa, a coal drying process will be essential as 

run-of-mine coals in South Africa have on average a surface moisture content between 5 % 

and 6 % (de Korte, 2016);    

 The air-feed to the fluidised bed should be moisture free, since moisture in the air can 

condense within the bed, and cause problems with medium recovery (de Korte, 2016); 

 The rate of medium consumption can be high due to difficulty in separating the medium from 

the coal (Sahu et al., 2009).  Particle attrition causes some coal to accumulate in the 

medium, which will result in an inconsistent density of the medium (uniform density of a 

medium is preferred).  A portion of the coal will need to be removed from the medium.  

Hence, magnetite is the preferred medium to use, as magnetic separation is a possibility.  

The use of silica sand is therefore not as preferable as magnetite, as the recovery of sand by 

screening is easy, but the cleaning of the medium is troublesome (de Korte, 2016); 

 Mohanta et al. (2011) found that as the size of the feed particles decrease, the separation 

performance decreases, and therefore the fluidised bed does not really offer any better 

performance results than conventional beneficiation technologies, such as dense medium 

cyclones, in order to process finer (-15 mm) coal fractions.  

2.6.1  Dense media 

As discussed above, magnetic materials are the preferred medium to use during dense medium 

separation processes due to the fact that it is easily recoverable and cleanable.  Magnetic dense 

medium such as magnetite, vanadic titanomagnetite and paigeite can be used. These magnetic 

materials are favoured as a magnetic separator can be used to recover, and/or clean the medium 

(Maoming et al., 2003).   



School of Chemical & Minerals Engineering   

 

31 

 

As mentioned, the addition of a dense medium such as magnetite or sand provides a constant 

density over the depth of the bed.  The media can have fluid-like properties once fluidised, which 

aids in good separation.  From the fundamentals of fluidisation (Section 2.5), back mixing lead to 

inefficient fluidisation performances.  The addition of a medium to the bed can prevent back mixing 

(Prusti et al., 2015).  Moreover, Fan et al. (2001) stated that vigorous bubbling, which is a common 

observation for smaller size fractions, can be inhibited by the addition of a dense medium such as 

magnetite to the bed.  

One very important factor to consider when adding a medium to a fluidised bed is the size of the 

medium.  Hence, the difference between the medium and coal particle size should not be too small 

because the cohesive forces between the small size particles are strong, and leads to less effective 

fluidisation (Luo et al., 2002; Zhao et al., 2010b).   Moreover, if the size of the medium is too small, 

the material will be blown out of the bed (de Korte, 2016), making it an aggressive bubbling bed (He 

et al., 2016a).  The reason for this aggressiveness is due to the fact that the total surface area of the 

finer magnetite is larger than that of the coarse magnetite.  Hence the surface adhesions between 

the fine particles are stronger.  This phenomenon can cause plug flow or dead zones within the bed.   

Conversely, if the medium is too coarse, the medium will not fluidise easily, requiring a larger gas 

velocity, and thus increasing the energy requirements.  Additionally, the coarser magnetite will result 

in a larger voidage within the bed, which will make the likelihood of larger bubbles forming higher 

(He et al., 2016b).  There is a specific size range for each medium that can be used in a dense 

medium plant, which can be dictated by the density of the medium (de Korte, 2016). 

To elaborate on this issue regarding the size of magnetite, the work of He et al. (2016a) is reviewed.  

In the study, three different magnetite sizes were used i.e. (-0.3 +0.15 mm), (-0.15 + 0.074 mm) and 

(-0.074 mm).  The magnetite (Geldart group B powder) was fluidised as discussed in Section 2.5.2 

in order to determine the minimum fluidisation velocity whilst measuring the pressure drop.  The 

results are presented in Figure 2.10. 
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Figure 2.10: Pressure drop across a fluidised bed as a function of superficial velocity (taken 
from He et al. (2016a)) 

From Figure 2.10, the (-0.074 mm) magnetite had the lowest minimum fluidisation velocity, followed 

by (-0.15 + 0.074 mm) and (-0.3 +0.15 mm).  The overall ΔPB has a tendency to be constant once 

the minimum fluidisation velocity (Umf) has been reached.  However, the stability of ΔPB decreased 

as the size of the magnetite decreased.  The finer magnetite created a bed that has a lower bulk 

density, a larger porosity and a larger degree of expansion when compare to the coarser magnetite, 

and thus creating instability (He et al., 2016a).  Furthermore, a fine powder is more sensitive to step 

changes in the superficial velocity.  The tightly packed powder can easily be disturbed once the air 

flow is adequate, and therefore the stability of the bed can be compromised.  The instability of the   

(-0.074 mm) magnetite proves that this specific size of medium is not suitable to be used as a 

fluidising medium.  The stability of the bed was better with magnetite size fractions of (-0.3 +0.074 

mm).  Furthermore it was found that mixing the (-0.15 + 0.074 mm) and (-0.3 +0.15 mm) magnetite 

in certain proportions, the stability of the bed was still adequate, while ensuring a lower minimum 

fluidisation velocity (He et al., 2016a; He et al., 2016b; Zhao et al., 2015).  

Zhao et al. (2012) used a fine magnetite powder (-0.15 +0.06 mm) to beneficiate coal (-50 +6 mm) 

in a dense medium fluidised bed.  The ash yield percentage was reduced from 55.35 % to 14.67 % 

with an Ep value of 0.06.  He et al. (2016c) performed separation experiments in a fluidised bed with 

coal (-60 +5 mm) that had a low feed ash yield content of 15.62 %.  The ash yield content of the 

clean coal reached a lowest value of 2.65 %.   It is noteworthy that the fine magnetite (-0.3 +0.074 

mm) was mixed with a fine coal (-1 +0.5 mm) to give a binary dense medium.  Luo and Chen (2001) 

also mixed a fine coal (-1 mm) with magnetite (-0.3 +0.15 mm) in order to beneficiate (-50 +6 mm) 

coal.  It was found that the coal could be separated efficiently with an Ep value of 0.05. 
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Zhao et al. (2015) was able to separate coal (-6 +3 mm) in a fluidised bed with the use of magnetite 

(-0.15 +0.074 mm).  The feed coal had an ash yield content of 45.92 %, where it was upgraded 

successfully.  The clean coal had an ash yield content of 19.55 % whilst the discard coal had an ash 

yield content of 60.01 %. 

The magnetite used at the DDM plant in China is coarse.  In South Africa, classified magnetite can 

be supplied by a South African company, which is obtained from tailings of the copper plant at 

Palabora Mining Company (PMC).  PMC is able to supply unclassified magnetite, but this magnetite 

is finer than the magnetite which is used in China (de Korte, 2016).  The size analyses of these 

various magnetite sources are illustrated in Figure 2.11 (de Korte, 2016).  

 

Figure 2.11: Comparison between magnetite sizes from three sources (taken from de Korte 
(2016)) 

From Figure 2.11 it is clear that the magnetite available in South Africa, are very fine in comparison 

with the magnetite used in China.  The availability of the preferred coarser magnetite is still an issue 

that need to be taken into account to ensure stable separation, and performance, if any pilot plant is 

to be installed in South Africa (de Korte, 2016).  One possible solution to the constraints on the 

availability of coarse magnetite in South Africa, is the mixing of magnetite and fine coal (-1 +0.5 

mm).  He et al. (2016c) and Luo and Chen (2001) found promising results to beneficiate (-60 +5 

mm) coals, however this binary mixture of magnetite and medium has not yet been tested for the 

cleaning of finer size fractions (-5 mm).  Furthermore, the fine coal content mixed with the magnetite 

should not exceed 10 wt% of the magnetite as the bed can become unstable (He et al., 2016c). 

The use of sand as dense medium is less familiar and was never employed and verified on a pilot or 

industrial scale, and therefore the separation capabilities are still unclear (Houwelingen & de Jonge, 

2004; Mohanta et al., 2013).  The reason is mainly attributed to the difficulty in cleaning the sand for 



School of Chemical & Minerals Engineering   

 

34 

 

regeneration which makes magnetite the preferred medium in the industry, due its magnetic 

properties (de Korte, 2016).  Tanaka et al. (2002) (cited by He et al. (2016c)) and Kubo and Zushi 

(2002) (cited by He et al. (2016c)) used calcium carbonate particles, glass beads and zircon sand 

as a dense medium for the fluidisation of coal.  The results are indicated to be satisfactory in order 

to separate coal.  Firdaus et al. (2012) used silica and zircon sand in an air dense medium fluidised 

bed.  The beneficiation of coarse coal (-31 +5 mm) was successful.   

Macpherson and Galvin (2010) did research on the effect of vibration in the reflux classifier, where 

sand and magnetite was used.  It was found that when sand is used as a dense medium in the 

reflux classifier, vibration is essential for efficient separation.  Moreover, the lower density of sand 

will require a higher concentration of solids in order to reach the necessary medium density.  

However, the sand is easier to fluidise when compared to magnetite because of its lower density, 

meaning the sand can move more freely, providing a consistent medium density, and giving more 

time for particles to move around.  Another advantage of using sand as a dense medium is the 

more rapid separation of the medium and solid.  The magnetite requires a magnetic separator, 

which consists of multiple stages; whereas the sand can be separated from the coal in a single-

stage separation process (Macpherson & Galvin, 2010). 

2.6.2  Vibrated fluidised beds 

In a vibrated gas-fluidised bed, the segregation of coal particles is mainly due to bubbles.  As the 

bubble rises through the bed, a momentarily disturbed region which has a lower solid volume than 

the surrounding region is created.   Within this region, a particle having a higher density can sink to 

the bottom of the bed with more ease whilst a particle with a lower density can float to the top.  The 

addition of vibration therefore enhances bubble formation (Yang et al., 2013a), and this 

phenomenon is also explained in Section 2.5.3., where the advantages of bubble formation are 

discussed.  Moreover, a better dispersed fluidised bed is created due to the increase in gas-solid 

interactions caused by the vibration (He et al., 2015).  

Moaming et al. (2003) also stated that channelling of the air feed is reduced with the addition of 

vibration, especially for smaller size fractions.  Furthermore, Macpherson and Galvin (2010) added 

that the addition of vibration can lower the minimum fluidisation velocity, stabilise the bed and 

reduce the additional forces working on the particle. 

Yang et al. (2013a) found that coal with two particle size ranges, i.e. (-6 +3 mm) and (-3 +1 mm), 

can successfully be beneficiated in a vibrating fluidised bed having an Ep value of 0.19 and 0.175 

respectively.  The feed coal for the (-6 +3 mm) and (-3 +1 mm) size fractions had an initial feed ash 

yield of 40.76 % and 39.76 % respectively.  The ash yield percentage of the gangue, middlings and 

clean coal after beneficiation were found to be 70.07 %, 32.47 % and 15.56 % for the (-6 +3 mm) 
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size fractions respectively, whilst for the (-3 +1 mm) size fraction it was found to be 71.02 %, 22.29 

% and 14.42 % respectively. The yields of the gangue, middlings and clean coal sections after 

beneficiation was found to be 39.84 %, 23.54 % and 36.62 % respectively for (-6 +3 mm) size 

fractions and 40.21 %, 22.29 % and 37.50 % respectively for the (-3 +1 mm) size fractions (Yang et 

al., 2013a).   

Further work by Yang et al. (2013b) explored the influence of added vibration to the bed, but with 

the presence of an autogenous medium.  In this study, fine coal (-1 mm) acted as an autogenous 

medium in order to beneficiate (-6 +1 mm) coal with the addition of vibration.  The use of an 

autogenous media use particles inside the feed coal to form the separating medium.  By using an 

autogenous medium, the problems related to other dense media (such as recovery and cleaning) 

can be avoided.  The results that were found are presented in Figure 2.12 (Yang et al., 2013b). 
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Figure 2.12: The mass distribution (%) and ash yield (%) for (-6 mm) coal in a vibrated 

fluidised bed (taken from Yang et al. (2013b)) 

From Figure 2.12 (d) and (e), it can be seen that during the fluidisation process, the finer coal (-1 

mm) did not separated according to density, and hence formed an autogenous medium in which the 

(-6 +1 mm) coal particles can stratify according to its relative densities and hence provide for 

efficient separation.   

With the addition of vibration, the frequency and amplitude of vibration should not be too small; 

otherwise the vibration is too weak to prevent the formation of de-fluidised zones and big bubbles.  
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Conversely, if the frequency and amplitude is too intense, particle circulation or back mixing will 

occur, especially in the bottom section of the bed (Yang et al., 2013b).  

He et al. (2015) performed experiments to study the separation performance of fine (-6 +3 mm) and 

(-3 +1 mm) low rank coal with the addition of a (-0.3 +0.074 mm) magnetite and vibration during the 

fluidisation.   The ash yield of the feed coal was reduced from 23.52 % to 10.40 % for the (-6 +3 

mm) size fractions, with a yield of 84.46 %.  The ash yield of the feed coal for the (-3 +1 mm) size 

fractions was reduced from 28.79 % to 11.43 %, with a yield of 76.91 %.  The Ep value for the (-6 +3 

mm) and (-3 +1 mm) size fractions were found to be 0.065 and 0.055 respectively (He et al., 2015). 

Luo et al. (2008) was able to reduce the ash yield from 17.53 % to 8.50 % with the use of a dense 

medium fluidised vibratory bed.  An Ep value of 0.07 was achieved for (-6 mm) coal.  

Dwari and Rao (2007) noted that coal with a size as small as 125 μm can be separated with the use 

of a vibrated fluidised bed.  Furthermore, coal in the range (-0.5 +6 mm) was cleaned in a laboratory 

setup with yields as high as 80.2 % and an ash reduction of 8.22 %. 
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 Experimental 3.

 

Chapter 3 presents an experimental layout for theprojectentitled “The dry beneficiation of 

duff coal in a dense medium fluidised bed”. 

 

Section 3.1 will discuss the materials used during the project as well as the preparation and 

classification thereof.  Section 3.2 will illustrate the experimental setup at the North-West 

University that was used in order to complete the project.  Section 3.3 will give the experimental 

plan that was followed in order to meet the aims and objectives, whilst Section 3.4 will provide 

the experimental procedure that was taken to complete the project.  
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3.1 Materials 

Coal, magnetite and sand were the main materials used in the project.  The origins, preparation and 

characterisation of the materials will be discussed in Sections 3.1.1, 3.1.2 and 3.1.3. 

3.1.1  Coal  

3.1.1.1  Origins 

A South African run-of-mine (ROM) coal, from the Witbank region (seam 4) was used during the 

study.  The Witbank area had an annual rainfall between 500 and 2000 mm during the July 2014 

and June 2015 season (South African Weather Service, 2015).  Therefore, water in this region is 

scarce and proper utilisation of these coal resources as well as water resources is of great 

importance.  

3.1.1.2  Coal preparation 

After the collection of the ROM coal at the mine, the preparation of the coal included drying, 

crushing and sizing.  The total moisture content of the coal had to be below 7 % to obtain 

fluidisation of the particles (Terblanche, 2011).  In order to reach the desired moisture content, the 

coal was spread out on a plastic cover on the ground, and left to be air dried for approximately a 

week where after it was placed in marked containers and stored in a cool, dry place.   

The air dried coal was prepared in-house according to ISO 18283:2006 (SANS 18283:2007).  The 

coning and quartering method was used to obtain representative samples.  The coning and 

quartering method entails the formation of conical shaped piles, and then dividing the cone into 

quarters.  The opposite quarters were then mixed repeatedly until one twelfth of the sample 

remained.  The coal that was not used after the splitting was stored in marked plastic drums.   

A jaw crusher (Samuel Osborne (SA) LTD 66YROLL model) was used to crush the ROM coal to a 

particle size less than 10 mm.  Thereafter, the crushed samples were sieved with test sieves with 

apertures of 0.5 mm, 1.0 mm, 2.0 mm, 2.8 mm, 4.0 mm, 4.75 mm and 5.6 mm.  The different 

particle sized samples were then placed inside marked and sealed containers.  The sample sizes 

included (-1 +0.5 mm), (-2 +1 mm), (-2.8 +2 mm), (-4.0 +2.8 mm), (-4.75 +4.0 mm) and (-5.6 +4.75 

mm).  All equipment used during the preparation was cleaned with compressed air before and after, 

to prevent cross contamination.  

The fine discard coal (-0.5 mm) was also placed in marked containers, and stored in a cool, dry 

place for further use.  This discard coal acted as an autogenous medium during the experiments as 

discussed in Section 1.2 and Section 2.6.1.  It is however important to note that the term discard 
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coal, does not mean that the coal has a high ash yield, but are rather defined as coal that is 

generally discarded in the coal industry due to the fine nature thereof. 

3.1.1.3  Coal characterisation 

The fine discard coal (-0.5 mm) (from Section 3.1.1.2) was placed inside a rotary splitter in order to 

obtain a representative sample, which was used to characterise the coal.  According to the various 

standards for coal characterisation, the size of the coal had to be less than (-212 μm).  A portion, 

sampled as discussed in Section 3.1.1.2, of the feed coal was pulverised to (-212 μm) with the use 

of a ball mill.  Characterisation of the feed coal is of importance as it will set a bench mark in 

Chapter 4 to establish whether the coal was upgraded or not.   The characterisation of the coal was 

done by determining the ash yield percentage, moisture content, calorific value (CV), and density of 

the coal.  

The proximate analysis was done (on an air dried basis) according to ISO 17246:2010 (SANS 

17246:2011); consisting of sub-standards SANS 5925:2009 and ISO 1171:2010 (SANS 131:2011), 

in order to determine the moisture content, and ash yield percentage of the coal respectively.   

According to SANS 5925:2009, an empty crucible was placed on a measuring scale which is inside 

a climate controlled laboratory and that is able to measure 4 decimals.  Approximately 1 ± 0.1 g of 

the sample was placed and weighed inside the crucible.  In order to determine the moisture content, 

the weighed crucible containing the sample was placed inside an oven for approximately 1 hour at 

105 ± 3 °C.  Subsequently, the sample was weighed and the final mass was determined to calculate 

the total moisture content.   

According to ISO 1171:2010 (SANS 131:2011), the ash yield of the coal was determined by placing 

the weighed sample and crucible in a muffle furnace (Serial no: L5307; Type no: RM 4; Phase: 1; 12 

Amp; 220 V; 50 Hz; 2.6 kW) at 815 ± 10 °C.  The total time the sample was in the oven was 

approximately 3 hours.  It is however important that all the coal should be completely burned.  If the 

coal is not completely incinerated, the sample should remain in the oven until no coal is visible, or 

until the change in mass does not exceed 1 mg.  Once complete incineration was achieved, the 

sample was weighed, and the ash yield percentage was determined.   

The calorific value (CV) or heating value (MJ/kg) was determined according to ISO 1928:2009 

(SANS 1928:2009),  namely Solid mineral fuels – Determination of gross calorific value by the bomb 

calorimetric method and calculation of net calorific value, with the use of a Bomb Calorimeter (IKA® 

C5000).  The pulverised (-212 μm) sample was pelletised under compression.  Approximately 1.0 ± 

0.1 g of sample was used to form the pellet.  The pellet was then placed inside a crucible.  The total 

sample mass was then read into the bomb calorimeter.  A cotton fuse with calorific value of 50 J 

was used to ignite the sample.  Furthermore, oxygen at a pressure of 3500 kPa gauge was supplied 
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to the bomb calorimeter to provide an environment in which the sample can be ignited with ease.  

After approximately 15 minutes, a calorific value (MJ/kg) was recorded. 

In order to determine the density of the coal a Stereo-pycnometer was used.  The gas that was 

used was Helium at 150 kPa gauge, which is preferred due to its ideal gas properties and its small 

atomic dimension.  The gas is able to penetrate voids and pores of the solid particles during the 

density determination. 

The characterisation of the feed coal therefore included an ash yield analysis, moisture content 

analysis, calorific value determination and a density analysis.  The feed coal characterisation was 

done in-house at the North-West University (NWU).  The characterisation of the coal is presented in 

Table 3.1 on an air dried (ad) basis. 

Table 3.1: Feed coal characterisation 

Sample Density (g/cm3) Ash yield 

(wt%, ad) 

Moisture 

content   

(wt%, ad) 

CV     

(MJ/kg, ad) 

NWU 1 1.695 22.95 1.510 24.16 

NWU 2 1.704 22.87 1.560 23.98 

NWU 3 1.711 22.91 1.460 24.05 

 

According to the different standards, the maximum acceptable ranges (MAR) for the experimental 

errors are given in Table 3.2.   

