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ABSTRACT 

Faculty of Engineering 
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Master of Engineering in Chemical Engineering 

Winnowing as a dry separation method for fine coal 

by L Morgan 

 

Dry coal processing is fast becoming favoured as a fine coal beneficiation technique. The decline 

in suitable good-quality coal, as well as the ongoing decrease in usable process water, makes 

dry beneficiation of the fine coal fraction even more crucial. Dry coal beneficiation is relatively 

young with most of the methods still in the developmental phase. Additionally, many of the dry 

processing options available are better suited for coarser (+6 mm) and also easy-to-beneficiate 

feed. Air winnowing for fine particles is established in both agricultural and pharmaceutical 

industries, which indicates that the method can be used to separate smaller coal particles on a 

density basis and therefore, may prove effective in the coal industry as well. 

A proof of concept study was conducted using computer-based simulations and physical 

experiments. The modelling and simulation of the system were used to assist with the design and 

optimization of separation unit, while the physical experiments served as a validation of the 

method and findings. The initial winnowing unit, consisted of a closed box through which a 

horizontal air stream was developed. Coal particles were dropped into the air stream and 

displaced horizontally across a distance (x), depending on the particle size and density, thus 

actuating a separation based on these two parameters. 
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The modelling was done using basic equations of motion in an iterative process to obtain an initial 

estimate of the particle displacement. The results obtained indicate that a separation chamber 

with a height of 0.6 m and a length of 1 m would be sufficient to separate any -6 mm particle, 

using the airflow velocity range of 10 m·s-1 to 30 m·s-1. At this stage, the width of the chamber is 

not important due to the assumption that there is no sideways movement. 

The simulation in Star CCM+ confirmed the findings of the model and provided a virtual 

representation of the separation using streamlines. This aided in the determination of both the 

airflow pattern and the particle displacement tracking. The airflow pattern indicates that there is a 

possibility of backflow developing in the bottom of the separation chamber, with low-velocity 

eddies forming over time. This could possibly influence the separation and may need further 

investigation. 

The tracer test was conducted using cube-shaped particles and from the results, a baseline for 

the separation was established in the form of three prediction matrices. The matrices can be used 

to determine the displacement of any -6 mm particle provided that the density and airflow velocity 

is known. The matrices were used to test the capability of the unit in terms of size and density 

separation. The results obtained show that tracer particles can be separated into three distinct 

size classes with some overlap observed. The density separation proves sufficient, with efficiency 

values (EPM) of 0.16 and 0.17 at density cut-points of 1500 kg·m-3 and 1700 kg·m-3, respectively. 

After the tracer test confirmed that it was possible to separate particles by size and predict the 

density cut-point with some degree of accuracy, a coal test was conducted as a final validation of 

the method. Low-density coal (average density ± 1400 kg·m-3) from Mozambique was used for 

this experiment since the aim is to achieve good separation at a relatively low-density cut. The 

coal sample was prepared using the RhoVol analyser (developed by DebTec) and the experiment 

was conducted to determine the capability of the winnowing unit. 

The coal tests prove that size separation can be achieved at an airflow velocity of 21 m·s-1 and 

the density cut-point can also be predicted by using prediction matrices. The results show 

efficiency values (EPM) of 0.11 and 0.09 at density cut-points of 1400 kg·m-3 and 1500 kg·m-3 

respectively.  
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The data obtained from the study indicates that air winnowing can be used to separate fine coal 

particles based on both size and density. However, in order to achieve an efficient density 

separation, a narrow size range distribution of 2:1 is required (Patil & Parekh, 2011). The 

prediction matrices were proved to be accurate to some degree and overall the method delivers 

promising results. With some improvements to the model, simulation, method and design, the 

separation efficiency can also be improved. 

The next phase of testing will include upscaling the process to a demonstration plant, optimizing 

the current unit and testing the method on different qualities of coal. This will result in the 

culmination of the research conducted on the method of winnowing thus far. 

 

KEYWORDS: dry processing, fine coal, winnowing, simulation, tracers, demonstration plant. 
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Chapter 1  

INTRODUCTION  

For the past several years there has been a steady increase in the importance of dry fine coal 

beneficiation and with the decline in suitable good-quality coal (de Korte, 2015) and the ongoing 

decrease in usable process water, dry fine coal beneficiation has never been more important. 

This chapter serves as an introduction to “Winnowing as a dry separation method for fine coal”, 

and will outline the importance of investigation into, not only fine coal processing but dry fine coal 

processing in particular. 

1.1 Background and motivation. 

Good-quality coal resources are becoming scarce and consequently, it is important to consider 

alternative means of obtaining a market specific coal product. Aside from moving to a different 

region in order to find suitable coal resources, another option is to extract good-quality coal 

products from the unused and generally discarded coal fines. This however, has its own 

challenges and limitations; such as limited processing methods available that yield an effective 

separation and large amounts of water present in the coal fines feed.  