Table 3.2: Maximum acceptable range (MAR) per standard 

Maximum acceptable ranges (MAR) per standard 

Analysis Standard Repeatability Reproducibility 

Ash yield percentage 

(wt% > 10%) 

ISO1171:2010 

(SANS131:2010) 

2.0 3.0 

Moisture content 

(wt% <5%) 

SANS 5925: 2007 0.10 N/A  

CV (MJ/kg) ISO 1928:2009 (SANS 

1928:2009) 

0.12 0.30 

 

The repeatability and validity of analyses will be elaborated upon in Section 4.3. 
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3.1.2  Magnetite 

3.1.2.1  Origins of magnetite 

The magnetite used as dense medium was also obtained from the same mine at which the coal was 

received.  The mine has a wet dense medium plant to wash the coal before exporting it.  The 

magnetite used in this wet beneficiation process was obtained to perform experiments on. 

3.1.2.2  Preparation 

Upon receiving the magnetite, it was air dried similar to that of the coal.  The fine magnetite was 

spread out on a plastic sheet and left for approximately a week to drive off excess moisture.  

Thereafter, the magnetite was sieved as some particles agglomerated.  A sieve with an aperture of 

212 μm was used to ensure big lumps of magnetite that still contained some moisture were 

removed.  The agglomerated (+212 μm) size fractions was however very little, indicating that the 

magnetite was very fine and dry to the touch.   

3.1.2.3  Magnetite characterisation 

As discussed in Section 2.6.1 the nature of the magnetite should ideally be (-0.3 + 0.074 mm).  If 

the size of the magnetite is below 0.074 mm, unstable fluidisation can occur.  However, as 

mentioned in Section 2.6.1 the magnetite available in South Africa is very fine.  A Malvern 

Mastersizer 2000 was used in order to determine the volumetric particle size distribution of the 

magnetite.  The results indicated that the d10, d50 and d90 of the magnetite were 9 μm, 38 μm and 98 

μm respectively. 

The size is therefore below the 0.074 mm bench mark as described by He et al. (2016 a and b) and 

Zhao et al. (2015).  Problems during fluidisation were therefore to be expected.  The formation of 

large bubbles and back mixing needed to be monitored as closely as possible to ensure efficient 

separation.  Moreover the true density of the magnetite was found to be 5.15 g/cm3 with the use of a 

stereo-pycnometer whilst the moisture content of the air dried magnetite was 0.2 %.   

3.1.3  Sand 

3.1.3.1  Origins and preparation of sand 

Silica sand was obtained from a local building site.  The initial sand sample had a wide range of 

particle sizes as depicted in Figure 3.1.  The coarser particles, and some waste material such as 

wood chips, were removed by sieving the sample in order to create a sample of (-250μm) material.  

The reason for the specific size was attributed to the fact that the smallest coal size range that was 

used during the experiments was (-1.0 +0.5 mm).  The separation of the coal and medium mixture 

after fluidisation is very important.  In order to separate the medium from the coal, a sieve was used, 
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which had to have an apperture below 0.5 mm.  Therefore it was decided to sieve the sand with in 

order to obtain a (-250μm) sample.   

 

Figure 3.1: Coarse sand from local building site before preparation 

3.1.3.2  Sand characterisation 

A Malvern Mastersizer 2000 was used in order to determine the volumetric particle size distribution 

of the sand.  The result indicated that the d10, d50 and d90 of the sand were 12 μm, 120 μm and 253 

μm respectively.  It is therefore expected that the fluidisation of sand will be easier, and more stable, 

than that of the magnetite. The density of the sand was determined by a stereo-pycnometer and 

was found to be 1.92 g/cm3, whilst the moisture content of the sand was found to be 0.36 %. 

3.1.4  Fine discard coal 

3.1.4.1  Origins and preparation 

As mentioned in Section 1.2 and Section 2.4.2, the use of discard fine coal as an autogenous 

medium will be tested.  The term fine discard, will not indicate that the coal have a high ash yield, 

but will rather refer to the coal that is usually discarded of in the industry due to its fine nature.  The 

fine discard coal (-0.5 mm) that was prepared in Section 3.1.1 was used to form the autogenous 

medium.  The preparation of the discard is therefore the same as that of the feed coal.  It was 
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decided that the discard coal should also be sieved with a 250 μm test sieve to ensure a similar 

particle distribution as that of the silica sand.   

3.1.4.2  Fine discard coal characterisation 

The volumetric true particle size distribution was determined by a Malvern Mastersizer 2000 and the 

results indicated that the d10, d50 and d90 of the fine discard coal are 48 μm, 182 μm and 370 μm 

respectively.  From the results it can be expected that the autogenous medium should be easy to 

fluidise and the formation of small bubbles will be sufficient and stable.  The characteristics of the 

coal will be the same as that of the feed coal as discussed in Section 3.1.1.  

3.2  Experimental setup 

3.2.1  Fluidised bed  

The North-West University had an existing cylindrical fluidised bed with an inside diameter of 150 

mm.  The fluidised bed was operated with compressed laboratory air at 6 bar.  The maximum airflow 

which could be provided by this compressor line was approximately 500 LPM.  The setup was 

therefore only adequate to fluidised the (-2 +0.5 mm) coal particles.  The first setup was therefore 

equipped with a blower, instead of compressed air, that could provide a larger air flow in order to 

fluidise the (+2 mm) size fractions.  Hence, two air supplies were used during the project, however 

the air distributor, bed size and configuration did not change during the project. 

3.2.1.1  First fluidised bed 

The 150 mm bed that was connected to the compressed laboratory line, was used for all 

experiments carried out with the (-1 +0.5 mm) and (-2 +1 mm) coal particles.  A schematic 

representation of the bed is given in Figure 3.2.   



School of Chemical & Minerals Engineering   

 

45 

 

 

Figure 3.2: Schematic representation of the first fluidised bed 

The fluidised bed was supplied with air with the use of the laboratory compressor line, delivering air 

at 6 bar.  The supply of air to the fluidised bed moved through a low and high air flow regulator and 

meter.  The air flow was measured by a variable area flow meter.  The air then travelled through the 

air distributor unit.  The distributor plate and glass beads ensured that air was evenly distributed 

across the bed.  A filter cloth was placed on top of the distributor plate to ensure that no material 

(both coal and medium) fall into the distributor section.   

Multiple detachable polycarbonate layers are placed on top of each other and clamped together.  

The transparent polycarbonate rings with internal diameter of 150 mm and individual height of 40 

mm, made the visual observation of fluidisation easier.  Five layers, giving an overall bed height of 

200 mm, were filled with coal only/and medium.  An additional 2 layers was placed on top of these 

toprovidesufficient‘free’volume for the bed to expand.  The bed was closed with a polycarbonate 

lid, which was equipped with a 212μmsievetopreventblowoutofbedmaterial. A pressure probe 

was inserted into the bed, to measure the pressure across the bed at any height with the use of a 

water-based manometer.   

An illustrative breakdown of each important component in the schematic representation (Figure 3.2) 

is presented in Figures 3.3 to 3.5.  In Figure 3.3, the lid of the bed with pressure probe can be seen. 
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Figure 3.3:  Polycarbonate lid with marked pressure probe 

In Figure 3.3 thepolycarbonate lid,with the212μm sieve opening, are clearly visible.  The sieve 

prevented most of the bed material being blown out, but yet provided sufficient open area to allow 

the air to flow out of the bed.  The pressure probe, which is attached to a water-based manometer, 

was inserted into the top of the lid.  The pressure at any height of the bed could therefore be 

measured.  The pressure probe was marked in 40 mm increments in order to establish where 

pressure reading should be taken across the bed during operation.  

The control, and regulation, of air flow is crucial to the effective operation of the fluidised bed as 

described in Section 2.5.2.  Two variable area meters (high and low air flow) with regulator valves 

were used and can be seen in Figure 3.4. 
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Figure 3.4: High and low variable area flow meter and regulators 

The compressed air moved through the low and high flow meters, which was connected to the air 

distribution unit. 

The air distributor enables the air to be distributed evenly across the bed.  By ensuring evenly 

distributed air, channelling can be minimized.   The air distribution unit is illustrated in Figure 3.5. 

 

Figure 3.5: Air distribution unit with (a) Glass beads; (b) Complete distribution unit; (c) 

Perforated plate and filter cloth 

In Figure 3.5 (a), the glass beads had the responsibility to ensure that air is delivered uniformly to 

the bed.  Figure 3.5 (b) illustrates the entire distribution unit, with the different layers on top.  Figure 

3.5 (c) illustrates the filter cloth and the perforated plate that was used to ensure no material fell into 

the distribution unit. 

The material in the bed was carefully removed by detaching the individual rings and by using a 

sample splitter.  An illustration of these components can be seen in Figure 3.6. 
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Figure 3.6: Sample splitting tool, bed layer and clamp 

In Figure 3.6, the sample splitter, a clamp and an individual ring can be seen.   

The overall illustration of the first fluidised bed can be seen in Figure 3.7. 
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Figure 3.7: Overall illustration of the fluidised bed  

3.2.1.2  Second fluidised bed 

As mentioned in Section 3.2.1.1, the compressed line was not able to fluidise particles greater than 

2 mm.  Therefore a new blower (a centrifugal fan) was installed, which was able to fluidise the larger 

size fractions (+2 mm).  The distributor plate, bed and bed lid did not undergo any alterations.  A 

new air velocity meter was installed in order to measure the larger velocity.  A TrbD-450 Radial 

Bladed Centrifugal Fan was installed with the capabilities of delivering air at 30 m3/min.  The air 

velocity transmitter that was installed is a SI5004, which gave a 4 to 20 mA output.  This output was 

then transformed to a ‘readable’ value (cm/s) with the use of a DX2011 evaluation system.  A 

schematic representation of the new blower, connected to the bed, is given in Figure 3.8. 
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Figure 3.8: Schematic representation of the second fluidised bed 
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From Figure 3.8, is can be seen that the blower (which is controlled by a CFW500 V1.5X frequency 

inverter) supplied air to the fluidised bed through a 150 mm internal diameter PVC pipe.  The flow 

transmitter was positioned approximately 1.5 m from the fan outlet.  The flow transmitter measured 

the air velocity, and sent the 4 to 20 mA signal to an evaluation system, where the air velocity was 

recorded in cm/s.  The total length of the pipe was 2.25 m, to ensure no disturbances would hinder 

the flow transmitter during operation.  After the 90° PVC bend, the PVC pipe was connected to a 

flexible hose pipe with the use of steel clamps.  The flexible hose absorbed some of the vibration 

energy, which ensured thatthePVCpipe’sfittings did not break during operation.  This flexible hose 

pipe was connected to a PVC section, on which the bed stood; whilst the PVC section stood on the 

vibrating section which provided vibration energy to the bed.  The vibrating section was constructed 

with an aluminium alloy, which was connected to the shaker.   

The fluidised bed (starting with the distribution section (Figure 3.10)) was then assembled on top of 

the PVC section, which was on top of the vibrating section.  The entire set up was mounted to a 

portable steel frame.  The bed design therefore remained the same as discussed in Section 3.2.1.1.  

In Figure 3.9, the new blower and flow transmitter can be seen. 

 

Figure 3.9: New blower and flow transmitter 

In Figure 3.9, the new bed stand can be seen. 
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Flow transmitter 
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Figure 3.10: Fluidised bed stand 

From Figure 3.10, it can be seen that the bed stood on the shaker section, which was constructed of 

a light aluminium alloy.  On top of the aluminium stand was a PVC section, on which the distributor 

and fluidised bed was fitted.  The air was supplied from the bottom of the bed via a flexible hose 

which was connected to a PVC pipe.  The assembled bed can be seen in Figure 3.11. 
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Figure 3.11: Assembled bed 

The distribution section was clamped to the PVC section, which stood on the vibrating section.  A 

filter cloth was placed on top of the distribution plate, which ensured that no material fell into the 

distribution plate.  The different bed sections were thereafter clamped together.  Rubber O-rings 

was placed between each layer, to ensure no material spill from the sides.  It is however important 

to state that the use of the O-rings, was not used in the first fluidised bed, and was only later added 

due to large quantities of medium that was lost. 

The control and measuring section is presented in Figure 3.12. 
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Figure 3.12: Control and measuring section 

The control and measuring section is depicted in Figure 3.12.  The control and measuring section 

was mounted to the steel frame.  The blower was controlled by a WEG CFW5000 V1.5X frequency 

inverter.  The air velocity was recorded by the SI5004 flow transmitter, as a 4 to 20 mA signal, 

where after the DX2011 evaluation system transformed the signal to a readable result in cm/s.  A 

water-based manometer was used to measure the pressure across the bed in cm/H2O.  

The overall bed, with different layers clamped together can be seen in Figures 3.13 and 3.14. 

Flow evaluation system 

Variable 

frequency 

inverter 

Water-based manometer, 

connected to pressure 

probe 



School of Chemical & Minerals Engineering   

 

55 

 

 

Figure 3.13: Overall bed with lid and pressure probe 
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Figure 3.14: Overall bed with blower 
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3.3 Experimental plan 

An experimental plan was constructed to guide the project into the desired direction in order to meet 

the aims and objectives as set out in Section 1.2.   

Different runs had to be done in order to test the influences of different parameters; such as 

variations in coal particle sizes, the addition of a dense medium in 2 different volume ratios, as well 

as the addition of vibration to the system as described in Section 1.2. 

A schematic representation of the experimental parameters is given in Figure 3.15.  
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Figure 3.15: Experimental layout
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3.4 Experimental procedure 

The detailed experimental procedure that was followed during the project will be given below.   

3.4.1  Bed and sample preparation 

Firstly the bed was assembled; consisting of the distributor section and the 7 empty layers (each 

with an internal diameter of 150 mm and height of 40 mm).  Five of the seven layers were filled with 

material.  The extra two layers provided enough free volume for the particles during fluidisation.  

The different polycarbonate layers were clamped together as indicated in Figure 3.13.  It is 

important to ensure that the wall of each layer is joined evenly with the next layer to minimise wall 

effects.  A rubber O-ring was placed between each layer to ensure that no material leak from the 

sides during operation, as shown in Figure 3.11.  The use of the O-rings was only added to the new 

fluidised bed, and not to the first fluidised bed.  A total of four clamps were used to connect two 

layers to each other.  

Firstly, an empty layer was placed onto a measuring scale.  The prepared material was then 

weighed inside the empty layer to ensure that the right volume of material was used.  The volume 

percentages of coal used during the project were 100 vol%, 50 vol% and 30 vol%.  These volume 

ratios were chosen at random.  Once the correct amount of each material was weighed, the medium 

and coal was mixed inside a bucket.  The mixing entailed the shaking of a closed bucket, which 

contained the material, for a few minutes to ensure a homogenous mixture of medium and coal was 

formed.  A homogenous mixture was desired, as an uneven distribution of material will lead to 

ineffective fluidisation due to an uneven density distribution across the bed.  A small bucket (± 1000 

ml) was used to place the mixture inside the fluidised bed. 

Once the five layers have been filled, the polycarbonate lid was placed on top and clamped to the 

rest of the bed.  The pressure probe was placed into the bed, to measure the pressure at the bottom 

of the bed, at approximately 1 cm from the distributor plate.   

3.4.2  Fluidisation 

The air flow was initiated at a velocity of approximately 600 cm/s.  The air velocity was increased 

slowly with the use of the frequency inverter.  During the increase in air velocity, the velocity and 

pressure was recorded using the control and measuring section (Figures 3.4 and 3.12).  From 

Section 2.5, a pressure drop inside the bed will indicate that the initial fluidisation stage has started.  

Once fluidisation has started, the bed expanded slightly due to the formation of bubbles.  This 

minimum fluidisation point will be dictated by various factors as discussed in Section 2.5.1, and the 

construction of a pressure versus air velocity graph is crucial as described in Section 2.5.2.  

However, the air velocity at which the bed should be operated should be just above the minimum 
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fluidisation velocity.  The constant observation of the bed is therefore equally as essential to ensure 

bubble formation is adequate.  If the bubbles were too small, the air flow was increased slightly and 

conversely if the bubbles were too big, the air flow was reduced slightly.  Furthermore, the pressure 

probe was extracted in increments of 40 mm to measure the pressure across the bed.  A linear 

relationship between bed height and pressure will also indicate good fluidisation.  Once adequate 

fluidisation was achieved, the bed was fluidised for 15 minutes.   

3.4.2.1  Addition of vibration 

Vibration to the bed was introduced before complete fluidisation was established, by switching on 

the shaker.  The minimum fluidisation velocity was determined for each run, without the addition of 

vibration firstly.  Thereafter, once the minimum fluidisation velocity was known, vibration was added 

to the system.  The vibrating section transferred the energy to the bed.  Macpherson and Galvin 

(2010) stated that vibration will lower the minimum fluidisation velocity of the particles, and therefore 

to avoid severe back mixing, vibration was added before complete fluidisation. However, it was 

found that vibration should not be introduced too early.  If vibration is introduced too early, the 

particles will move to the bottom of the bed, making the bed more compact and more difficult for the 

air to move through the bed evenly.  Vibration to the bed was likewise also stopped, before 

switching off the air flow. 

3.4.3  Sampling 

After the material inside the bed had been fluidised for 15 minutes, the airflow (and vibration) was 

turned off.  The bed remained closed for a few minutes to ensure that no ultra-fine particles escape 

the bed.  Thereafter the lid of the bed was detached and removed.  The top two layers (which were 

not filled) were also detached, removed and cleaned. 

Each of the five layers that contained material was detached from each other, one by one.  A cutting 

tool (Figure 3.6) was used to cut each layer.  An illustration of the sampling of a layer is given in 

Figure 3.16.  
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Figure 3.16: Cutting of each layer to obtain the sample 

From Figure 3.16, it can be seen that the sampling tool was inserted between two layers, where 

after the layer was removed and emptied.  It is important to very carefully slide the sampling tool 

between the two layers, as forceful handling of the sampling tool will break the coal particles, and 

also move bed material to a different layer.   

3.4.4  Coal and medium separation 

Once each layer was sampled, the medium and coal were separated.  Ineffective separation of the 

coal and medium will result in some of the medium remaining in the coal sample.  The remaining 

medium will therefore give inaccurate results since most of the material is non-combustible and 

would therefore increase the ash yield percentage.   

The separation was done in three ways.  Firstly the coal and medium were separated by sieving.  

The medium was much smaller than the coal particles, and therefore a sieve with an aperture of 

500 μm was used.  Sieving was done manually for approximately 5 to 10 minutes, until the medium 

was visibly removed from the coal.  Thereafter, in the case of magnetite, a hand magnet inside a 

plastic bag was used to remove finer magnetite.  The final separation process included the ‘air-

cleaning’of thecoal. Thecoal, after the medium was removed, was placed between two sieves 

that had an aperture of 500 μm.  Compressed laboratory air was then used to lightly blow off any 

excess medium that still remained on the surface of the coal.   
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3.4.5  Analyses 

Once the medium and coal had been separated effectively, the coal and medium of each layer were 

weighed to determine the composition of each layer.  Thereafter four ‘grab’ samples were taken 

from each layer.  These grab samples were approximately 10 g each.  The final sample that was 

analysed, from each layer, was thereafter placed in a small marked plastic cup.  The sample was 

pulverised to (-212 μm) in a small ball mill, filled with 6 metal balls.   

Each sample (layer) was analysed in order to determine the efficiency of separation.  The various 

analyses that were conducted (as discussed in Section 3.1.1) on each layer were: 

 An ash yield (wt%) determination according to ISO 1171:2010 (SANS 131:2011),  

 A moisture content (wt%) determination according to SANS 5925:2009, 

 A calorific value (MJ/kg) determination according to ISO 1928:2009 (SANS 1928:2009) and 

 A density analysis (g/cc), bulk density. 

The results from the different runs, as described in Section 3.3 will be presented and discussed in 

Chapter 4.  
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 Results and Discussion 4.

 

Chapter 4 presents the results that were obtained, as well as a detailed discussion and 

interpretation thereof, for theprojectentitled“The dry beneficiation of duff coal in a dense 

medium fluidised bed”. 