Fourie, et al., (1980) states that it has been customary in the past to either discard the -6 mm coal 

or blend it into a steam coal product without being beneficiated; however, from both a financial 

and environmental point of view, this practice is no longer feasible. In South Africa, fine coal 

beneficiation is currently dominated by wet separation processes such as dense medium cyclones 

and spirals (van Houwelingen & de Jong, 2004). The drawbacks of these methods are that they 

require large amounts of process water, deliver a wet product that requires drying prior to 

combustion and the discarded slurry can, in some cases, contribute to water pollution (de Korte, 

2015).  

The increasing water scarcity is not only affecting South Africa but is a worldwide concern 

(Kanjere, et al., 2014). In South Africa, the increasing water shortage is taking a toll on the coal 

industry, especially since some of the larger coal deposits are situated in arid and semi-arid 

regions making coal beneficiation by current means difficult (Jeffrey, 2005).  Figures 1.1-1 and 

1.1-2 show the change in rainfall for South Africa for the month of January five years apart. 
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Figure 1.1-1: Monthly rainfall for January 2014 (South African Weather Service, 2019). 

 

 

 

Figure 1.1-2: Monthly rainfall for January 2019 (South African Weather Service, 2019). 

As indicated by Figures 1.1-1 and 1.1-2 the rainfall in South Africa is decreasing, with indications 

that regions that once received 200 – 300 mm of rain, now receive less than 50 mm. It appears 

that the trend is starting to emerge in the South-Western region of South Africa and is moving 

upwards towards Gauteng and KwaZulu-Natal in the North-Eastern regions. Naturally, the 

increasing water shortages would affect many sectors including some significant impacts on 

specifically the coal sector. Figure 1.1-3 is a superimposed map indicating the location of the 

South African coal fields on the January 2019 rainfall map. 
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Figure 1.1-3: Superimposed coal field location (South African Weather Service, 2019; Makiese, et 
al., 2012) 

As seen in Figure 1.1-3 the lower-lying coal fields seem to be experiencing a significant decrease 

in the water available for processing. With the decrease in water, the usage thereof and 

environmental factors such as water pollution must be strictly monitored. If the trend continues to 

move further toward the larger coal deposits in the North-Eastern region, these will soon 

experience the same problems. Another  important observation is that coal fields in the Northern 

region such as the Waterberg coalfield in Limpopo, which still has to be developed, already have 

very little water available making wet beneficiation very difficult or nearly impossible. 

The alternative and possible solution to this problem is dry beneficiation and thus the research 

into these methods especially for fine coal is becoming crucial. As discussed further in Chapter 2 

section 2.3.1.2, several dry beneficiation methods have been proposed and tested. These 

methods use air instead of water to beneficiate coal; however, most of these methods are still 

being developed. In some cases where these methods have been implemented, they are not able 

to compete with the water-based methods in terms of either separation efficiency or throughput 

(de Korte, 2015). 

A different approach to dry beneficiation is needed and by drawing inspiration from other sectors 

a new method can be developed. The agricultural sector has been using a water-free separation 

technique for decades, this technique uses only wind and gravity to separate products from waste 

and is known as winnowing. Therein, particles are separated based on the difference in their 

individual particulate density, where less dense particles are blown away by the wind and the 

more dense particles are left behind. 
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If this technique is slightly adapted it is possible to develop a method that can be implemented for 

dry fine coal beneficiation. By introducing coal particles into a horizontal air stream and allowing 

the air-force to displace the particles along the horizontal axis, a separation between light and 

heavy particles may occur, creating a density separation. Researchers have already started to 

investigate the method of air winnowing for coal beneficiation in 2008 and the investigation 

continues in order to find the best way to implement coal winnowing (Sakhre, et al., 2018). 

1.2 Scope of the study and objectives. 

The aim of this study is to do an in-depth investigation of the winnowing method for fine coal 

beneficiation. The main objective is to determine whether winnowing is a viable and efficient 

separation method for coal particles smaller than 6 mm. Furthermore, can this method compete 

with the efficiency and throughput of the leading wet fine coal beneficiation processes? 

Consideration must be made into ensuring that winnowing can be used in regions where there is 

little to no infrastructure and that the footprint and pollution are being kept to a minimum. 

The scope of this study encompasses the underlying separation mechanisms of winnowing and 

these mechanisms will be tested using three methods. 

1. Modelling the particle behaviour using kinematic equations – this will be the fundamental 

approach, which will describe the basic physics behind the separation mechanism. 

2. Simulating the particle behaviour within a designed system – Using Star CCM+ a 

computational fluid dynamics analysis will be done to virtually separate different particles 

using the winnowing technique. 