 

Section 4.1 will give a brief interpretation system that will be used in order to present the 

results.  Section 4.2 will present additional operating information and problems that arose 

during the project, which will aid in the better comprehension of the fluidised bed.  The validity 

of the results will be verified in Section 4.3 by presenting the experimental error associated with 

the different analyses, as well as runs.   

 

The results will be presented in Section 4.4, where the influence of particle size, addition of 

different media and the ratio thereof, as well as the addition of vibration will be evaluated, as set 

out in Section 1.2.  Section 4.5 will discuss the degree of contamination that was found due to 

ineffective separation of the coal and medium. 

 

 

 

 

  



School of Chemical & Minerals Engineering   

 

64 

 

4.1 Interpretation system 

An extensive set of data was obtained during the project.  Each run consisted of 5 layers, except the     

(-2.0 +1.0 mm) size fractions, which consisted of 4 layer due to the restrictions to the first bed.  The 

first bed, was only able to fluidise 4 layers, and therefore the (-2.0 +1.0 mm) size fraction runs 

consisted of 4 layers.  

During the discussion and interpretation of the data, some abbreviations or terms was used in 

Figures and Tables.  These abbreviations, or terms, are listed in Table 4.1. 
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Table 4.1: Abbreviations and terms as reffered to in Chapter 4 

Abbreviation Description Unit 

Mag Magnetite - 

Fine Fine discard - 

R Ratio volume % 

DM Dense medium - 

V Vibration - 

PSD Particle size distribution μm or mm 

100 Normal fluidisation, indicating 

100 % coal was used  

 

50 (M/S/F) 50 vol% magnetite/ sand/ fine, 

with the difference being coal  

volume % 

70 (M/S/F) 70 vol% magnetite/ sand/ fine, 

with the difference being coal 

volume % 

Run 0.5 Indicating runs conducted with 

a particle size of (-1.0 +0.5 mm) 

 

Run 1 Indicating runs conducted with 

a particle size of (-2.0 +1.0 mm) 

 

Run 2 Indicating runs conducted with 

a particle size of (-2.8 +2.0 mm) 

 

Run 3 Indicating runs conducted with 

a particle size of (-4.0 +2.8 mm) 

 

Run 4 Indicating runs conducted with 

a particle size of (-4.75 +4.0 

mm) 

 

Run 5 Indicating runs conducted with 

a particle size of (-5.6 +4.75 

mm) 

 

 

The Run numbering system will be given as;  

“Run a.b.c” 

where ‘a’ indicates the size of the top size coal, for example 1 will indicate a (-2.0 +1.0 mm) coal 

that was used, as stated in Table 4.1.  The letter ‘b’ will indicate the medium that was used and the 

condition of the run, where b can be: 
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 1 – a run conducted with 100 vol% coal and no added vibration, 

 2 – a run conducted with 100 vol% coal with added vibration, 

 3 – a run conducted with a 50 vol% magnetite and no added vibration, 

 4 – a run conducted with a 50 vol% magnetite and added vibration, 

 5 – a run conducted with a 70 vol% magnetite and no added vibration, 

 6 – a run conducted with a 70 vol% magnetite and added vibration, 

 7 – a run conducted with a 50 vol% sand and no added vibration, 

 8 – a run conducted with a 50 vol% sand and added vibration, 

 9 – a run conducted with a 70 vol% sand and no added vibration, 

 10 – a run conducted with a 70 vol% sand and added vibration, 

 11 – a run conducted with a 50 vol% fine discard coal and no added vibration, 

 12 – a run conducted with a 50 vol% fine discard coal and added vibration, 

 13 – a run conducted with a 70 vol% fine discard coal and no added vibration, 

 14 – a run conducted with a 70 vol% fine discard coal and added vibration. 

Thesymbol‘c’willindicatethenumberortherun.A‘1’willindicatethattherunwasarepeatand

‘0’willindicatethattheresults of the run, were the first run that was carried out.  

The term fine discard coal, will not indicate that the coal have a high ash yield.  The term discard will 

only refer to fine coal fractions that are generally discarded of in the industry due to the fine nature 

thereof.  The fine discard coal, that was used as a medium will therefore have the same 

characteristics than that of the feed coal, which had an ash yield of 22.95 % and CV of 24.04 MJ/kg 

as presented in Section 3.1.1. 

The different layers of the bed, as it will be referred to in Chapter 4, are indicated in Figure 4.1.  
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Figure 4.1: Layer identification 

Figure 4.1 indicates that the order of layers was arranged from the bottom to the top; with layer 2 

being the second lowest layer (40 – 80 mm) and layer 4 being the fourth highest layer                 

(120 – 160 mm). 

4.2 Operation of fluidised bed 

Before the results of the different runs will be discussed, certain operating behaviours need to be 

addressed.  These peculiarities, which were mainly observed and not measured, include pressure 

influence, medium behaviour and particle attenuation by attrition.   These singularities aided in the 

better comprehension of operation and will contribute to the recommendations as given Section 5.2.   

4.2.1  Pressure influence 

In Section 2.5 it was established that the air flow and pressure have a strong association with each 

other during fluidisation.  As the superficial velocity of the gas increases an increase in pressure will 

be observed.  The pressure will reach a certain maximum, where after a pressure drop will be 

detected (Kunii & Levenspiel, 1991).  This point is known as the minimum fluidisation velocity as 

referred to in Figure 2.5.   

Furthermore, in Section 2.5.1 it was stated that the rheological characteristics of a fluidised bed can 

be described by the falling sphere method.  A series of upward and downward forces will act on a 

particle within the fluidised bed (Sahu et al., 2009).  The main forces that were identified to act on a 
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particle during fluidisation were; gravitational force, effective buoyancy force, frictional force, and 

drag force (Sahu et al., 2009). 

However, the pressure that was exerted onto the particles (both from the bottom and top of the bed) 

played a pivotal role during fluidisation.  As the air velocity increased, the pressure increased as 

well, therefore exerting a larger force onto the particles.  The pressure of the air, before it entered 

the bed was not measured; hence no data is available in order to conclude on the air pressure 

differential over the distribution plate.  The pressure was however recorded inside the bed, by 

recording the pressure at the bottom of the bed, as well as across the bed as discussed in Section 

3.4.2. 

During the operation of the bed, a certain pressure builds up in the top section of the fluidised bed.  

The reason for this pressure build-up was due to the fact that the bed was closed at the top, with 

only a small opening for the air to flow out of the bed.  This resulted in a small increase to the 

minimum fluidisation velocity, as there was an additional downward force that was exerted onto the 

particles.  For example, a bed that is filled with coal, without any dense medium, will fluidise at a 

lower air velocity if the bed is open to the atmosphere.  Once a lid is placed on top, a small 

downward force will be exerted onto the particles, and therefore a higher fluidising velocity will be 

needed.   

The minimum fluidisation velocity therefore also depended on the pressure build-up in top section of 

the bed.  The addition of adequate ‘free volume’ minimised the effect of pressure build-up.  

Furthermore, the characteristics of the opening at the top of the bed must be considered in future 

experiments, as a small opening will result in a higher air flow rate requirement and thus increasing 

energy and air flow requirements.  However the escape of dust particles, especially when a medium 

is present, must be kept in consideration when making adjustments to the lid of the bed.  It will 

therefore be best to install a dust collector that collect dust particles, but maintaining a low pressure 

at the top of the bed.   

This pressure observation is mentioned to illustrate that the minimum fluidisation is not just 

depended of particle properties and the characteristics of bed material, but also the configuration 

and design of the bed.  These observations will aid in future designs and studies and will be 

mentioned in Section 5.2.  

4.2.2  Medium behaviour 

The relevance of medium size was discussed in Section 2.6.1.  It was established that magnetite     

smaller than 0.074 mm will cause severe instability during operation.  A  (-0.3 +0.074 mm) size for 

magnetite was recommended by He et al. (2016a), He et al. (2016b) and Zhao et al. (2015).  

However, as stated in Section 2.6.1, coarser magnetite of this size is not freely available in South 
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Africa.  A fine magnetite, with mean particle size of 38 μm, was used during the project and 

therefore instability in the bed was expected.  During experiments, the runs that contained 

magnetite as medium proved to have a very aggressive nature.  The sand and fine discard coal 

media had a more stable behaviour and was easier to control, due to its slightly larger mean particle 

sizes of 120 μm and 182 μm respectively.  A few observations were made during experiments which 

will be discussed below in order to comment on the behaviour of the different media. 

4.2.2.1  Medium losses   

Firstly, the spillage of medium, especially magnetite was clearly an issue.  Spillage between layers 

were minimised by placing a rubber O-ring between two layers (Figure 3.11).  The insertion of the 

rubber O-rings between layers helped a lot.  The spillage of medium from the top was however 

troublesome, and the (-212 μm) sieve’saperturewas not small enough to minimise the blow out of 

ultra-fine material.  This emission led to large medium losses and is illustrated in Figure 4.2. 

 

Figure 4.2: Medium spillage 

From Figure 4.2 it is apparent that the medium got blown out at the top of the fluidised bed.  

Although not shown, the fine discard coal spilled as well.  However, unlike the magnetite, the sand 

and the fine discard coal did not become airborne but merely spilled slightly from the top.  The 

magnetite became airborne and formed dust clouds that travelled into the air.  Therefore the 

spillage of medium can cause health issues in the laboratory, and therefore a dust mask was worn 

at all times.    

Industrial fluidised beds are equipped with dust collectors, so are most of the laboratory scale 

fluidised beds that were used by various authors (He et al., 2016a; He et al., 2016b; Zhao et al., 

2015).  Therefore, it is crucial to consider installing a dust collector in the future for the bed at the 

NWU, in order to adhere to safety and health regulations. 

Magnetite spillage on top of 

the bed and on the floor 

Wiped clean 

to indicate 

the extent of 

spillage 

Sand spillage 
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The amount of medium that was lost during experiments was in some cases substantial.  The 

amount of medium lost for each, can be found on the accompanying DVD.  The loss of dense 

medium was significantly large for the magnetite runs, due to the fact that the ultra-fine magnetite 

got blown out from the top of the bed, as can be seen in Figure 4.2.  The amount of magnetite that 

was lost was approximately 17.50 % of the initial magnetite, before the O-rings were added.  Once 

the O-rings were added between the layers, the magnetite losses decreased significantly and were 

anything between approximately 0.90 % and 4.10 %.  It is therefore crucial to ensure that the bed is 

well sealed between layers for the laboratory scale fluidised bed, in order to minimise the loss of 

medium. 

The loss of magnetite was the most significant, followed by sand.  The medium losses for the tests 

containing fine discard coal were lower in comparison with the magnetite and sand runs, mainly due 

to the fact that the fine discard coal was coarser.   

4.2.2.2  Medium stability 

A second operational difficulty was the behaviour of the magnetite during fluidisation.  During test 

runs, the fine magnetite had an aggressive nature.  To explain; at the start of operation the bed was 

filled with coal and magnetite, which were in a fixed state.  As the air flow was increased slowly, a 

slight pressure drop indicated that fluidisation has been reached.  However, at the minimum 

fluidisation point, themagnetite inside the bed seemed to ‘explode’.  The transition from state 1 

(being a fixed bed) to state 2 (being a fluidised bed) happened rapidly.  Once fluidisation was 

reached, the air flow had to be lowered drastically in order to minimise turbulent magnetite 

behaviour.  Thereafter the air flow had to be increased again until the minimum fluidisation point 

was reached once again.  This time around the turbulent behaviour of the magnetite in the bed was 

not as evident.  Hence, the fluidisation and the behaviour of the magnetite had to be monitored 

closely during operation especially before reaching incipient fluidisation.  The sand and fine discard 

coal did not display this turbulent behaviour and the transition from a stationary state to a fluidised 

state for these media happened gradually, and was easy to control.   

In order to illustrate the behavioural patterns of the different dense media, a smaller 80 mm inner 

diameter fluidised bed was used.  This small fluidised bed was only used in order to visually 

demonstrate the different behaviours, since visual observation in the larger 150 mm bed is more 

difficult.  The bed was filled with only dense medium, where after it was fluidised.  The images of 

these test runs are given in the Figure 4.3 and 4.4, which indicate the various stages of fluidisation.  

 



School of Chemical & Minerals Engineering   

 

71 

 

 

Figure 4.3: Behaviour of magnetite in an 80 mm ID fluidised bed

(c) (d) 

(a) (b) 
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From Figure 4.3 (a) it can be seen that initially the bed was in a stationary state, consisting of a 

fixed bed of magnetite.  As the airflow was increased the entire bed of magnetite lifted up in a plug-

flow motion (Figure 4.3 (b)).  This bed of magnetite was then further lifted, as indicated in Figure 4.3 

(c), until it reached a maximum height, where after the conglomerate was broken and turbulent 

behaviour was noticed (Figure4.3(d)).This‘exploding’effectwasalso visible in the standard 150 

mm bed when it was filled with a mixture of coal and magnetite, however the bed did not lift like it 

did in Figures 4.3 (a) and (b) due to the additional weight of the coal and magnetite.   

The reason for this turbulent behaviour can be attributed to the fact that the total surface area of the 

finer magnetite is greater than that of a coarser magnetite.  Hence, the surface adhesions between 

the fine particles are stronger and therefore result bigger resistance (He et al., 2016a).  The 

magnetite was so firmly packed together, that it created a very strong resistance.  This resistance 

inhibited air to effectively flow through the inter-particulate voids, and therefore a pressure built up 

underneath the bed of magnetite.  The force created by this pressure build-up, then pushed the 

entire bed of magnetite to the top of the column.  At a certain height and air velocity, the air flow was 

sufficient to overcome the resistance created by the densely packed fine magnetite.  This large 

pressure then disrupted all the fine magnetite particles, which caused it to behave extremely 

turbulently as presented in Figure 4.4.  

 

Figure 4.4: Behaviour of magnetite and channelling effects in an 80 mm ID fluidised bed 

A slight reduction in air flow resulted in a more stabilised bed as shown in Figure 4.4 (a).  However, 

some of the finer magnetite still behaved turbulently.  This behaviour was also observed for the runs 

conducted in the 150 mm ID bed.   

(a) (b) (c) 

Channelling 
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As mentioned in Section 2.6.1 the fine nature, and instability of the magnetite, can cause plug flow 

or create dead zones in the bed (He et al., 2016b).  This is evident from Figures 4.4 (b) and (c).  

Channelling is unwanted as a well-developed fluidised bed is not achieved during operation.   

The channelling effects were also visible during the operation of the 150 mm bed.  These effects, 

from 2 different runs, can be seen in Figure 4.5.   

 

Figure 4.5: Channelling formation of magnetite runs 

Channelling was mostly observed near the wall of the bed or in the middle where the pressure 

probe was inserted, as illustrated in Figure 4.5.  It is believed that the channelling is attributed to the 

properties of the medium and not the distributor unit, since channelling was also observed in the 80 

mm fluidised bed as shown in Figure 4.4, and limited to the use of magnetite as medium.  The 

channelling and plug-flow behaviour will influence the beneficiation of the coal, as good fluidisation 

of these runs may not be established due to the formation of dead zones within the bed. 

The same experiments were conducted in the 80 mm fluidised bed, using sand and fine discard 

coal.  These images can be seen in Figures 4.6 and 4.8 respectively. 
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Figure 4.6: Behaviour of sand in an 80 mm ID fluidised bed 

From Figure 4.6 (a) it can be seen that the bed of sand, which contained some small amounts of 

fine coal, were initially at a fixed state.  As the air flow was increased, the bed was fluidised and the 

formation of small bubbles was observed, as shown in Figures 4.6 (b) and (c).  It is also evident that 

some ultra-fine sand particles became airborne, but not to such a large extent as for the magnetite 

experiments (Figure 4.4).  In Figure 4.6 (d) it can be seen that at large air velocities, the formation of 

large bubbles caused the bed to become slightly more unstable.  The fluidisation of the sand was 

therefore more gradual, stable and controllable.   

It is also noteworthy from Figure 4.6 that channelling, when sand was used as a dense medium, 

was not as significant.  This was also the case for tests conducted in the 150 mm, as indicated in 

Figure 4.7.  

(a) 

Large bubble 

(b) (c) (d) 



School of Chemical & Minerals Engineering   

 

75 

 

 

Figure 4.7: Channelling of sand 

From Figure 4.7 it can be seen that the channelling effects, during the runs conducted with sand as 

dense medium, was not as significant in comparison with that of the magnetite runs (Figure 4.5).  

This indicates that the main contributor to the channelling effect was the properties of the medium, 

rather than the distribution unit.  

The behaviour of the fine discard coal in the 80 mm ID fluidised bed can be seen in Figure 4.8. 

 

Figure 4.8: Fine discarded coal behaviour 

From Figure 4.8 (a) it can be seen that the bed of fine discarded coal was initially in a fixed state.  

As the air flow increased the bed became fluidised and the formation of small bubbles was visible 

as seen in Figures 4.6 (a) and (b).  In Figure 4.6 (d) it can be seen than a further increase in air 

flow, caused the formation of large bubbles which led to vigorous behaviour of the bed material.   

(a) (b) (c) (d) 
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4.2.3  Particle size attenuation and medium losses 

As stated in Section 1.2, the secondary objective of this project is to investigate the degree of 

particle attenuation by attrition during operation.  During fluidisation, coal particles can break into 

smaller particles due to particle-particle interactions, particle-medium interactions, particle-wall 

interactions or breakage during sampling.  During the separation of the medium and coal, these 

smaller fractions ended up in the medium.   

The degree of coal particle size attenuation varied from run to run, and the exact amounts for each 

run can be found on the accompanying DVD.  The amount of coal that was in the underflow              

(-0.5 mm) was anything from as little as 0.06 % of the feed coal for Run 4.11.0, which was 

conducted in a 50:50 fine discard to coal volume ratio, to 2.94 % of the feed coal for Run 1.2.0, 

which was carried out without the addition of a medium but with added vibration.  

It can be speculated that the addition of vibration, might contribute to the attenuation of particle 

sizes inside the bed due to the addition of extra forces exerted onto the particles.  However, it was 

found that the addition of vibration did not have a consistent negative influence on the breakage of 

coal particles.   

Furthermore, the addition of a medium, did not contribute significantly to the breakage of particles; 

in fact it was mostly reduced.  This is due to the fact that the medium created a cushioning effect.  

Hence the coal particle-particle interactions are less, and the coal-medium particle interactions are 

greater.  The addition of a medium will therefore reduce the effect of particle size attenuation.   

Overall it was found that the use of fine discard coal reduced the coal particle sizes the least, where 

a maximum of 2.20 % of the feed coal was lost for Run 1.12.0.  The degree of particle size 

reduction for the runs conducted with magnetite and sand were very similar throughout the project, 

ranging from a maximum loss of 3.99 % of the feed coal for Run 0.5.8.0 to a minimum of 0.07 % of 

the feed coal for Run 2.4.0.   

It is believed, that the breakage of coal particles were mainly due to general handling effects, rather 

than during fluidisation.  Consequently the cleaning of the medium is crucial, to ensure that the 

density of the medium stays constant.  This is arguably the main pitfall when choosing sand as the 

dense medium, as discussed in Section 2.6.   

The cleaning of magnetite is relatively easy, as a magnetic separator can be used in order to 

remove the coal from the magnetite and hence being able to use the same magnetite for longer.  If 

a fine coal is used as a medium, the separation of the coal from the fine coal medium is not as 

important, as the fine medium have similar characteristics as the coal.  However, when sand is used 
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as a dense medium, the removal of the coal from the sand is more troublesome.    An illustration of 

the coal particles inside the sand are depicted in Figure 4.9. 

 

Figure 4.9: Coal particles in sand 

From Figure 4.9 it is clear that the separation of the coal from the sand will be challenging.  The 

presence of coal particles within the sand will change the relative density of the sand, which will 

influence the separation capabilities thereof.  New sand, which did not contain any coal particles, 

was used after approximately 8 runs in order to ensure that the density of the sand stayed relatively 

constant throughout the project.  Therefore, the rate of sand consumption will be much larger, in 

comparison to that of magnetite or a fine discard coal medium.  Furthermore, the disposal of the 

sand (containing coal particles) might be difficult due to environmental restrictions. 