3. Physical experiment – to confirm that the results obtained by the model and the simulation 

are accurate. This will also serve as a final test to evaluate whether or not the method is 

viable and effective. 

As an initial proof of concept, several parameters will be selected and the method will be tested 

by changing only the selected parameters. Once proof of concept has been established other 

additional parameters can be considered for further testing and optimization. The operating 

parameters selected for this study are selected based partly on the findings by (Sakhre, et al., 

2018) combined with the general characteristics that may influence the displacement of any given 

particle. The selected parameters are listed in Table 1.2-1. 
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Table 1.2-1: Selected operating parameters for the winnowing unit. 

Operating parameter  Selected range Unit 

Particle size 2 – 6 mm 

Particle density  1200 – 2200 kg·m-1 

Airflow velocity  10 - 30 m·s-1 

 

Each one of these parameters may influence particle separation, for instance, the size and density 

of a particle contribute to its surface area and mass respectively, which in turn influences the 

displacement of the particle due to forces of drag and gravity. The driving force behind the 

separation is the airflow velocity, too high a velocity will cause all the particles to be blown out of 

the system, whereas insufficient airflow may lead to no separation at all. 

The objectives as set forth by the scope of this study are defined as follows: 

1. Design the necessary equipment needed to test the method – this objective is dependent 

on the outcome of the behavioural model. The model will aid in the design as it can predict 

the height and length of the separation chamber that is required. 

2. Simulate the separation in Star CCM+ – the purpose of this is to get a visual representation 

of what can be expected during the physical experiment. This also serves as an initial 

experiment to establish ideal particle displacement values under certain conditions. 

3. Construct, commission and test the winnowing unit – in order to validate the method, the 

separation unit must be tested using coal. Analysing the data from this experiment will 

either confirm on negate the theory of using winnowing to beneficiate fine coal. 

Although the validity of the method is largely dependent on the last objective the preceding 

objectives and calculations are needed to ensure that the separation unit and method itself is 

optimal before commissioning starts; this makes the contribution of the model and simulation 

crucial in the success of this study. 
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1.3 The structural layout of the dissertation. 

The path followed to ensure successful and accurate completion of this study is outlined in Figure 

1.3-1.  

 

Figure 1.3-1: Structural layout diagram. 

 Chapters 1 and 2 serve as information and background on all relevant topics and issues. 

 Chapter 3 describes how the basic principles of physics are applied in combination with 

the information from Chapter 2 to create a working behavioural model. 

 Chapter 4 details how the outcome of the model is used to design the separation unit. 

 Chapter 5 is supplemented by both Chapters 3 and 4 to construct a working method for 

both the simulation and physical experiment. 

 Chapter 6 combines the findings of Chapters 3 and 5. After the analysis of the data the 

initial model, design and method are revised to ensure that the results are accurate, the 

design is optimal and the method is efficient. 

 Chapter 7 concludes the viability of the method and also provides recommendations on 

how the method can be further improved.  

 Chapter 8 comments on future work and improvements that can be made to the model, 

simulation, design and method within the near future. 
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Chapter 2 

LITERATURE REVIEW 

This chapter contains the relevant information that is necessary to understand the basic concepts 

used throughout this study and is divided into several sections, each one focusing on different 

parts of the study. The first section is a brief discussion on coal, the characterization thereof and 

usage. The second section discusses fine coal both globally and locally, while the third section 

focuses on the beneficiation of fine coal. The section on winnowing explains the basic concept 

and supports the description and explanation to follow in Chapter 3. The final sections provide 

insight and additional information used for the model and simulation.  

2.1 Overview. 

Southern African coals are generally described as difficult to beneficiate coals; these coals (that 

formed as part of the Gondwana supercontinent) are very rich in minerals and can differ in both 

rank and composition (Falcon, 1988). Fourie, et al.,(1980) states that the difficulty of separation 

is related to the amount of near-density material within a certain coal population. South African 

coal, unlike the Northern hemisphere coal, is known to have a high percentage of near-density 

content, which makes the separation difficult. Not only do these coals differ from the coals in the 

Northern hemisphere but they differ from region to region within South Africa as well, making it 

difficult to apply one single beneficiation method to South African coal (Falcon, 1988). 

In order to understand the problems that Southern African coal present, it is necessary to 

understand the formation and origin of the coals and from this, the difficulty of beneficiation can 

be understood. 