4.3  Repeatability 

It is important to prove that the experimental procedures (as discussed in Section 3.1.1 and 3.4.5) 

for various analyses and runs are valid; i.e. to establish what the variation in measurements are 

when the same sample is repeated, under the same conditions and with the use of the same 

measuring apparatus.  The validity of the analyses and runs were verified by performing a set of 

repeats.   
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4.3.1  Repeatability of analyses 

Each layer throughout the project was analysed in order to determine the ash yield percentage, 

moisture content, calorific value (CV) and density of the layer after each run.  The feed coal was 

chosen as the sample to be tested for repeatability.  The results and error calculations for the 

different analyses on the feed coal are given in Table 4.2. 

Table 4.2: Feed characteristics and error calculations 

Sample Density 

(g/cm3) 

Ash yield 

percentage 

(wt% ad) 

Moisture 

content (wt% 

ad) 

CV (MJ/kg 

ad) 

Feed 1 1.695  22.95 1.510 24.16 

Feed 2 1.704 22.87 1.560 23.98 

Feed 3 1.711 22.91 1.460 24.05 

Average (�̅�) 1,703 22,91 1,510 24,04 

STDEV (s) 0,008 0,040 0,050 0,060 

z-interval (±) 0,009 0,045 0,056 0,068 

% Error 1,066 0,395 7,494 0,567 

 

A 95 % confidence interval, σ, was chosen due to the fact that the same sample of coal was used 

for the repeatability tests for the different analyses.  The confidence function, Equation 4.1, in 

Excel® was used in order to determine the z-interval.  Thereafter the % error was calculated by 

using Equation 4.2. 

𝑧𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 𝐶𝑜𝑛𝑓𝑖𝑑𝑒𝑛𝑐𝑒(1 − 𝜎; 𝑠; 𝑛)        (4.1) 

% 𝐸𝑟𝑟𝑜𝑟 =  (
2∙𝑧𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙

�̅�
) ∙ 100         (4.2) 

where n is the total number of data points and s is the standard deviation. 

From Table 4.2 it can be seen that the percentage error for the density analysis, ash yield 

percentage, moisture content and CV was found to be 1.066 %, 0.395 %, 7.494 % and 0.567 % 

respectively.  The standard deviation and z-interval for the moisture content were large and 

therefore influenced the % error significantly.  For the density, the experimental error of 1.066 % or 

0.009 g/cm3 will be assumed to be acceptable since there is no maximum experimental error 

indication for the specific density analysis according to standards.  For the ash yield percentage and 

CV determination, an experimental error of 0.359 % and 0.567 %, or ± 0.045 wt% and ± 0.068 

MJ/kg, is acceptable according to the ISO 1171:2010 (SANS 131:2011) and ISO 1928:2009 (SANS 
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1928:2009) standards respectively, as described in Section 3.1.1.  The analyses that will be 

performed on each layer are therefore valid.   

4.3.2  Repeatability of runs 

The experimental error for repeated runs will differ from that of the experimental errors for analyses, 

as found in Section 4.3.1.  During the repeatability tests for the analyses, one sample was used in 

order to repeat the various analyses.  However, if a run is repeated the experimental error for 

different runs will differ due to the fact that the fluidisation of each run is unique.   

Hence, before the results of the repeatability tests are reported, it is important to comprehend that 

each run is very different, even if the parameters such as size, dense medium, ratio and vibration 

remain the same.  The reason for this is mainly attributed to bed dynamics.  Each run, using the 

same parameters, will be operated at a different minimum fluidisation velocity, although it is very 

comparable.  The particle-particle, particle-medium and particle-wall interactions will therefore differ 

for each run.  For example the behaviour, separation capabilities and bed dynamics of a bed filled 

with 50 vol% magnetite and 50 vol% coal, will differ from that of a bed filled with 50 vol% sand.   

Therefore, the repeatability of runs cannot be associated with the validity of the analyses, as given 

in Section 4.3.1.   

Several runs were repeated randomly to establish what the variation in results will be during the 

separation process.  The runs that were repeated are indicated in Table 4.3. 
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Table 4.3: Repeated runs and its specifications 

Run Particle size Vibration Dense medium Ratio (vol%); 

(medium:coal) 

Number 

of repeats 

0.5.1 (-1.0 +0.5 mm) No None 0:100 2 

0.5.2 (-1.0 +0.5 mm) Yes None 0:100 2 

0.5.6 (-1.0 +0.5 mm) Yes Magnetite 70:30 2 

0.5.9 (-1.0 +0.5 mm) No Sand 70:30 2 

0.5.10 (-1.0 +0.5 mm) Yes Sand 70:30 2 

0.5.14 (-1.0 +0.5 mm) Yes Fine discard 70:30 2 

1.1 (-2.0 +1.0 mm) No None 0:100 3 

1.2 (-2.0 +1.0 mm) Yes None 0:100 2 

1.5 (-2.0 +1.0 mm) No Magnetite 70:30 2 

2.1 (-2.8 +2.0 mm) No None 0:100 3 

2.10 (-2.8 +2.0 mm) Yes Sand 70:30 3 

3.1 (-4.0 +2.8 mm) No None 0:100 3 

3.2 (-4.0 +2.8 mm) Yes None 0:100 3 

3.6 (-4.0 +2.8 mm) Yes Magnetite 70:30 3 

3.7 (-4.0 +2.8 mm) No Sand 50:50 3 

4.1 (-4.75 +4.0 mm) No None 0:100 2 

4.3 (-4.75 +4.0 mm) No Magnetite 50:50 3 

4.7 (-4.75 +4.0 mm) No Sand 50:50 3 

4.8 (-4.75 +4.0 mm) Yes Sand 50:50 2 

4.11 (-4.75 +4.0 mm) No Fine discard 50:50 3 

5.1 (-5.6 +4.75 mm) No None 0:100 3 

5.2 (-5.6 +4.75 mm) Yes None 0:100 3 

5.11 (-5.6 +4.75 mm) No Fine discard 50:50 3 

 

From Table 4.3 it can be seen that normal fluidisation, runs without any medium or vibration, was 

repeated for every size range since it is considered as the most fundamental and important 

experiment.   

Due to uniqueness of each run, a 90 % confidence level was used in order to calculate the 

experimental error as described in Section 4.3.1.  The repeatability results of 4 runs will be 

presented in Section 4.3.2.  The results for the other runs, as indicated in Table 4.3, can be found in 

Appendix A.  The repeatability results for a normal fluidisation run for the size range (-5.6 +4.75 

mm) are presented in Table 4.4. 



School of Chemical & Minerals Engineering   

 

81 

 

Table 4.4:  Average experimental error for each layer – Run 5.1.0, Run 5.1.1 and Run 5.1.2 

DM: (None); R: (0:100); PSD: (-5600 +4750) µm; V: (No) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,011 1,395 0,231 0,973 

2 0,044 1,256 0,145 1,177 

3 0,028 1,472 0,205 0,302 

4 0,025 0,778 0,122 0,229 

Top 0,021 0,745 0,164 0,054 

Average (±) 0,026 1,129 0,174 0,547 

 

From Table 4.4, it is evident that the results from Runs 5.1.0, 5.1.1 and 5.1.2 did not differ 

noticeably and the average experimental errors were relatively good.  The experimental error of the 

ash yield percentage was found to be 1.129 wt% on average, while the experimental error for the 

CV was 0.547 MJ/kg on average.   

Overall, refer to Appendix A, the repeatability of the normal fluidisation runs were good for all 

particle sizes.  The average experimental errors of the ash yield for the (-1.0 +0.5 mm),                   

(-2.0 +1 mm), (-2.8 +2.0 mm), (-4.0 +2.8 mm) and (-4.75 +4.0 mm) size fractions were found to be 

0.582 %, 1.162 %, 1.666 %, 1.592 % and 2.124 % respectively.  The average experimental error for 

the CV, for these size fractions, were found to be 0.128 MJ/kg, 0.361 MJ/kg, 0.588 MJ/kg, 0.373 

MJ/kg and 0.495 MJ/kg respectively.   

It is noteworthy that the experimental error increased with particle size, indicating that the variation 

in separation characteristics will be larger for the bigger particles.  This is attributed to the fact that 

there are more compound particles and less pure macerals present in a bed filled with larger 

particles.   

The ash repeatability results from Runs 3.2.0, Run 3.2.1 and Run 3.2.2 (normal fluidisation with 

added vibration) (Appendix A) was found to be the worst, and will be considered to be the maximum 

error during the project.  The average maximum experimental error with regards to the ash yield 

was found to 2.780 %.  The reason for this high experimental error is attributed to the high ash yield 

in the bottom layer of Run 3.2.0.  The bottom layer had an ash yield of 49.01 %, which was the 

highest ash yield in the bottom layer from all the runs conducted in the project.   
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The repeatability results for Runs 1.5.0 and Run 1.5.1 (70 vol% magnetite) were found to be the 

best, with a minimum average experimental error for the ash of 0.167 %.  However, this run was 

only repeated twice but will be considered to be the minimum experimental error with regards to ash 

yield.  The average experimental error between all runs as listed in Table 4.3 with respect to ash 

yield percentage, was found to be 1.233 %, and will be regarded as the experimental error of the 

ash yield throughout the project. 

The average experimental error with regards to CV for Runs 3.7.0, Run 3.7.1 and Run 3.7.2 (50 

vol% sand) were found to be a maximum during the repeatability tests.  The average CV for this run 

was found to be 1.045 MJ/kg.  The average experimental error with regards to CV of Run 0.5.9.0 

and 0.5.9.1 (70 vol% sand) was found to be 0.108 MJ/kg and was the lowest, and will be considered 

to be the minimum experimental error. These runs, Runs 0.5.9.0 and 0.5.9.1, were again only 

repeated twice.  The average experimental error with regards to the CV for all runs as listed in Table 

4.3, was found to 0.609 MJ/kg, and will be regarded as the experimental error for the CV results 

throughout the project. 

An interesting observation during the repeatability tests was made, which can be found in Appendix 

A.  It was noted that the experimental errors in the bottom layer, or even layer 2, was generally 

larger than that of the top layer.  The probability that the characteristics of the coal in the bottom or 

second layer will be similar when a run is repeated, is relatively lower in comparison with the lop 

layer.  This might indicate that less dense particles have a better probability to float to the top of the 

fluidised bed, under relatively constant conditions.  On the other hand, denser particles have a lower 

probability to sink to the bottom during fluidisation.  This can potentially be troublesome, as the 

fluidised bed is mainly used to remove the denser, mineral rich, particles.  Therefore, the separation 

capabilities in the bottom two layers are more inconsistent than the separation capabilities of the top 

layers.     

The results as presented in Section 4.3 will be considered to be acceptable during the project in 

order to assure the credibility of results.  The results for all repeated runs as listed in Table 4.3 can 

be found in Appendix A.   

4.4 Discussion of results 

4.4.1  Density  

The ash yield results will be the main focus of discussion in Section 4.4, in order to conclude on the 

separation capabilities of the fluidised bed under various conditions.  The density was determined 

as stated in Section 3.4.5.  The density and ash yield of a coal sample had a strong, positive 

relationship during the project.  Coal particles which sunk to the bottom of the bed during 
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fluidisation, had a high ash yield content, and therefore indicated that de-stoning of the feed coal in 

the bottom layer was achieved.  The sharpness of density separation for each run will therefore be 

evident through the interpretation of the ash yield distribution across the bed.  Hence, the density 

results of each run will not be discussed in Section 4.4, but can be found on the attached DVD.  The 

correlation between density and ash yield are illustrated in Figures 4.10 and 4.11, to prove this 

strong correlation.  Run 3.2.1 consisted of normal fluidisation with added vibration, and was 

randomly chosen to illustrate the relationship.  The red line indicates the density of the feed. 

 

Figure 4.10: Density results for Run 3.2.1 
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Run 3.2.1 - Density:  
DM: (None); R: (0:100); PSD: (-4000 +2800) µm; V: (Yes) 
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Figure 4.11: Ash yield results for Run 3.2.1 

From Figures 4.10 and 4.11, it is evident that a high density coal had a high ash yield, as can be 

seen in the bottom layer.  A low density coal had a low ash yield, as was observed in the top layer.  

The density distribution across the bed was therefore strongly related to the ash yield distribution 

across the bed.  Hence the sharpness of density segregation can be commented on by reviewing 

the ash yield results. 

The CV results followed a similar, mirrored trend, due to the relationship between ash yield and CV.  

A high ash yield of the coal indicated that the coal had a low heating value and conversely, a low 

heating value of a coal indicated that the coal was dense.  However, the calorific value of a coal is 

not just depended on its ash yield, but is influenced by other factors, such as moisture content, as 

well.  The calorific value of the coal as found for Run 3.2.1 can be seen in Figure 4.12. 
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Figure 4.12: CV results for Run 3.2.1 

From Figures 4.11 and 4.12 it can be seen that a dense, high ash yield, coal in the bottom layer 

resulted in a lower calorific value of the coal found in the bottom layer. 

The relationships as mentioned above was observed throughout the project, and therefore the 

density results will not be discussed directly in Section 4.4, but can be found on the accompanied 

DVD. 

4.4.2  Moisture 

The moisture content of all layers was determined during the project, as stated in Section 1.2.  The 

moisture found in the coal will evaporate due to the flow of the air through the inter-particulate voids.  

It was therefore expected that the bottom layer will have a lower moisture content that the coal in 

the top layer.  However, the evaporation of moisture is dependent on the type of macerals found 

within the coal as well as the oxidisation conditions of those macerals, especially vitrinite rich coals. 

The moisture content results for the different layers in the bed did not follow a certain trend, as was 

mainly observed for the density, ash yield and CV analyses as discussed on Section 4.4.1.  To 

illustrate this phenomenon, the results of Runs 3.2.1 and 4.1.1 are presented in Figures 4.13 and 

4.14 respectively. 
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Figure 4.13: Moisture content results for Run 3.2.1 

 

Figure 4.14: Moisture content results for Run 4.1.1 

From Figures 4.13 and 4.14 it can be seen that the moisture content of the coal in each layer, did 

not follow a trend that can be related to the density separation as discussed in Section 4.4.1.  It is 

however observed that the feed coal, which had an initial moisture content of 1.51 %, was dried to a 

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5

Bottom

2

3

4

Top

Moisture (wt%) 

L
a
y
e

r 
Run 3.2.1 - Moisture content:  

DM: (None); R: (0:100); PSD: (-4000 +2800) µm; V: (Yes)      

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5

Bottom

2

3

4

Top

Moisture (wt%) 

L
a
y
e

r 

Run 4.1.1 - Moisture content:  
DM: (None); R: (0:100); PSD: (-4750 +4000) µm; V: (No) 



School of Chemical & Minerals Engineering   

 

87 

 

certain extent in the fluidised bed.  The moisture removal from the coal is attributed to the motion of 

the air passing through intra-particulate voids.  However, no association regarding the drying and 

the density separation in each layer could have been made during the project.  Therefore the 

moisture content results for each run will not be elaborated upon during the project, but the results 

can be found on the accompanying DVD.  This unique distribution of moisture content across the 

bed was evident throughout the project. 

4.4.3  Determination of the minimum fluidisation velocity 

The minimum fluidisation velocity was determined by constructing a pressure vs. air velocity curve 

as discussed in Section 2.5.3.  The bed was operated just above this minimum fluidisation point.  

The formation of bubbles was closely observed during operation to ensure that the size of the 

bubbles is sufficient to ensure a well-developed fluidised bed.  Furthermore, continuous monitoring 

of the bed performance, as discussed in Section 4.2.2, was crucial in order to complete runs that 

contained a dense medium.  The minimum fluidisation velocity point was determined on the same 

method throughout the project as discussed above.  A pressure vs. air velocity graph for each run 

can be found on the attached DVD.  The pressure vs. air velocity graphs of Runs 3.2.1 and 4.1.1 

are presented in Figures 4.15 and 4.16 to illustrate the method that were used to determine the 

minimum fluidisation velocity.  

 

Figure 4.15: Pressure vs. air velocity graph for Run 3.2.1 
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Figure 4.16: Pressure vs. air velocity graph for Run 4.1.1 

From Figures 4.15 and 4.16, it can be seen that the pressure increased as the air velocity 

increased, until it reached a maximum pressure.  The bed was in a fixed state, where after a 

pressure drop was recorded.  This pressure drop indicated that small bubbles formed and 

fluidisation was established.  The operating point was therefore maintained just above the minimum 

fluidisation point.  

A further indication of a well-developed, stable fluidised bed is the construction of a pressure vs. 

bed height graph.  A linear relationship between the pressures across the height of the bed 

indicated that the bed was stable.  Pressure readings were taken in each layer of the bed, with the 

use of a water-based manometer as discussed in Section 3.2.1.  The graphs that were constructed 

for Runs 3.2.1 and 4.1.1 are depicted in Figures 4.17 and 4.18 respectively.   
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Figure 4.17: Pressure vs. bed height for Run 3.2.1 

 

Figure 4.18: Pressure vs. bed height for Run 4.1.1 

From Figures 4.17 and 4.18, it can be seen that the pressure decreased from the bottom to the top 

of the bed, in a linear trend.  Thereafter the pressure remained constant in the top 3 layers of the 

bed, which consisted of 2 vacant layers and the lid, as described in Section 3.2.1.  
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4.4.4  Influence of particle size during normal fluidisation 

The dry dense medium beneficiation with the use of a fluidised bed for coal size fractions smaller 

than 6 mm is troublesome, and very little work has been done on these smaller size fractions.  The 

project therefore focused on the dry beneficiation of (-5.6 +0.5 mm) coal particles in a laboratory 

scale fluidised bed.  The separation capabilities of the fluidised bed was tested on different particle 

sizes in order to determine whether these size fractions can successfully be beneficiated inside the 

fluidised bed.   

A few selected runs for the normal fluidisation of coal particles, without the addition of a dense 

medium or vibration, will be discussed in Section 4.4.4 in order to determine the influence of particle 

size on the separation efficiencies.  All additional ash yield results for normal fluidisation can be 

found in Appendix B, whilst the remaining data can be found on the accompanied DVD. 

The fluidisation of the (-1.0 +0.5 mm) size fraction was done with the use of the first fluidised bed, 

which was operated with air from the laboratory’scompressorline.The ash yield results obtained 

from Run 0.5.1.0 are given in Figure 4.19. 

 

Figure 4.19: Ash yield results for Run 0.5.1.0 under normal fluidisation 

From Figure 4.19 it can be seen that the density separation of the (-1.0 +0.5 mm) coal was 

successful during normal fluidisation.  The coal in the bottom layer had an ash yield of 25.12 % 
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whilst the coal in the top layer had an ash yield of 16.28 %.  The results for the normal fluidisation of 

the (-1.0 +0.5 mm) coal size fraction run are given in Figure 4.20.  

 

Figure 4.20: Ash yield vs. bed height for Run 0.5.1.0 

Figure 4.20 can specify at which height the bed should be cut, in order to produce a product with a 

desired ash yield.  By discarding the bottom layer and cutting the bed at a height of 40 mm, the 

product had a cumulative ash yield of 19.31 %.  Furthermore, by discarding the bottom layer, the 

final product had a cumulative CV of 26.25 MJ/kg, which was an increase of 2.088 MJ/kg from the 

feed.  

The results for the normal fluidisation of the (-4.0 +2.8 mm) coal size fraction run are given in Figure 

4.21.  
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Figure 4.21: Ash yield results for Run 3.1.1 under normal fluidisation 

From Figure 4.21 it is evident that the de-stoning of the coal (-4.0 +2.8 mm) was highly successful in 

comparison with the (-1.0 +0.5 mm) size fraction as illustrated in Figure 4.19.  The coal in the 

bottom layer had an ash yield of 36.73 %, whilst the coal in the top layer had an ash yield of      

19.21 %.  The ash performance curve for the normal fluidisation of the (-4.0 +2.8 mm) coal size 

fraction run are given in Figure 4.22.  
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Figure 4.22: Ash yield vs. bed height for Run 3.1.1 

By discarding the bottom layer, a product with a cumulative ash yield of 21.26 % was produced as 

shown in Figure 4.22.  The beneficiation of the (-4.0 +2.8 mm) coal in the fluidised bed was 

therefore successful, by reducing the feed ash from 22.95 % to 21.26 % and increasing the CV with 

1.50 MJ/kg.   

The beneficiation of coal was successful for each particle size during normal fluidisation; however 

some runs performed better than others.  The ash yield results for the (-2.0 +1.0 mm), (-2.8 +2.0 

mm), (-4.75 +4.0 mm) and (-5.6 +4.75 mm) runs can be found in Appendix B.  The results for these 

runs are however summarised in Table 4.5.  
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Table 4.5: Summative results for the influence of particle size range during normal 

fluidisation 

Run name 

Particle size 

Run 0.5.1.0 

(-1.0 +0.5 mm) 

Run 1.1.1 

(-2.0 +1.0 mm) 

Run 2.1.0 

(-2.8 +2.0 mm) 

Bottom layer ash yield (wt%) 25,12 29,41 26,56 

Layer 2 ash yield (wt%) 24,07 19,81 20,50 

Layer 3 ash yield (wt%) 19,24 19,05 23,40 

Layer 4 ash yield (wt%) 16,79 17,65 18,07 

Top layer ash yield (wt%) 16,28 - 15,87 

Difference between top and 

bottom layer (wt%) 

8,85 11,76 10,70 

Difference between bottom 

and second layer (wt%) 

1,05 9,60 3,16 

Ash yield of cumulative 

product (wt%) 

19,34 18,86 19,99 

    

Run name 

Particle size 

Run 3.1.1 

(-4.0 +2.8 mm) 

Run 4.1.0 

(-4.75 +4.0 mm) 

Run 5.1.2 

(-5.6 +4.75 mm) 

Bottom layer ash yield (wt%) 36,73 35,47 36,02 

Layer 2 ash yield (wt%) 23,11 19,96 24,04 

Layer 3 ash yield (wt%) 22,65 19,84 20,64 

Layer 4 ash yield (wt%) 20,14 18,54 16,41 

Top layer ash yield (wt%) 19,21 16,57 16,56 

Difference between top and 

bottom layer 

17,52 18,90 19,46 

Difference between bottom 

and second layer 

13,62 15,51 11,98 

Ash yield of cumulative 

product (wt%) 

21,26 18,75 19,41 

 

From Table 4.5 it can be seen that the quality of the coal was upgraded for each run, by cutting the 

bed at a height of 40 mm and discarding the bottom layer.  The de-stoning capabilities of the 

fluidised bed improved as the particle size increased.  Furthermore, the sharpness of separation, 

between the bottom and second layer, increased as the particle size increased.  The better 

separation capabilities for the larger particles is mainly due to the fact that the larger particles have 
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a smaller particle-particle contact surface area, and in result will experience less frictional forces and 

therefore giving better separation.  The results, as shown, therefore indicated that smaller size 

fractions are still challenging to de-stone in a fluidised bed, although not impossible which 

corresponds well with literature as discussed in Chapter 2. 

Poor separation between the second and third layer was observed for Run 2.1.0.  Some high 

density fractions did not sink to the bottom of the bed and this occurrence might be attributed to 

back mixing.  Back mixing can occur when the air flow is too high, as described in Section 2.5.3.  

The bubbles that formed at the bottom of the bed, expanded as it moved in the upwards direction.  

Due to a lower pressure in the top section of the column, the large bubbles exploded and caused 

particles to be displaced.   

Although poor separation was observed between the second and third layer for Run 2.1.0, the coal 

was still upgraded, as the cumulative product had a lower ash yield than that of the feed and 

therefore the coal was successfully de-stoned.   This phenomenon showed that the performance of 

the fluidised bed is slightly insensitive to the sharpness of separation in the top section of the bed 

and more reliant on the sharpness of separation between the bottommost layers of the bed. 

4.4.5  Influence of the different dense media 

As mentioned in Sections 2.4.2 and 2.6.1, the addition of a dense medium such as magnetite or 

sand provides a constant density over the depth of the bed.  The media are able to adapt fluid-like 

properties once fluidised, which aids in efficient density separation (Prusti et al., 2015).  Magnetite, 

sand and a fine discard coal were used as a medium to aid in the fluidisation as stated in       

Section 1.2.  The medium was introduced into the bed as described in Section 3.4.1.  During the 

experiments, these media behaved very different from one another, which were elaborated upon in 

Section 4.2.2.   

In Section 4.4.5, the ash yield results for a few selected runs conducted on the various particle size 

ranges, with the addition of the different media will be discussed.  Graphs that compare the de-

stoning capabilities of different media can be found in Appendix B, whilst all additional results for the 

dense medium test runs can be found on the attached DVD. 

4.4.5.1  Magnetite 

The ash yield results for the fluidisation of the (-1.0 +0.5 mm) coal size fraction with the use of 

magnetite as dense medium in a 50 vol% ratio, without vibration are presented in Figure 4.23.   
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Figure 4.23: Ash yield results for Run 0.5.3.0 conducted with (-1.0 +0.5 mm) coal particles, 

with the addition of magnetite, in a 50:50 vol% ratio of medium to coal 

The beneficiation of the (-1.0 +0.5mm) size fraction with the use of magnetite as dense medium was 

successful.  Density separation was found across the bed as shown in Figure 4.23; however the 

sharpness of separation did not improve significantly in comparison to normal fluidisation as shown 

in Figure 4.19.  The coal in the bottom layer had an ash yield of 25.43 %, whilst the coal in the top 

layer had an ash yield of 21.09 %.  The ash performance curve for Run 0.5.3.0 is given in Figure 

4.24.  
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Figure 4.24: Ash yield vs. bed height for Run 0.5.3.0 

From Figure 4.24 it can be seen that if the bottom layer was discarded, a cumulative product with an 

ash yield of 22.95 % was formed, however the coal was not be upgraded.  Therefore, the second 

layer will have to be discarded as well in order to produce a coal with an ash yield of 22.14 %.  This 

is also evident from Figure 4.23, where the second layer contained some high density fractions.  

The use of magnetite did therefore not improve the separation capabilities of the fluidised bed in 

order to upgrade the (-1.0 +0.5 mm) coal particle efficiently.   

The volume percentage of magnetite was increased from 50 vol%, to 70 vol% in order to establish if 

the separation capabilities can be improved.  The ash yield results for Run 0.5.5.0 are given in 

Figure 4.25. 
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Figure 4.25: Ash yield results for runs conducted with (-1.0 +0.5 mm) coal particles, with the 

addition of magnetite, in a 50:50 vol% and 70:30 vol% ratio of medium to coal 

An increase in the volume percentage of magnetite present in the bed was found to improve the 

sharpness of separation slightly as shown in Figure 4.25.  The ash yield of the coal in the bottom 

layer was found to be 26.19 %, whilst the ash yield of the coal in the bottom layer was found to be 

20.46 %.  The cumulative product, when the bottom layer was discarded, had an ash yield of 23.01 

%.  Therefore the second layer will have to be discarded as well in order to improve the quality of 

the coal.  

The ash yield results for the Run 4.3.0 which was conducted in a 50:50 vol%, magnetite to coal, for 

the (-4.75 +4.0 mm) size range is presented in Figure 4.26. 
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Figure 4.26: Ash yield results for Run 4.3.0 conducted with (-4.75 +4.0 mm) coal particles, 

with the addition of magnetite, in a 50:50 vol% ratio of medium to coal 

From Figure 4.26 it is evident that the de-stoning of the (-4.75 +4.0 mm) coal was successful.  In 

comparison with Figure 4.23, the sharpness of separation improved for the large particle size 

fractions.  The coal in the bottom layer had an ash yield of 28.17 %, whilst the coal in the bottom 

layer had an ash yield of 18.25 %. 
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Figure 4.27: Ash yield vs. bed height for Run 4.3.0 

By cutting the bed at a height of 40 mm and discarding the bottom layer, a cumulative product with 

an ash yield of 21.86 % was produced as shown in Figure 4.27 above.  The ash yield of the feed 

was therefore reduced by 1.09 %, with the addition of magnetite in a 50 vol% ratio.  The results for 

Run 4.5.0, the addition of 70 vol% magnetite, can be seen in Figure 4.28. 
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Figure 4.28: Ash yield results for runs conducted with (-4.75 +4.0 mm) coal particles, with the 

addition of magnetite, in a 50:50 vol% and 70:30 vol% ratio of medium to coal 

From Figure 4.28 it is evident that de-stoning of the (-4.75 +4.0 mm) improved significantly with an 

increase in vol% magnetite.  The sharpness of separation, especially in the bottom two layers, 

improved as well.  The coal in bottom layer had an ash yield of 33.38 %, whilst the coal in the 

bottom layer had an ash yield of 18.14 %.  The cumulative product that was produced, by discarding 

the bottom layer, had an ash yield of 20.83 % for Run 4.5.0. 

The results of all runs conducted with the use of magnetite as dense medium, in 50 vol% and 70 

vol% ratios, are summarised in Tables 4.6 and 4.7 respectively. 
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Table 4.6: Summative results for runs conducted in a 50:50 vol%, magnetite to coal, ratio 

Run name 

Particle size 

Run 0.5.3.0 

(-1.0 +0.5 mm) 

Run 1.3.0 

(-2.0 +1.0 mm) 

Run 2.3.0 

(-2.8 +2.0 mm) 

Bottom layer ash yield (wt%) 25,43 23,69 28,68 

Layer 2 ash yield (wt%) 25,14 22,41 28,21 

Layer 3 ash yield (wt%) 23,14 21,82 23,09 

Layer 4 ash yield (wt%) 22,03 18,45 23,57 

Top layer ash yield (wt%) 21,09  - 21,95 

Difference between top and 

bottom layer (wt%) 
4,35 5,24 6,74 

Difference between bottom 

and second layer (wt%) 
0,29 1,27 0,47 

Ash yield of cumulative 

product (wt%) 
23,01 21,26 24,62 

    

Run name 

Particle size 

Run 3.3.0 

(-4.0 +2.8 mm) 

Run 4.3.0 

(-4.75 +4.0 mm) 

Run 5.3.0 

(-5.6 +4.75 mm) 

Bottom layer ash yield (wt%) 27,98 28,17 25,87 

Layer 2 ash yield (wt%) 27,08 23,59 23,20 

Layer 3 ash yield (wt%) 21,61 22,54 20,91 

Layer 4 ash yield (wt%) 19,82 19,63 19,27 

Top layer ash yield (wt%) 17,76 18,25 17,70 

Difference between top and 

bottom layer 
10,22 9,92 8,17 

Difference between bottom 

and second layer 
0,90 4,58 2,67 

Ash yield of cumulative 

product (wt%) 
22,24 21,86 20,84 

 

The use of magnetite as a dense medium was able to segregate the coal particles according to 

density successfully for Runs 0.5.3.0, 1.3.0, 3.3.0, 4.3.0 and 5.3.0 as illustrated in Table 4.6.  Poor 

separation was observed for Run 2.3.0.  The poor separation can be attributed to too high air 

velocities, which caused particles to be displaced.  The large bubbles that formed at the bottom of 

the bed, moved in an upwards direction.  As the bubbles moved through the bed, the bubbles 

exploded due to the lower pressure in the topmost section of the bed.  The expanding of the 

bubbles as well as the bursting thereof, caused the particles to be displaced.  It is evident that the 
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formation of large bubbles has most profound impact on the separation efficiency of the particles in 

the mid-section of the bed, as back mixing is mostly observed in the middle section of the bed, as 

seen in Table 4.6 for Run 2.3.0.   

The use of magnetite was more beneficial for the separation of the larger (+4 mm) coal particles, as 

the sharpness of separation especially between the two bottommost layers improved the most and 

hence produced a good quality coal.  However, the use of magnetite as dense medium did not 

perform better than the normal fluidisation runs, where no medium was added as presented Section 

4.4.4.  This can be attributed to the fact that the bed is more turbulent with the use of magnetite, and 

channelling effects was bigger due to the fine nature of the medium.  Furthermore, the possibility of 

back mixing, which displaced coal particles, are more probable to occur with the use of  magnetite, 

and the formation of plug-flow can be common as discussed in Section 4.2.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



School of Chemical & Minerals Engineering   

 

104 

 

Table 4.7: Summative results for runs conducted in a 70:30 vol%, magnetite to coal, ratio 

Run name 

Particle size 

Run 0.5.5.0 

(-1.0 +0.5 mm) 

Run 1.5.0 

(-2.0 +1.0 mm) 

Run 2.5.0 

(-2.8 +2.0 mm) 

Bottom layer ash yield (wt%) 26,19 22,06 24,52 

Layer 2 ash yield (wt%) 25,00 21,62 23,70 

Layer 3 ash yield (wt%) 23,39 21,60 24,54 

Layer 4 ash yield (wt%) 21,77 18,20 23,70 

Top layer ash yield (wt%) 20,46 - 21,14 

Difference between top and 

bottom layer (wt%) 
5,73 3,85 3,38 

Difference between bottom 

and second layer (wt%) 
1,19 0,44 0,82 

Ash yield of cumulative 

product (wt%) 
23,01 21,32 23,38 

    

Run name 

Particle size 

Run 3.5.0 

(-4.0 +2.8 mm) 

Run 4.5.0 

(-4.75 +4.0 mm) 

Run 5.5.0 

(-5.6 +4.75 mm) 

Bottom layer ash yield (wt%) 29,60 33,38 31,31 

Layer 2 ash yield (wt%) 25,70 24,14 21,30 

Layer 3 ash yield (wt%) 24,11 19,63 19,45 

Layer 4 ash yield (wt%) 20,46 18,57 17,05 

Top layer ash yield (wt%) 16,98 18,14 18,22 

Difference between top and 

bottom layer 
12,62 15,24 13,09 

Difference between bottom 

and second layer 
3,90 9,24 10,01 

Ash yield of cumulative 

product (wt%) 
23,46 20,83 19,09 

 

By comparing Tables 4.6 and 4.7 it can be seen that the sharpness in separation for Runs 1.5.0 and 

2.5.0 decreased with an increase in magnetite volume ratio.  The decrease in separation efficiency 

for Run 1.5.0 is attributed to the fact that poor separation between the bottom 3 layers was 

observed.  Severe back mixing occurred during Run 2.5.0, which can be attributed to the increase in 

fine material in the bed.  An increase in fine material inside the bed decreased the stability of the 

bed, in comparison with a 50 vol% run.  The formation of large bubbles inside the bed with more 

fine material is therefore more profound and closer observation of the operation is needed. 
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Similar to Table 4.6, it can be seen that the use of magnetite was more beneficial for the larger (+4 

mm) size fractions.  Moreover, the beneficiation of all particle size ranges with the use of magnetite 

in a 70 vol% ratio did not perform better than that of the normal fluidisation of coal, without the 

addition of a dense medium. 

4.4.5.2  Sand 

The ash yield results for the fluidisation of the (-4.0 +2.8 mm) coal, with the use of sand as dense 

medium in a 50 vol% ratio, without vibration are presented in Figure 4.29.   

 

Figure 4.29: Ash yield results for Run 3.7.0 conducted with (-4.0 +2.8 mm) coal particles, with 

the addition of magnetite, in a 50:50 vol% ratio of medium to coal 

The use of sand as dense medium was highly beneficial in order to de-stone the (-4.0 +2.8 mm) 

coal particles as seen from Figure 4.29.  The coal in bottom layer had an ash yield of 29.75 %, 

whilst the coal in the top layer had an ash yield of 15.12 %.   
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Run 3.7.0 - Ash yield:  
DM: (Sand); R: (50:50); PSD: (-4000 +2800) µm; V: (No) 
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Figure 4.30: Ash yield vs. bed height for Run 3.7.0 

The cumulative product that was produced by cutting the bed at a height of 40 mm was found to 

have an ash yield of 21.36 %.  The sharpness of separation is also visible in Figure 4.30, where the 

difference between the discarded layer and the product was 8.39 %.  The ash yield results for the 

70 vol% run, with the use of sand as dense medium are given in Figure 4.31. 
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Figure 4.31: Ash yield results for runs conducted with (-4.0 +2.8 mm) coal particles, with the 

addition of sand, in a 50:50 vol% and 70:30 vol% ratio of medium to coal 

The increase in vol% of sand, increased the sharpness of separation for the (-4.0 +2.8 mm) coal 

particles as seen in Figure 4.31.  The coal in the bottom layer had an ash yield of 32.70 %, whilst 

the coal in the top layer had an ash yield of 18.15 %.  The cumulative ash yield of the product for 

Run 3.8.0, if the bottom layer was discarded, had an ash yield of 20.17 %. 

The ash yield results for the run conducted in a 50:50 vol% mixture, sand to coal, for the (-4.75 +4.0 

mm) coal is presented in Figure 4.32. 
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Figure 4.32: Ash yield results for Run 4.7.2 conducted with (-4.75 +4.0 mm) coal particles, 

with the addition of sand, in a 50:50 vol% ratio of medium to coal 

From Figure 4.32 it is evident that the de-stoning of the (-4.75 +4.0 mm) coal particles was 

successful, and correspond well with the (-4.0 +2.8 mm) coal as illustrated in Figure 4.29.  The coal 

in the bottom and top layers had ash yield percentages of 30.04 % and 18.12 % respectively.   
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Figure 4.33: Ash yield vs. bed height for Run 4.7.2 

The sharpness in separation is again visible from the performance curve, where the ash yield 

difference between the discard and product was found to be 9.20 % as shown in Figure 4.33.  The 

ash yield of the cumulative product, if the bottom layer was discarded, was found to be 20.84 %, 

which is a decrease of 2.11 % from that of the feed.   

The ash yield results for the 70 vol% run, with the use of sand as dense medium are given in Figure 

4.34 
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Figure 4.34: Ash yield results for runs conducted with (-4.75 +4.0 mm) coal particles, with the 

addition of sand, in a 50:50 vol% and 70:30 vol% ratio of medium to coal 

The sharpness of separation in the bottom two layers did not improve with an increase in vol% sand 

for Run 4.8.0 as indicated in Figure 4.34.  Furthermore, back mixing was observed between the 

second and third layer for Run 4.8.0.  The presence of more sand within the bed decreased the 

stability of the bed slightly. The formation of large bubbles carried denser fractions to the third layer, 

and contributed to the displacement of particles.  However, the coal was still upgraded by producing 

a cumulative product with an ash yield of 21.09 %.  This indicates that the de-stoning capabilities of 

the fluidised bed are slightly less insensitive to the separation between the mid-to-top sections of 

the bed.   

The results of all runs conducted with the use of sand as dense medium in 50 vol% and 70 vol% 

ratios are summarised in Tables 4.8 and 4.9 respectively. 
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Table 4.8: Summative results for runs conducted in a 50:50 vol%, sand to coal, ratio 

Run name 

Particle size 

Run 0.5.7.0 

(-1.0 +0.5 mm) 

Run 1.7.0 

(-2.0 +1.0 mm) 

Run 2.7.0 

(-2.8 +2.0 mm) 

Bottom layer ash yield (wt%) 25,28 22,31 23,88 

Layer 2 ash yield (wt%) 21,91 19,12 21,53 

Layer 3 ash yield (wt%) 20,60 15,04 22,01 

Layer 4 ash yield (wt%) 20,23 14,53 21,78 

Top layer ash yield (wt%) 18,84 

 

15,10 

Difference between top and 

bottom layer (wt%) 
6,44 7,79 8,78 

Difference between bottom 

and second layer (wt%) 
3,37 3,19 2,35 

Ash yield of cumulative 

product (wt%) 
20,60 17,34 20,90 

    

Run name 

Particle size 

Run 3.7.0 

(-4.0 +2.8 mm) 

Run 4.7.0 

(-4.75 +4.0 mm) 

Run 5.7.0 

(-5.6 +4.75 mm) 

Bottom layer ash yield (wt%) 29,75 30,04 30,67 

Layer 2 ash yield (wt%) 22,10 21,26 22,40 

Layer 3 ash yield (wt%) 21,36 20,93 17,75 

Layer 4 ash yield (wt%) 20,08 19,78 19,36 

Top layer ash yield (wt%) 15,12 18,12 16,31 

Difference between top and 

bottom layer 
14,63 11,92 14,36 

Difference between bottom 

and second layer 
7,65 8,78 8,27 

Ash yield of cumulative 

product (wt%) 
21,36 20,84 19,76 

 

From Table 4.8 it can be seen that the use of sand as dense medium delivered promising results.  

The sharpness of separation, especially between the bottom and second layer, was better in 

comparison to the magnetite runs as given in Table 4.6; however the use of sand as dense medium 

performed worse than that of normal fluidisation as given in Table 4.5. 
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The ash yield of the cumulative product for Run 1.7.0 was extremely low, being 17.34 %.  This is 

attributed to a very low overall cumulative ash yield found within the 4 layers, which are due to 

human error during general sampling and analyses.   

Poor separation for Run 2.7.0 was observed between the second, third and fourth layer which are 

ascribed to too high air velocities.  At these high air velocities, the coal particles got displaced due to 

the expansion and explosion of the large bubble that formed.  Nevertheless the coal was 

successfully upgraded, which illustrates that the fluidised bed is relatively insensitive in the 

separation efficiency in the mid-to-top section of the column.   

Furthermore, from Table 4.8 it is evident that the use of sand as dense medium was highly 

successful in order to beneficiate the coal particles, especially for the larger (+2.8 mm) coal particles 

in the fluidised bed.  
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Table 4.9: Summative results for runs conducted in a 70:30 vol%, sand to coal, ratio 

Run name 

Particle size 

Run 0.5.8.0 

(-1.0 +0.5 mm) 

Run 1.8.0 

(-2.0 +1.0 mm) 

Run 2.8.0 

(-2.8 +2.0 mm) 

Bottom layer ash yield (wt%) 23,63 26,24 23,00 

Layer 2 ash yield (wt%) 20,35 24,72 26,78 

Layer 3 ash yield (wt%) 19,22 19,34 26,27 

Layer 4 ash yield (wt%) 18,41 17,64 20,65 

Top layer ash yield (wt%) 17,36   18,56 

Difference between top and 

bottom layer (wt%) 
6,27 8,60 4,44 

Difference between bottom 

and second layer (wt%) 
3,29 1,52 -3,78 

Ash yield of cumulative 

product (wt%) 
19,08 20,36 22,95 

    

Run name 

Particle size 

Run 3.8.0 

(-4.0 +2.8 mm) 

Run 4.8.0 

(-4.75 +4.0 mm) 

Run 5.8.0 

(-5.6 +4.75 mm) 

Bottom layer ash yield (wt%) 32,70 30,46 31,61 

Layer 2 ash yield (wt%) 20,83 22,96 26,54 

Layer 3 ash yield (wt%) 20,14 23,86 18,56 

Layer 4 ash yield (wt%) 19,44 17,15 16,74 

Top layer ash yield (wt%) 18,15 17,23 12,66 

Difference between top and 

bottom layer 
14,55 13,23 18,95 

Difference between bottom 

and second layer 
11,87 7,50 5,07 

Ash yield of cumulative 

product (wt%) 
20,17 21,09 20,67 

 

By comparing Tables 4.8 and 4.9, it can be seen that an increase in vol% of sand increased the 

sharpness of separation for Run 3.8.0, whilst the increase in vol% sand had an adverse effect for 

the other runs.  This is in contradiction with the use of magnetite, where it was found that an 

increase in vol% magnetite slightly improved the sharpness of separation.   

From Table 4.9 it can be seen that the separation of the (-2.8 +2.0 mm) coal was highly 

underwhelming, where severe back mixing was observed.  A poorly developed fluidised bed 
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contributed to the ineffective separation of the coal particles and therefore the de-stoning of the feed 

coal was unsuccessful.  

4.4.5.3  Fine discard coal 

The ash yield results for the fluidisation of the (-1.0 +0.5 mm) size fraction with the use of a fine 

discard coal as medium in a 50 vol% ratio as well as in a 70 vol% ratio, without vibration are 

presented in Figure 4.35.   

 

Figure 4.35: Ash yield results for runs conducted with (-1.0 +0.5 mm) coal particles, with the 

addition of fine discard coal, in a 50:50 vol% and 70:30 vol% ratio of medium to coal 

From Figure 4.35 it is evident that the use of a fine discard coal as medium was able to upgrade the 

(-1.0 +0.5 mm) coal particles, but was far less successful than the normal fluidisation, magnetite and 

sand runs.  Furthermore, from Figure 4.35 it is evident that an increase in vol% of medium slightly 

increased the sharpness of separation. 

For Run 0.5.11.0 it was found that the coal in the bottom and top layers had an ash yield of 23.55 % 

and 18.40 % respectively. Run 0.5.11.0 was able to produce a cumulative product with an ash yield 

of 21.54 % by cutting the bed at a height of 40 mm.   

For Run 0.5.13.0 it was found that the coal in the bottom layer had an ash yield of 24.51 %, whilst 

the top layer had an ash yield of 17.53 %.  The ash yield of the cumulative product that was 

produced, by discarding the bottom layer, was found to be 21.01 %. 
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The ash yield results for the fluidisation of the (-4.75 +4.0 mm) size fraction with the use of a fine 

discard coal as medium in a 50 vol% ratio as well as in a 70 vol% ratio, without vibration are 

presented in Figure 4.36. 

 

Figure 4.36: Ash yield results for runs conducted with (-4.75 +4.0 mm) coal particles, with the 

addition of fine discard coal, in a 50:50 vol% and 70:30 vol% ratio of medium to coal 

From Figure 4.36 the de-stoning of the (-4.75 +4.0 mm) was successful and produced better results 

than that of the (-1.0 +0.5 mm) size fractions as presented in Figure 4.35.   

For Run 4.11.0 it was found that the bottom layer had an ash yield of 31.87 %, whilst the top layer 

had an ash yield of 19.36 %.  The cumulative product that was produced by discarding the bottom 

layer had an ash yield of 21.35 %. 

Furthermore, from Figure 4.36 it can be seen that the bottom layer of Run 4.11.0 had a higher ash 

yield than that of Run 4.13.0, however the sharpness in separation between the bottom and second 

layer for Run 4.13.0 was better, and therefore the increase in vol% increased the de-stoning 

capabilities of the fluidised bed.  Slight back mixing was found between the second and third layer 

for Run 4.13.0, due to the formation of large bubbles which carried some denser fractions to the top 

of the bed.  Nonetheless, the coal was upgraded, and the cumulative product that was produced by 

discarding the bottom layer had an ash yield of 19.38 %. 
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The results of all runs conducted with the use of a fine discard coal as medium, in 50 vol% and 70 

vol% ratios, are summarised in Tables 4.10 and 4.11 respectively. 

Table 4.10: Summative results for runs conducted in a 50:50 vol%, fine discard coal to coal, 

ratio 

Run name 

Particle size 

Run 0.5.11.0 

(-1.0 +0.5 mm) 

Run 1.11.0 

(-2.0 +1.0 mm) 

Run 2.11.0 

(-2.8 +2.0 mm) 

Bottom layer ash yield (wt%) 23,55 22,92 23,14 

Layer 2 ash yield (wt%) 22,18 20,27 20,55 

Layer 3 ash yield (wt%) 22,12 19,89 22,48 

Layer 4 ash yield (wt%) 21,91 16,71 20,65 

Top layer ash yield (wt%) 18,40 - 17,81 

Difference between top and 

bottom layer (wt%) 
5,15 6,21 5,33 

Difference between bottom 

and second layer (wt%) 
1,37 2,65 2,59 

Ash yield of cumulative 

product (wt%) 
21,54 19,90 21,16 

    

Run name 

Particle size 

Run 3.11.0 

(-4.0 +2.8 mm) 

Run 4.11.0 

(-4.75 +4.0 mm) 

Run 5.11.0 

(-5.6 +4.75 mm) 

Bottom layer ash yield (wt%) 29,01 31,87 27,04 

Layer 2 ash yield (wt%) 28,24 23,38 28,06 

Layer 3 ash yield (wt%) 24,21 21,70 22,45 

Layer 4 ash yield (wt%) 23,23 19,85 19,53 

Top layer ash yield (wt%) 19,40 19,36 18,42 

Difference between top and 

bottom layer 
9,61 12,51 8,62 

Difference between bottom 

and second layer 
0,77 8,49 -1,02 

Ash yield of cumulative 

product (wt%) 
25,26 21,35 22,91 

 

From Table 4.10 it can be seen that the use of a fine discard coal as medium, gave moderate 

results.  Overall, the use of a fine discard coal performed slightly better than that of magnetite for 

the (-2.8 mm) coal particles, and worse than that of sand.  However, the use of a fine discard coal 



School of Chemical & Minerals Engineering   

 

117 

 

as medium, performed the worst between the different media for the (-4.0 +2.8 mm) and (-5.6 +4.75 

mm) coal particles.  The reason for this is due to the fact that poor separation, especially in the 

bottom two layers was observed.  The use of a fine discard coal therefore gave inconsistent results, 

and may not be the best medium to use in order to upgrade the coal.  

Table 4.11: Summative results for runs conducted in a 70:30 vol%, fine discard coal to coal, 

ratio 

Run name 

Particle size 

Run 0.5.11.0 

(-1.0 +0.5 mm) 

Run 1.11.0 

(-2.0 +1.0 mm) 

Run 2.11.0 

(-2.8 +2.0 mm) 

Bottom layer ash yield (wt%) 24,51 22,04 21,79 

Layer 2 ash yield (wt%) 22,19 21,07 21,73 

Layer 3 ash yield (wt%) 22,08 17,16 20,78 

Layer 4 ash yield (wt%) 20,96 - 19,60 

Top layer ash yield (wt%) 17,53 - 16,93 

Difference between top and 

bottom layer (wt%) 
6,99 4,88 4,86 

Difference between bottom 

and second layer (wt%) 
2,32 0,97 0,05 

Ash yield of cumulative 

product (wt%) 
21,01 20,81 19,93 

    

Run name 

Particle size 

Run 3.11.0 

(-4.0 +2.8 mm) 

Run 4.11.0 

(-4.75 +4.0 mm) 

Run 5.11.0 

(-5.6 +4.75 mm) 

Bottom layer ash yield (wt%) 27,94 31,13 24,67 

Layer 2 ash yield (wt%) 23,71 19,46 23,47 

Layer 3 ash yield (wt%) 22,30 20,02 20,62 

Layer 4 ash yield (wt%) 21,65 18,62 17,08 

Top layer ash yield (wt%) 17,28 17,62 15,45 

Difference between top and 

bottom layer 
10,66 13,51 9,22 

Difference between bottom 

and second layer 
4,23 11,67 1,20 

Ash yield of cumulative 

product (wt%) 
22,45 19,38 21,11 
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By comparing Tables 4.10 and 4.11 it can be seen that an increase in vol%, improved the 

separation capabilities of the runs that were conducted with the use of a fine discard coal.  Similar to 

Table 4.10, it is noted that the sharpness of separation for Run 4.11.0 was the best.  In comparison 

to the magnetite runs, the use of a fine discard coal in a 70 vol% performed better in order to 

upgrade the coal quality.  However, the use of sand was found to be overall the best medium in 

order to beneficiate the coal. 

4.4.6  Influence of added vibration 

The addition of vibration is believed to supress the formation of large bubbles and therefore 

enhances the formation of small bubbles (Yang et al., 2013a).  Moreover, a better dispersed 

fluidised bed can be created due to the increase in gas-solid interactions, caused by the vibration 

(He et al., 2015), as discussed in Section 2.6.2.  

The problems regarding channelling and dead zones was discussed in Section 4.2.2, and Moaming 

et al. (2003) stated that channelling effects can be reduced with the addition of vibration, especially 

for smaller size fraction.  Furthermore, Macpherson and Galvin (2010) added that the addition of 

vibration can lower the minimum fluidisation velocity and stabilise the bed, which were all problems 

identified in Section 4.2.2.   

The effect of vibration was tested on all parameters i.e. particle size ranges, different media as well 

as ratios thereof, as described in Sections 1.2 and 3.3.  However, only a few selected runs will be 

discussed in Section 4.4.7 in order to comment on the influence of vibration on the separation 

capabilities of the bed.  The main focus in the discussion of vibrational effects will be focussed on 

the runs conducted with medium, in order to address the problems as discussed above.  The runs 

that are not discussed in Section 4.4.7 can be found in Appendix B.3, with the corresponding CV, 

density and moisture content results for each run attached on the accompanied DVD.  

4.4.6.1  Results for the (-1.0 +0.5 mm) particle size range with the addition of 

vibration 

The ash yield results for the (-1.0 +0.5 mm) particle size range, conducted in a volume ratio of 50 

vol% magnetite to 50 vol% coal, with and without the addition of vibration are presented in Figure 

4.37. 
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Figure 4.37: Ash yield results for runs conducted with (-1.0 +0.5 mm) coal particles, with the 

addition of magnetite and vibration, in a 50:50 vol% ratio of medium to coal 

From Figure 4.37 it is evident that density separation was successful for both Run 0.5.3.0 and Run 

0.5.4.0.  However the sharpness of separation between the layers differed. By discarding the 

bottom layer for Runs 0.5.3.0 and 0.5.4.0, a cumulative product with an ash yield of 22.91 % and 

21.73 % respectively was produced. 

From previous results, as presented in Section 4.4.4, it was found that the density separation 

between the bottom 2 layers, especially for the smaller coal fractions, tends to be more challenging.  

From Figure 4.37, it can be seen that the sharpness of separation between the bottom and second 

layer, was significantly increased with the addition of vibration.  A better dispersed fluidised bed was 

created due to the increase in gas-solid interactions caused by the vibration.  Furthermore, the 

vibrational forces are believed to have reduced the effects of channelling and the formation of dead 

zones.  The vibrational forces therefore reduced the resistance of the material in the bottom section 

of the bed, and gave each particle the ability to act against this resistance and thus segregate 

easier according to its relative density.  This phenomenon will be beneficial, due to the fact that a 

fine dense medium such as magnetite, have a big bed resistance, as was depicted in Section 4.2.2. 

The ash yield results for the (-1.0 +0.5 mm) particle size range, conducted in a volume ratio of 50 

vol% sand to 50 vol% coal, with and without the addition of vibration are presented in Figure 4.38. 

 

0 5 10 15 20 25 30

Bottom

2

3

4

Top

Runs 0.5.3.0 and 0.5.4.0 - Ash yield:  
DM: (Magnetite); R: (50:50); PSD: (-1000 +500) µm; V: (Yes and No) 

Added Vibration - Run 0.5.4.0 No added vibration - Run 0.5.3.0 Feed

Ash yield (wt%) 

L
a

y
e

r 



School of Chemical & Minerals Engineering   

 

120 

 

    

Figure 4.38: Ash yield results for runs conducted with (-1.0 +0.5 mm) coal particles, with the 

addition of sand and vibration, in a 50:50 vol% ratio of medium to coal 

From Figure 4.38, it can be seen that density separation was successful for Runs 0.5.7.1 and 

0.5.8.0.  Similar to Figure 4.37 the addition of vibration, improved the sharpness of separation 

between the bottom two layers, as was found in Figure 4.37.  By discarding the bottom layer for the 

run without vibration and with vibration produced a cumulative product with an ash yield of 22.33 % 

and 21.34 % respectively.   

4.4.6.2  Results for the (-2.0 +1.0 mm) particle size range with the addition of 

vibration 

The ash yield results for the (-2.0 +1.0 mm) particle size range, conducted without the addition of a 

medium, with and without the addition of vibration are presented in Figure 4.39. 
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Figure 4.39: Ash yield results for runs conducted with (-2.0 +1.0 mm) coal particles, without 

the addition of a dense medium and with added vibration 

From Figure 4.39, it can be seen that Run 1.1.1 performed better than that of Runs 1.2.0 and 1.2.1.  

Poor separation occurred for Run 1.2.0, and therefore it was repeated, however the results 

remained relatively similar for Run 1.2.1.  Hence, the addition of vibration had a negative effect on 

the beneficiation of the coal, without the use of a dense medium.   

By discarding the bottom layer for Runs 1.1.1, 1.2.0 and 1.2.1, a cumulative product with an ash 

yield of 18.86 %, 21.21 % and 21.28 % respectively was produced.   

4.4.6.3  Results for the (-2.8 +2.0 mm) particle size range with the addition of 

vibration 

The ash yield results for the (-2.8 +2.0 mm) particle size range, conducted without the addition of a 

medium, with and without the addition of vibration are presented in Figure 4.40. 
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Figure 4.40: Ash yield results for runs conducted with (-2.8 +2.0 mm) coal particles, without 

the addition of a dense medium and with added vibration 

From Figure 4.40 it can be seen that the formation of large bubbles caused back mixing in the 

second and third layer for Run 2.1.0.  The addition of vibration supressed the effect of back mixing 

due to the fact that the vibrational forces disrupted the large bubbles in order to form smaller 

bubbles inside the bed, which are beneficial.  The addition of vibration therefore gives denser 

particles a better chance of settling to the bottom of the bed, and reduces the amount of dense 

particles that can be carried over to the second layer.   

By discarding the bottom layer, for Runs 2.1.0 and 2.2.0 a cumulative product with an ash yield of 

19.95 % and 18.75 % respectively was produced.  The addition of vibration therefore supressed the 

formation of large bubbles and in result increased the quality of the product. 

4.4.6.4  Results for the (-4.0 +2.8 mm) particle size range with the addition of 

vibration 

The ash yield results for the (-4.0 +2.8 mm) particle size range, conducted in a volume ratio of 50 

vol% magnetite to 50 vol% coal, with and without the addition of vibration are presented in Figure 

4.41. 
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Figure 4.41: Ash yield results for runs conducted with (-4.0 +2.8 mm) coal particles, with the 

addition of magnetite and vibration, in a 50:50 vol% ratio of medium to coal 

From Figure 4.41 it can be seen that density separation occurred for both Runs 3.3.0 and 3.4.0, 

where the sharpness of separation between the bottom 2 layers were better for Run 3.3.0 than for 

Run 3.4.0.  Therefore the addition of vibration slightly increased the sharpness of separation. 

The coal in the bottom layer of Run 3.3.0 had an ash yield of 27.98 %, whilst the coal in the bottom 

layer of Run 3.4.0 had an ash yield of 28.85 %.  The coal in the top layer of Run 3.3.0 had an ash 

yield of 17.76 %, whilst the coal in the top layer of Run 3.4.0 had an ash yield of 19.11 %.  By 

discarding the bottom layer, for Runs 3.3.0 and 3.4.0, a cumulative product with an ash yield of 

22.22 % and 21.46 % respectively was produced.   

The ash yield results for the (-4.0 +2.8 mm) particle size range, conducted in a volume ratio of 70 

vol% fine discard coal to 30 vol% coal, with and without the addition of vibration are presented in 

Figure 4.42. 
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Figure 4.42: Ash yield results for runs conducted with (-4.0 +2.8 mm) coal particles, with the 

addition of fine discard and vibration, in a 70:30 vol% ratio of medium to coal 

From Figure 4.42 it is evident that the addition of vibration did not have a significant impact on the 

separation of the (-4.0 +2.8 mm) particles, with the use of fine discard coal as a medium.  By 

discarding the bottom layer for Runs 3.13.0 and 3.14.0, a cumulative product with an ash yield of 

22.45 % and 21.88 % respectively was produced. 

4.4.6.5  Results for the (-4.75 +4.0 mm) particle size range with the addition of 

vibration  

The ash yield results for the (-4.75 +4.0 mm) particle size range, conducted without the addition of a 

medium, with and without the addition of vibration are presented in Figure 4.43. 
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Figure 4.43: Ash yield results for runs conducted with (-4.75 +4.0 mm) coal particles, with the 

addition of magnetite and vibration, in a 70:30 vol% ratio of medium to coal 

From Figure 4.43 it can be seen that density separation occurred for both Runs 4.5.0 and 4.6.0.  

Furthermore from Figure 4.43, it can be assumed that the addition of vibration negatively influenced 

the de-stoning abilities of the fluidised bed, because the ash yield of the bottom layer of Run 4.5.0 is 

slightly higher than that of the bottom layer of Run 4.6.0.  However, the ash yield in the second layer 

of Run 4.6.0 (21.37 %) is much lower than that of Run 4.5.0 (24.14 %).  This reiterates that the de-

stoning capabilities of the fluidised bed are insensitive to the sharpness of separation in the 

uppermost layers of the bed.  The performance of the fluidised bed is therefore more associated 

with the separation and dynamics of the bottommost section of the bed (the bottom and second 

layer).  Hence, for Run 4.6.0, good separation occurred between the second and bottom layer, and 

therefore the cumulative product was slightly of higher quality. 

4.4.6.6  Results for the (-5.6 +4.75 mm) particle size range with the addition of 

vibration 

The ash yield results for the (-5.6 +4.75 mm) particle size range, conducted with the use of a fine 

discard coal as medium, with and without the addition of vibration are presented in Figure 4.44. 
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Figure 4.44: Ash yield results for runs conducted with (-5.6 +4.75 mm) coal particles, with the 

addition of sand and vibration, in a 50:50 vol% ratio of medium to coal 

From Figure 4.44 it can be seen that density separation occurred for both Runs 5.7.0 and 5.8.0, 

where better the sharpness of density segregation was better in the bottom 2 layers for Run 5.8.0.  

The coal in the bottom layer of Run 5.7.0 had an ash yield of 30.67 %, whilst the coal in the bottom 

layer of Run 5.4.0 had an ash yield of 31.77 %.  The coal in the top layer of Run 5.7.0 had an ash 

yield of 16.31 %, whilst the coal in the top layer of Run 5.8.0 had an ash yield of 12.47 %.  

By discarding the bottom layer for Runs 5.7.0 and 5.8.0, a cumulative product with an ash yield of 

19.76 % and 18.04 % respectively was produced.  

Furthermore, back mixing of some bed material for Run 5.7.0 took place in the third and fourth layer. 

The back mixing effect is ascribed to the formation of large bubbles and the bursting thereof, which 

cause denser particles to be carried to the top.  The introduction of vibration to the fluidised bed 

increased the quality of the coal, by supressing the formation of large bubbles. The presence of 

small bubbles is beneficial to the separation process and hence, the addition of vibration to the 

fluidised bed, improved the quality of the coal by reducing the formation of bubbles. 
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4.4.6.7  Influence of vibration the minimum fluidisation velocity 

Macpherson and Galvin (2010) added that the addition of vibration can lower the minimum 

fluidisation velocity.  As stated in Section 3.4.2.1, vibration was introduced to the bed just before 

complete fluidisation.   

The minimum fluidisation point of all runs, except for Runs 2.9.0 and 2.13.0, was reduced when 

vibration was added.  For Runs 2.9.0 and 2.13.0, it might have been that the vibration was added 

too soon, which caused the particles to segregate to the bottom of the bed and making the bed 

more compact.  A compact bed will be more difficult to fluidise due to the resistance that is created 

by the tightly packed coal particles.   

The reduction in the minimum fluidisation velocity was most significant for runs that were conducted 

with a medium.  The vibrational forces are believed to aid in loosening the bed and reduce the 

resistance that was created by the densely packed bed.  In order to illustrate the reduction in 

minimum fluidisation velocity, the pressure vs. air velocity graphs of a few selected runs are 

illustrated in Figures 4.45 to 4.47.  

 

Figure 4.45: Pressure vs. air velocity graph for Run 4.1.0 and 4.2.0 

From Figure 4.45 it can be seen that for the (-4.75 +4.0 mm) runs that were conducted without a 

medium, that Run 4.1.0 was operated at 2595.2 cm/s, which is just above the minimum fluidisation 
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point.  Run 4.2.0 was operated at an air velocity of 2432.6 cm/s, which was lower than that of Run 

4.1.0.     

 

Figure 4.46: Pressure vs. air velocity graph for Run 3.5.0 and 3.6.0 

From Figure 4.46 the minimum fluidisation velocity of Run 3.6.0, which were conducted with a 70:30 

medium to coal vol%, was lower than that of Run 3.5.0.  Run 3.5.0 had a minimum fluidisation 

velocity of 1390.1 cm/s, whilst Run 3.6.0 had a minimum fluidisation velocity of 1701.6 cm/s.  The 

addition of vibration therefore drastically deduced the minimum fluidisation velocity when magnetite 

was used in a 70 vol% ratio.   

Furthermore, it is noteworthy that the pressure drop without the addition of vibration is more 

pronounced in relation to the run with vibration.  Macpherson and Galvin (2010) stated that the 

addition of vibration can lead to a more stable bed.  The more extreme pressure drop was an 

indication that the bed was slightly unstable, and the pressure drop was due to the turbulent 

behaviour of the magnetite, as discussed in Section 4.2.2.  Hence, the addition of vibration helped 

to stabilise the bed, especially when a medium was used during operation. 
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Figure 4.47: Pressure vs. air velocity graph for Run 2.7.0 and 2.8.0 

From Figure 4.47 it can be seen that the minimum fluidisation velocity for Runs 2.7.0 and 2.8.0 were 

found to be 1743.0 cm/s and 1421.0 cm/s respectively.  The addition of vibration again decreased 

the minimum fluidisation velocity.  Furthermore it can be see that Runs 2.7.0 and 2.8.0 was stable, 

in comparison to Figure 4.46, which presented the minimum fluidisation velocities when magnetite 

was used.   

4.5 Contamination of coal 

As mentioned in Section 2.6 there are two separation processes that will be concurrent to the dense 

medium fluidised bed, i.e. the separation of the medium from the coal as well as the separation of 

fine coal particles from the medium in order to reuse the medium again.  The extent of particle 

accumulation in the medium was briefly discussed in Section 4.2.3, however the removal of these 

fine fractions does not form a part of this project and is therefore not of significant importance. 

The separation of the medium from the coal is however of importance to the project.  The 

separation of medium from coal was done in three ways i.e. sieving, magnetic separation with hand 

magnets and air cleaning as discussed in Section 3.4.4.  During fluidisation, ultra-fine dense 

medium particles can stick to the surface of the coal particles.  It is difficult to remove the ultra-fine 

medium particles from the coal by means of sieving as the sieving process is only there to remove 

large quantities of medium.  The use of a hand magnet is effective in order to remove smaller 
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fractions that remained on the surface of the coal after sieving, however it is considered to not be 

100 % effective.  Therefore the use of air was introduced, in order to blow of additional ultra-fine 

particles.   

However, some medium (especially magnetite) remained behind and contaminated the sample.  

From Sections 4.4.4, 4.4.5 and 4.4.6 it can be seen that some runs had a higher cumulative ash 

yield across the bed, than that of the feed coal.  These higher ash yields are believed to be a result 

of the medium that still remained either on the surface of the coal or inside the capillary structure of 

the coal.  The very fine nature of the magnetite, having a d10 of 9 μm, can get trapped inside the 

intra-particulate voids of the coal particles.  These fine powders can either move into the micro-

pores of the coal during the mixing of the coal or during fluidisation.  The fine powders, which are 

non-combustible materials, therefore increase the ash yield percentage of samples.  To give an 

example, the cumulative ash yield of Run 3.5.0 will be reviewed in Table 4.12. 

Table 4.12: Cumulative ash yield vs. Theoretical ash yield for Run 3.5.0 

Cumulative ash yield 

Run data 
 

 Theoretical values 

Layer 
Mass 

of coal 
(g) 

Ash yield 
results 
(wt%) 

Mass of 
ash per 
layer (g) 

Cumulative 
ash % of total 

coal (%) 
 

 
Mass of ash based on 

total coal (g) and a feed 
with 22.95 % ash yield 

Bottom 325,7 29,60 96,41 9,23 
 

 239,64 

Layer 2 241,5 25,70 62,07 5,94 
 

 Difference (g ash) 

Layer 3 275,4 24,11 66,40 6,36 
 

 25,3 

Layer 4 168,6 20,46 34,50 3,30 
 

 
Increase (+) or decrease   

(-) (%) 

Top 33,00 16,98 5,60 0,54 
 

 2,43 

Total 1044,2 23,37 264,97 25,38 
 

  

      
  

 

From Table 4.12 it can be seen that the cumulative ash yield for all layers was calculated as      

25.38 %.  This is an increase of 2.43 % for Run 3.5.0, which was conducted in a 70:30 vol% ratio, 

magnetite to coal.   

A spectroscopic technique, namely Mӧssbauer spectroscopy, was used in order to identify whether 

magnetite remained in the sample or not.  The spectroscopy was done on two samples that were 

fluidised in a 50:50 vol% ratio, magnetite to coal, as well as on the feed coal.  The samples that 

were in contact with magnetite differed based on the method on which itwas ‘cleaned’. Thefirst

sample was ‘cleaned’ by sieving the dense medium from the coal.  For the second sample, the 

medium was separated from the coal by sieving the sample, then using hand magnets and finally air 

to‘clean’thecoal.Thedifferencebetweenthesampleswillthereforealso be an indication what the 
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efficiency is of the various methods that were used to clean the coal.  The results are presented in 

Figure 4.48. 

 

Figure 4.48: The Mössbauer spectrum of (a) pyrite in the coal, (b) pyrite and remaining 

magnetite in the coal after DMS separation, and (c) better removal of the magnetite from the 

coal, leaving less magnetite in the coal 

Pyrite (FeS2) is typically found in coal, and from Figure 4.48 (a) it can be seen that only pyrite was 

present and no magnetite (Fe3O4).  From Figure 4.48 (b) it can be see that magnetite was present in 

the coal sample, after it was sieved.  Moreover, from Figure 4.48 (c) it can be seen that the peaks 

for magnetite, were slightly smaller, which indicated that the use of hand magnets as well as the 

cleaning of the coal with compressed air, reduced the presence of magnetite in the sample.   

An XRD analyses was carried out to further explain the extent of contamination.  Again the coal was 

cleaned with a sieve for sample 1 and then cleaned with a hand magnet (for magnetite) and with 

compressed air for sample 2.  The results for the XRD analysis are presented in Table 4.13. 
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Table 4.13: XRD results for coal, coal which came into contact with magnetite and sand, cleaned differently 

Sample 
Mineral Identification (%) 

Quartz Kaolinite Calcite Dolomite Microcline Albite Illite Graphite Pyrite Anatase Magnetite Hematite 

Coal 7.7 44.9 3.9 2.2 8.8 1.6  30.3 0.4 0.2   

Magnetite 

sample 1 
7.5 45.3 2.6 1.2 8.5 1.4 0.5 30.6 0.6 0.2 1.4 0.1 

Magnetite 

sample 2 
5.3 42.9 2.3 1.0 12.9 1.0 0.6 33.6 0.1  0.2 0.1 

Sand 

sample 1 
6.5 42.4 1.7 1.8 11.9 1.4 0.3 33.8 0.2    

Sand 

sample 2 
5.2 40.7 1.9 1.2 17.4 0.9 0.4 32.1 0.1    
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From Table 4.13, it is quantified that magnetite remained in both samples, as was found through the 

Mӧssbauer spectroscopy.  The first sample, which was only cleaned by means of sieving, contained 

more magnetite than the second sample, which was cleaned by means of sieving, magnets and air.  

The sand (which will be presented as Quartz) samples however, did not indicate that any 

contamination took place.   

It was often observed, that the colour of the residual coal ash after incineration differed.  A 

photograph of the residual after combustion is shown in Figure 4.49.  

 

Figure 4.49: Photographs of residual after combustion 

From Figure 4.49 it can be seen that the residual from the coal only sample had a white to greyish 

colour, whilst the residual from the coal sample that was fluidised with sand had a similar colour but 

had a slight brownish undertone.  The slight brownish colour can be due to some sand that 

remained in the coal sample; however the distinction is not as clear. 

For the magnetite sample, it is clear that the colour of the residual ash was very different from that 

of the coal.  The slight pinkish colour indicated that some magnetite remained behind. 

 

 

 

 

Coal Sand Magnetite 



School of Chemical & Minerals Engineering   

 

134 

 

 

 Conclusions and Recommendations 5.

 

Chapter 5 presents the conclusions that was drawn as well as recommendations for the project 

entitled“The dry beneficiation of duff coal in a dense medium fluidised bed”.  During the 

project a typical South African ROM coal (-5.6 +0.5 mm) was successfully beneficiated inside a 

laboratory scale fluidised bed. 

 

Section 5.1 will present the main conclusions that were drawn from the study.  Section 5.2 will 

give recommendations to support future work on the dense medium fluidised bed to ensure that 

the technology can be introduced to the South African coal processing industry.  

 

 

 

 

 

 

 

 

 

 



School of Chemical & Minerals Engineering   

 

135 

 

5.1 Conclusions 

South Africa, an arid country, is exploring ways to utilise water responsibly, especially in the coal 

processing market.  The use of a dense medium fluidised bed has been proven to work for coal 

particles greater than +6 mm; however little research has been done on the (-6 mm) size fractions.  

The purpose of the project was therefore to investigate the feasibility of the dense medium fluidised 

bed, with the use of a South African coal in the size range (-5.6 +0.5 mm). 

The 150 mm fluidised bed was proven to successfully de-stone the Witbank ROM coal in the (-5.6 

+0.5 mm) size range.  The coal was mostly stratified according to density, where the bed was cut at 

a height of 40 mm in order to discard high density coals.   

The feed coal had an ash yield of 22.95 % and CV of 24.16 MJ/kg.  The best cumulative products, 

for the various particle size ranges, that were produced by discarding the bottom layer are 

summarised below: 

 The best cumulative product that was produced for the (-1.0 +0.5 mm) size fraction, was 

produced under normal fluidising conditions, without the use of a dense medium or vibration.  

The cumulative product had an ash yield of 19.19 % and a CV of 26.252 MJ/kg.   

 The best cumulative product that was produced for the (-2.0 +1.0 mm) size fraction, was 

without the use of a dense medium and added vibration.  The cumulative product that was 

produced had an ash yield of 18.14 % and a CV of 26.181 MJ/kg. 

 The best cumulative product that was produced for the (-2.8 +2.0 mm) size fractions, was 

under normal fluidising conditions without the addition of a medium or vibration.  The ash 

yield of the cumulative product was found to be 19.95 % and had a CV of 25.153 MJ/kg. 

 The best cumulative product that was produced for the (-4.0 +2.8 mm) size fractions, was 

with the use of sand, in a 50 vol% ratio, as dense medium without added vibration. The 

cumulative product had an ash yield of 19.27 %.  

 The best cumulative product that was produced for the (-4.75 +4.0 mm) size fractions, was 

under normal fluidising conditions without the use of a dense medium and vibration.  The 

product that was produced had an ash yield of 18.73 % and a CV of 25.481 MJ/kg.   

 The best cumulative product that was produced for the (-5.6 +4.75 mm) size fractions, was 

with the use of sand as dense medium, in a 50 vol% ratio, with the addition of vibration.  The 

product that was produced had an ash yield of 18.01 % and a CV of 26.083 MJ/kg.  This was 

the best product in terms of ash yield that was produced during the project.  
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The use of a dense medium was able to stratify coal according to density.  However, the normal 

fluidisation of the coal particles mostly had the best separation capabilities.  This is attributed to the 

more sensitive nature of the bed, which is created with the addition of a medium.  The occurrence of 

back mixing, channelling and the formation of dead zones inside the bed was found to be more 

severe when a dense medium was introduced into the bed.  The underwhelming performance of 

magnetite as a fluidising medium on the fluidised bed was proved by (Terblanche, 2011).  

In most cases, the use of magnetite as dense medium was able to stratify the coal in the bed 

according to density.  However, the use of magnetite as dense medium, proved to be challenging 

during the project due to its fine nature.  Bed instability, channelling effects as well as the creation of 

dead zones caused poor separation within the bed.  The separation capabilities with the use of this 

fine magnetite as dense medium, became more promising for bigger coal fractions (-4 mm). 

The use of sand as fluidising medium was highly successful, which proved that sand is an attractive 

alternative to magnetite to use as a dense medium on coal processing plant.  The use of sand 

created a more stable bed, which produced small bubbles in order to aid in the density separation.  

The extent of back mixing and the formation of dead zones were also less prone to happen with the 

use of sand as dense medium.  However, the cleaning of the sand after fluidisation due to coal 

particle accumulation in the medium is still troublesome.   

It was proven that a fine discard coal had the ability to act as fluidising medium in order to stratify 

coal according to density.  The problems associated with coal and medium separation was avoided, 

when a fine discard coal was used.   However, the inconsistent density of the fine discard coal 

caused some runs to underperform and poor separation between bed layers was frequent.    

The increase in vol% ratio, from 50 vol% medium to 70 vol% medium, did not show a consistent 

positive or negative impact on the separation capabilities of the different media.  In the cases where 

a positive influence was found, due to the increase in medium ratio, the sharpness of separation 

especially between the bottom and second layers of the bed was improved.  However, as the vol% 

of medium increased, the bed became more sensitive to air flow changes and the likelihood of back 

mixing to occur, due to the formation of large bubbles, was more significant.  Therefor the increase 

in medium vol% ratio can have a positive influence on the sharpness of separation but is not always 

consistent. 

The addition of vibration overall had a positive impact on the test runs that contained a dense 

medium and had a slight adverse effect on the normal fluidisation of the coal.  The addition of 

vibration improved the sharpness of separation significantly when a medium was used.  This is due 

to the fact that the formation of large bubbles, which are associated with the addition of a fine dense 

medium, was supress when vibration was added to the bed.  Under normal fluidising conditions, the 
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formation of large bubbles was less evident and therefore the addition of vibration in most cases 

had an adverse effect.   

It was found that the upgrading of the coal inside the fluidised bed is very reliant on the separation 

capabilities of the bottom two layers.  If poor separation was found between the bottom and second 

layer, the coal was not upgraded and the bottom layer had to be discarded as well in order to 

improve the coal quality.  The fluidised bed is therefore more insensitive to the sharpness of 

separation in mid-to-top section of the bed. 

5.2 Recommendations 

The following recommendations are made in order to support future test work on the dense medium 

fluidised bed, to ensure that the technology can be introduced to the South African coal processing 

industry. 

5.2.1  Medium 

The importance of magnetite size was accentuated by He et al. (2016a), He et al. (2016b) and Zhao 

et al. (2015).  The magnetite used in this study was clearly too fine (d50 = 38 μm), which contributed 

to a list of problems.  The use of a coarser magnetite (-0.3 +0.074 mm) is recommended for future 

studies, as it is believed that the separation capabilities of the fluidised bed with the use of 

magnetite as fluidising medium, can be drastically improved if the problems associated with the 

magnetite size can be minimised.   

The use of sand as dense medium proved to be highly beneficial, however the accumulation of coal 

particles in the medium will be challenging.  It is therefore recommended that methods relating to 

the cleaning of the sand, or the removal of coal from the sand particles, be investigated.  

Furthermore, the influence of the size of the sand particles should also be investigated to establish if 

better results can be found if coarser sand, with a more uniform particle size, is used.  It is 

recommended that foundry sand should be used in further work. 

The fine discard coal that was used during the project had a wide particle distribution (-0.37 +0.048 

mm).  It is recommended that the size distribution of the fine discard coal should be narrower to 

ensure that the size of the autogenous medium is more consistent.   

Furthermore, it is recommended that other dense media should be investigated as well, such as 

Ilmenite.  Ilmentite (FeTiO3) has weak magnetic properties, and the cleaning of this medium can be 

easier in comparison to sand.  The use of the different media can also be tested, by not using coal 

particles but rather tracer particles that have a very specific shape, size and density in order to 

better comprehend the separation capabilities of each medium.  
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Moisture effects and moisture limitations on the medium should be investigated properly, as it is 

believed that an increase in moisture content will have a significant negative impact on the 

separation capabilities of the medium as well as cause problems with regards to medium cleaning.  

The degree of contamination of the coal by the medium can be investigated further on different 

particle sizes, as it was found that some ultra-fine magnetite still remained in the coal sample.  This 

can be done by creating mixtures of coal and magnetite, with different sizes thereof, and then 

separating the coal from the medium on different methods.  Thereafter the samples can analysed 

with the use of Mӧssbauer spectroscopy, XRD as well as SEM analyses, in order to establish what 

the degree of contamination is as well as to indicate which cleaning method is most suitable.  

Lastly the economic aspects should be considered when adding a medium.  By adding a medium, it 

will mean that less coal can be processed at a time, which will increase the operation time of the 

dense medium fluidised bed.  It will therefore be necessary to guarantee that the performance of the 

bed, with the addition of a medium, is far better than that of a normal fluidisation of the coal particles 

to ensure the feasibility of the technology. 

5.2.2  Coal particle size and quality 

It is highly recommended that a blend of coal should be used in future studies, where high and low 

ash yield coal phases are present.  In most publications as mentioned in Section 2.6, the authors 

used coal that had a wide range of qualities, and therefore the destoning results seemed better.  

The use of a high ash yield coal will be able to establish the sensitivity and separation efficiency of 

the fluidised bed, with regards to variations in feed qualities.   

Furthermore, it is recommended that the particle size of the feed should be widened.  In the project, 

it has been proved that a narrow particle size distribution of the coal particles can be upgraded in 

the fluidised bed.  However, the various authors as mentioned in Section 2.6 used a wider particle 

size range.  It is therefore recommended that tests should be performed on (-3 +1 mm) and (-6 +3 

mm) particle sizes; as well as on coarser size fractions i.e. greater than +6 mm. 

5.2.3  Fluidised bed alternations  

It is highly recommended that the bed column should be higher, should not be as tightly closed at 

the top as well as installing a dust collector.  The higher bed and less tightly closed bed at the top 

will ensure that fluidisation is achieved at low air velocities.  The installation of a dust collector will 

minimise the pollution created by the ultra-fine material.   Furthermore, the bed can be altered in 

such a manner, that the feed can be introduced to the bed, after the medium has been fluidised.  

The addition of a secondary visual control system can be implemented in order to visually study the 

behaviour, formation and effects of bubble formation at various air flow rates.  This will especially be 
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beneficial with the use of a dense medium, as bubble formation during test runs that were 

conducted with the addition of a medium is more severe.  The installation of a video camera will 

therefore aid in explaining the behaviour, formation and effects of bubbles. 

Lastly, it is highly recommended to upscale and redesign the fluidised bed in order to investigate the 

operation and feasibility of this technology on a continuous system, rather than a batch system.  A 

new continuous process will also aid to better comprehend what is happening inside the fluidised 

bed, whilst it is in operation.  The dynamic bed density profile of the fluidised bed during operation 

can be determined by upscaling and redesigning the fluidised bed.   
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Appendices 

 

All supplementary data for the project entitled “The dry beneficiation of duff coal in a dense 

medium fluidised bed”willbepresentedinthisSection. 

 

Appendix A will contain additional results for the repeatability tests as discussed in Section 4.3.  

Appendix B will contain results that are supplementary to Sections 4.4.4, 4.4.5 and 4.4.6.   
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Appendix A 

A.1 Experimental repeatability 

A 90 % confidence level was used in order to calculate the experimental error, for the repeated runs 

as indicated in Table 4.2, and as described in Section 4.3.1.  The results from the repeatability tests 

are presented below. 

Table 0.1: Experimental error – Run 0.5.1.0 and Run 0.5.1.1 

DM: (None); R: (0:100); PSD: (-1000 +500) µm; V: (No) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,012 0,190 0,155 0,116 

2 0,004 0,268 1,481 0,020 

3 0,000 1,036 0,183 0,072 

4 0,009 0,000 0,209 0,308 

Top 0,012 1,414 0,267 0,127 

Average (±) 0,007 0,582 0,459 0,128 

 

Table 0.2: Experimental error – Run 0.5.2.0 and Run 0.5.2.1  

DM: (None); R: (0:100); PSD: (-1000 +500) µm; V: (Yes) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,007 0,186 0,300 0,113 

2 0,007 1,892 0,078 0,906 

3 0,023 0,871 0,029 0,270 

4 0,021 1,162 0,183 0,051 

Top 0,007 0,256 0,100 0,153 

Average (±) 0,013 0,873 0,138 0,299 
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Table 0.3: Experimental error – Run 0.5.6.0 and Run 0.5.6.1 

DM: (Magnetite); R: (70:30); PSD: (-1000 +500) µm; V: (Yes) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,004 0,385 0,126 1,416 

2 0,019 0,860 0,085 0,054 

3 0,032 0,203 0,017 1,594 

4 0,035 0,130 0,010 0,337 

Top 0,008 1,111 0,109 0,705 

Average (±) 0,020 0,538 0,069 0,821 

 

Table 0.4: Experimental error – Run 0.5.9.0 and Run 0.5.9.1 

DM: (Sand); R: (70:30); PSD: (-1000 +500) µm; V: (No) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,026 1,527 0,140 0,061 

2 0,011 1,812 1,282 0,099 

3 0,007 0,323 0,957 0,081 

4 0,000 0,263 0,366 0,114 

Top 0,018 1,381 1,139 0,184 

Average (±) 0,013 1,061 0,777 0,108 
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Table 0.5: Experimental error – Run 0.5.10.0 and Run 0.5.10.1 

DM: (Sand); R: (70:30); PSD: (-1000 +500) µm; V: (Yes) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,003 0,231 0,045 0,120 

2 0,035 1,322 0,104 1,260 

3 0,003 0,809 0,102 0,406 

4 0,034 2,825 0,127 0,803 

Top 0,004 3,082 0,101 0,227 

Average (±) 0,016 1,654 0,096 0,563 

 

Table 0.6: Experimental error – Run 0.5.14.0 and Run 0.5.14.1 

DM: (Fine); R: (70:30); PSD: (-1000 +500) µm; V: (Yes) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,006 0,561 0,046 0,865 

2 0,041 1,779 0,064 1,018 

3 0,053 1,103 0,113 1,378 

4 0,025 1,206 0,193 0,554 

Top 0,003 1,371 0,161 0,053 

Average (±) 0,025 1,204 0,115 0,774 
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Table 0.7: Experimental error – Run 1.1.0, Run 1.1.1 and Run 1.1.2 

DM: (None); R: (0:100); PSD: (-2000 +1000) µm; V: (No) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,020 1,958 0,111 0,957 

2 0,034 2,264 0,699 0,041 

3 0,021 0,257 0,285 0,049 

Top 0,018 0,168 0,539 0,397 

Average (±) 0,023 1,162 0,408 0,361 

 

Table 0.8: Experimental error – Run 1.2.0 and Run 1.2.1 

DM: (None); R: (0:100); PSD: (-2000 +1000) µm; V: (Yes) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,012 0,255 0,172 0,118 

2 0,047 0,296 0,070 2,151 

3 0,049 0,239 0,051 1,320 

Top 0,007 0,066 0,198 0,001 

Average (±) 0,028 0,214 0,123 0,897 
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Table 0.9: Experimental error – Run 1.5.0 and Run 1.5.1 

DM: (Magnetite); R: (70:30); PSD: (-2000 +1000) µm; V: (No) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,009 0,256 1,066 0,469 

2 0,030 0,102 0,469 0,124 

3 0,059 0,188 1,010 0,276 

Top 0,065 0,120 0,592 0,114 

Average (±) 0,041 0,167 0,784 0,246 

 

Table 0.10: Experimental error – Run 2.1.0, Run 2.1.1 and Run 2.1.2 

DM: (None); R: (0:100); PSD: (-2800 +2000) µm; V: (No) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,049 2,526 0,207 0,857 

2 0,041 0,925 0,303 0,258 

3 0,015 1,424 0,323 0,499 

4 0,029 1,533 0,361 0,474 

Top 0,015 1,920 0,388 0,853 

Average (±) 0,030 1,666 0,316 0,588 
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Table A.11: Experimental error – Run 2.10.0, Run 2.10.1 and Run 2.10.2 

DM: (Sand); R: (70:30); PSD: (-2800 +2000) µm; V: (Yes) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,015 1,460 0,020 2,068 

2 0,014 1,482 0,139 0,411 

3 0,005 0,991 0,085 0,305 

4 0,033 0,898 0,139 0,787 

Top 0,025 0,969 0,135 1,282 

Average (±) 0,019 1,160 0,104 0,971 

 

Table 0.12: Experimental error – Run 3.1.0, Run 3.1.1 and Run 3.1.2 

DM: (None); R: (0:100); PSD: (-4000 +2800) µm; V: (No) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,045 3,890 0,243 0,107 

2 0,041 1,069 0,302 0,896 

3 0,032 0,814 0,323 0,295 

4 0,056 0,976 0,392 0,300 

Top 0,042 1,212 0,292 0,265 

Average (±) 0,043 1,592 0,311 0,373 
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Table 0.13: Experimental error – Run 3.2.0, Run 3.2.1 and Run 3.2.2 

DM: (None); R: (0:100); PSD: (-4000 +2800) µm; V: (Yes) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,156 8,232 0,079 2,524 

2 0,042 2,370 0,143 0,421 

3 0,059 1,677 0,343 1,158 

4 0,076 1,032 0,413 0,357 

Top 0,092 0,587 0,301 0,255 

Average (±) 0,085 2,780 0,256 0,943 

 

Table 0.14: Experimental error – Run 3.6.0, Run 3.6.1 and Run 3.6.2 

DM: (Magnetite); R: (70:30); PSD: (-4000 +2800) µm; V: (Yes) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,108 2,825 0,049 0,557 

2 0,075 1,051 0,122 0,575 

3 0,013 1,034 0,140 0,494 

4 0,005 0,617 0,073 0,253 

Top 0,018 1,251 0,025 0,524 

Average (±) 0,044 1,356 0,082 0,481 
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Table 0.15: Experimental error – Run 4.1.0 and Run 4.1.1 

DM: (None); R: (0:100); PSD: (-4750 +4000) µm; V: (No) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,067 6,366 0,107 0,070 

2 0,071 0,666 0,296 1,265 

3 0,030 0,271 0,033 0,257 

4 0,042 1,332 0,189 0,467 

Top 0,036 1,982 0,107 0,415 

Average (±) 0,049 2,124 0,146 0,495 

 

Table 0.16: Experimental error – Run 4.7.0, Run 4.7.1 and Run 4.7.2 

DM: (Sand); R: (50:50); PSD: (-4750 +4000) µm; V: (No) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,083 0,370 0,195 0,356 

2 0,111 0,898 0,218 0,703 

3 0,116 0,850 0,112 0,357 

4 0,112 0,333 0,228 0,176 

Top 0,051 1,183 0,291 1,008 

Average (±) 0,095 0,727 0,209 0,520 
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Table 0.17: Experimental error – Run 4.8.0 and Run 4.8.1 

DM: (Sand); R: (50:50); PSD: (-4750 +4000) µm; V: (Yes) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,080 3,027 0,452 0,480 

2 0,072 0,568 0,351 0,342 

3 0,088 2,056 0,509 0,877 

4 0,033 0,609 0,380 0,130 

Top 0,127 3,010 0,390 1,763 

Average (±) 0,080 1,854 0,417 0,718 

 

Table A.18: Experimental error – Run 5.2.0, Run 5.2.1 and Run 5.2.2 

DM: (None); R: (0:100); PSD: (-5600 +4750) µm; V: (Yes) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,024 0,903 0,220 0,456 

2 0,008 1,498 0,326 1,251 

3 0,042 0,691 0,142 0,211 

4 0,028 0,820 0,185 0,354 

Top 0,015 1,031 0,188 0,461 

Average (±) 0,023 0,989 0,212 0,547 
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Table 0.19: Experimental error – Run 5.11.0, Run 5.11.1 and Run 5.11.2 

DM: (Fine); R: (50:50); PSD: (-5600 +4750) µm; V: (No) 

  Average error 

for density 

(g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,018 2,753 0,121 1,680 

2 0,071 3,059 0,093 0,852 

3 0,026 1,628 0,109 0,462 

4 0,031 0,559 0,073 0,480 

Top 0,060 0,584 0,125 0,294 

Average (±) 0,041 1,717 0,104 0,754 

 

Table 0.20: Experimental error – Run 4.3.0, Run 4.3.1 and Run 4.3.2 

DM: (Magnetite); R: (50:50); PSD: (-4750 +4000) µm; V: (No) 

  Average error for 

density (g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,089 2,063 0,214 0,958 

2 0,015 1,661 0,292 0,960 

3 0,062 1,704 0,242 0,849 

4 0,011 0,808 0,267 0,817 

Top 0,029 0,913 0,267 0,749 

Average (±) 0,041 1,430 0,256 0,867 
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Table A.21: Experimental error – Run 3.7.0, Run 3.7.1 and Run 3.7.2 

DM: (Sand); R: (50:50); PSD: (-4000 +2800) µm; V: (No) 

  Average error for 

density (g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,042 2,143 0,090 0,758 

2 0,031 0,562 0,094 1,254 

3 0,063 1,435 0,019 1,499 

4 0,004 0,593 0,009 1,125 

Top 0,061 0,513 0,041 0,586 

Average (±) 0,040 1,049 0,051 1,045 

 

Table 0.22: Experimental error – Run 4.11.0, Run 4.11.1 and Run 4.11.2 

DM: (Fine); R: (50:50); PSD: (-4750 +4000) µm; V: (No) 

  Average error for 

density (g/cm3) 

Average 

error for 

ash yield 

(wt%) 

Average error for 

moisture content 

(wt%) 

Average 

error for CV 

(MJ/kg) 

Bottom 0,066 4,201 0,338 1,640 

2 0,033 0,776 0,076 0,503 

3 0,036 0,636 0,336 0,403 

4 0,052 1,111 0,283 0,544 

Top 0,016 1,213 0,434 0,253 

Average 0,041 1,587 0,293 0,669 
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Appendix B 

B.1 Influence of particle size during normal fluidisation 

The ash yield results for runs conducted under normal fluidisation are presented in Figures B.1 to 

B.4. The discussion of these runs can be found in Section 4.4.4., with corresponding CV results on 

the accompanied DVD. 

 

Figure B.1: Ash yield results for Run 1.1.1 under normal fluidisation 
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Run 1.1.1 - Ash yield:  
DM: (None); R: (0:100); PSD: (-2000 +1000) µm; V: (No) 
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Figure B.2: Ash yield results for Run 2.1.0 under normal fluidisation 

 

Figure B.3: Ash yield results for Run 4.1.0 under normal fluidisation 
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Run 2.1.0 - Ash yield:  

DM: (None); R: (0:100); PSD: (-2800 +2000) µm V: (No) 
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Run 4.1.0 - Ash yield:  
DM: (None); R: (0:100); PSD: (-4750 +4000) µm; V: (No) 
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Figure 0B.4: Ash yield results for Run 5.1.2 under normal fluidisation 

B.2 Comparative results between different media in a 50:50 

vol% as well as in a 70:30 vol%, medium to coal 

Due to the extensive volume of data that was obtained during the project, the content of Appendix 

B.2 can be found on the accompanying DVD.  Appendix B.2 contains a detailed discussion in order 

to compare the performance of different media, in a 50:50 and 70:30 vol% ratio, during the 

operation of the fluidised bed.  Appendix B.2 is therefore complementary to the results as presented 

in Section 4.4.5.  

B.3 Addition of vibration 

The comparative results between added vibration and no added vibration for all runs are presented 

in Appendix B.3 
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Run 5.1.2 - Ash yield:  

DM: (None); R: (0:100); PSD: (-5600 +4750) µm; V: (No) 
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Figure B.5: Ash yield results for runs conducted with (-1.0 +0.5 mm) coal particles, without 

the addition of a dense medium and with added vibration 

 

Figure B.6: Ash yield results for runs conducted with (-1.0 +0.5 mm) coal particles, with the 

addition of magnetite and with added vibration, in a 70:30 vol% ratio of medium to coal 
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Figure B.7: Ash yield results for runs conducted with (-1.0 +0.5 mm) coal particles, with the 

addition of sand and with added vibration, in a 70:30 vol% ratio of medium to coal 

 

Figure B.8: Ash yield results for runs conducted with (-1.0 +0.5 mm) coal particles, with the 

addition of fine discard and with added vibration, in a 50:50 vol% ratio of medium to coal 
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Figure B.9: Ash yield results for runs conducted with (-1.0 +0.5 mm) coal particles, with the 

addition of fine discard and with added vibration, in a 70:30 vol% ratio of medium to coal 

 

Figure B.10: Ash yield results for runs conducted with (-2.0 +1.0 mm) coal particles, with the 

addition of magnetite and with added vibration, in a 50:50 vol% ratio of medium to coal 
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Figure B.11: Ash yield results for runs conducted with (-2.0 +1.0 mm) coal particles, with the 

addition of magnetite and with added vibration, in a 70:30 vol% ratio of medium to coal 

 

Figure B.12: Ash yield results for runs conducted with (-2.0 +1.0 mm) coal particles, with the 

addition of sand and with added vibration, in a 50:50 vol% ratio of medium to coal 
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Figure B.13: Ash yield results for runs conducted with (-2.0 +1.0 mm) coal particles, with the 

addition of sand and with added vibration, in a 70:30 vol% ratio of medium to coal 

 

Figure B.14: Ash yield results for runs conducted with (-2.0 +1.0 mm) coal particles, with the 

addition of fine discard and with added vibration, in a 50:50 vol% ratio of medium to coal 
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Figure B.15: Ash yield results for runs conducted with (-2.8 +2.0 mm) coal particles, with the 

addition of magnetite and with added vibration, in a 50:50 vol% ratio of medium to coal 

 

Figure B.16: Ash yield results for runs conducted with (-2.8 +2.0 mm) coal particles, with the 

addition of magnetite and with added vibration, in a 70:30 vol% ratio of medium to coal 
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Figure B.17: Ash yield results for runs conducted with (-2.8 +2.0 mm) coal particles, with the 

addition of sand and with added vibration, in a 50:50 vol% ratio of medium to coal 

 

Figure B.18: Ash yield results for runs conducted with (-2.8 +2.0 mm) coal particles, with the 

addition of sand and with added vibration, in a 70:30 vol% ratio of medium to coal 
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Figure B.19: Ash yield results for runs conducted with (-2.8 +2.0 mm) coal particles, with the 

addition of fine discard and with added vibration, in a 50:50 vol% ratio of medium to coal 

 

Figure B.20: Ash yield results for runs conducted with (-2.8 +2.0 mm) coal particles, with the 

addition of fine discard and with added vibration, in a 70:30 vol% ratio of medium to coal 
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Figure B.21: Ash yield results for runs conducted with (-4.0 +2.8 mm) coal particles, without 

the addition of a medium and with added vibration 

 

Figure B.22: Ash yield results for runs conducted with (-4.0 +2.8 mm) coal particles, with the 

addition of magnetite and with added vibration, in a 70:30 vol% ratio of medium to coal 
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Figure B.23: Ash yield results for runs conducted with (-4.0 +2.8 mm) coal particles, with the 

addition of sand and with added vibration, in a 50:50 vol% ratio of medium to coal 

 

Figure B.24: Ash yield results for runs conducted with (-4.0 +2.8 mm) coal particles, with the 

addition of sand and with added vibration, in a 70:30 vol% ratio of medium to coal 
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Figure B.25: Ash yield results for runs conducted with (-4.0 +2.8 mm) coal particles, with the 

addition of sand and with added vibration, in a 50:50 vol% ratio of medium to coal 
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Figure B.27: Ash yield results for runs conducted with (-4.75 +4.0 mm) coal particles, with the 

addition of magnetite and with added vibration, in a 50:50 vol% ratio of medium to coal 

 

Figure B.28: Ash yield results for runs conducted with (-4.75 +4.0 mm) coal particles, with the 

addition of sand and with added vibration, in a 50:50 vol% ratio of medium to coal 
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Figure B.29: Ash yield results for runs conducted with (-4.75 +4.0 mm) coal particles, with the 

addition of sand and with added vibration, in a 70:30 vol% ratio of medium to coal 

 

Figure B.30: Ash yield results for runs conducted with (-4.75 +4.0 mm) coal particles, with the 

addition of fine discard and with added vibration, in a 50:50 vol% ratio of medium to coal 
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Figure B.31: Ash yield results for runs conducted with (-4.75 +4.0 mm) coal particles, with the 

addition of fine discard and with added vibration, in a 70:30 vol% ratio of medium to coal 

 

Figure B.32: Ash yield results for runs conducted with (-5.6 +4.75 mm) coal particles, without 

the addition of a medium and with added vibration  
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Figure B.33: Ash yield results for runs conducted with (-5.6 +4.75 mm) coal particles, with the 

addition of magnetite and with added vibration, in a 50:50 vol% ratio of medium to coal 

 

Figure B.34: Ash yield results for runs conducted with (-5.6 +4.75 mm) coal particles, with the 

addition of magnetite and with added vibration, in a 70:30 vol% ratio of medium to coal 
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Figure B.35: Ash yield results for runs conducted with (-5.6 +4.75 mm) coal particles, with the 

addition of sand and with added vibration, in a 70:30 vol% ratio of medium to coal 

 

Figure B.36: Ash yield results for runs conducted with (-5.6 +4.75 mm) coal particles, with the 

addition of fine discard and with added vibration, in a 50:50 vol% ratio of medium to coal 
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Figure B.37: Ash yield results for runs conducted with (-5.6 +4.75 mm) coal particles, with the 

addition of fine discard and with added vibration, in a 70:30 vol% ratio of medium to coal 
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