2.1.1 Coal formation and origin  

Coal is classified as a sedimentary rock that was formed from the suppression of plant remains 

which settled in damp or wet areas. The area in which the coal is formed can influence the 

characteristics of the coal not only physically but chemically as well (The Southern African Coal 

Processing Society, 2015). Southern African coals are not as mature as the coals located in the 

Northern hemisphere (Falcon, 1988), and the coal formation in Southern Africa was different than 

that of the northern hemisphere. Southern African coals are believed to have formed during the 

Permian Period which would mean that these coals formed under cooler conditions at the end of 

an ice age (Falcon, 1988). 
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Northern hemisphere coals on the other had formed in hot, humid, coastal, carboniferous swamps 

which had a great influence on the type, rank and grade of the coal, due to the plant material 

present in these regions (The Southern African Coal Processing Society, 2015). 

It is this distinction in a coal formation that leads to the immense difference between coals of 

different hemispheres and thus a beneficiation method must be specifically designed to fit the 

coal type, not only of a certain hemisphere but also a certain region.  

To aid in the classification of coal three major characteristics are examined (The Southern African 

Coal Processing Society, 2015): 

1. The type of coal – which is determined by the differences in plant material present. 

2. The grade – which is dependent on the range of impurities present in the coal. 

3. The rank – which is determined by examining the degree of metamorphism. 

However, this classification is not enough due to the wide variety of coals. The difference makes 

it necessary to accurately characterize each coal to ensure that the process is suited for the coal 

at hand, the characterization is done as described in section 2.1.2 below. 

2.1.2 Characterization 

To accurately characterize coal a Proximate analysis is used (Falcon, 1988). The Proximate 

analysis determines the inherent moisture, ash content, volatile matter and fixed carbon present 

in a coal sample. The characteristics mentioned above in combination with the calorific or heating 

value (CV) provide sufficient data to help determine which process best fits a specific coal type 

and also helps to determine the amount of processing required for efficient beneficiation.  

In order to understand these characteristics a short description of each one, obtained from 

(Falcon, 1988), is provided below: 

 Inherent moisture – is the moisture that remains after the surface moisture has been 

removed. This moisture is trapped within small pores and cracks in the coal and in some 

cases cannot be removed even if the coal is heated above the boiling point of water (The 

Southern African Coal Processing Society, 2015).  

 Ash content – refers to the contents left behind after the coal has been completely 

combusted.  

 Volatile matter – can be described as the organic and mineral matter that contribute to the 

general makeup of coal. These two components can be removed at higher temperatures 

because they are driven off as the temperature increases. 
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 Fixed carbon – is the solid, organic content that remains after the moisture, ash and 

volatiles have been removed. 

 Calorific value – describes the amount of heat or energy that can be generated from a 

coal sample. In South Africa, the CV is expressed in megajoules per kilogram of coal, and 

this value is one of the most important commercial parameters.   

These characteristics each influence the combustion of coal to some extent and that is why it is 

important to know how much moisture, ash and volatiles are present within a specific coal 

population. 

2.1.3 Global coal usage 

Coal is a valuable resource and is still viewed as an affordable source of energy across the world 

(Hughes, 2018). The problem is, that coal is non-renewable and the pollution associated with coal 

is a sensitive topic. Regardless of the issues associated with the mining, processing and 

combustion of coal, the worldwide consumption of coal (for energy generation) increases by 

almost 3% per year. Sebi, (2019) states that globally coal is still the most popular source to use 

for the generation of electricity. Figure 2.1-1 shows the trend that can be expected with regards 

to the electricity generation from coal. 

 

Figure 2.1-1: The evolution of Coal in the Electricity Mix (Sebi, 2019). 

As seen in Figure 2.1-1 it is predicted that coal will still be utilized by the year 2040 to generate 

electricity across the globe, with the global usage declining with a mere 10% (Sebi, 2019). This 

trend outlines the importance of coal on a global scale and thus it is essential to not only preserve 

the resources that are left but to improve the methods that are used to beneficiate the coal. 
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2.1.4 South African coal usage 

South Africa is no different from the rest of the world. South Africa is listed under the top 10 

nations for coal capacity (Evans & Pearce, 2019), and is very reliant on coal for the production of 

electricity. In South Africa coal is used to generate at least 85.7 % of the total electricity, as can 

be seen in Figure 2.1-2.  

 

Figure 2.1-2: Total electricity generated by source for 2016 (Stats SA, 2018). 

The figure shows that in 2016 the total electricity generation was 237 006 gigawatt-hours of which 

almost 203 114 gigawatt-hours were generated by coal (Stats SA, 2018). This trend is not likely 

to change in the foreseeable future. However, the coal resources that are available to generate 

electricity is becoming an issue. With the decline in the suitable good-quality (de Korte, 2015) coal 

needed for power generation, South Africa needs to look towards either other means of power 

generation or find an alternative source of good-quality coal. 

2.2 Fine coal. 

It is possible to obtain good-quality coal from previously discarded fine coal resources, with 

millions of tons of fine coal being generated each day as a result of mechanised mining. However, 

fine coal and the processing thereof does not come without drawbacks.  

2.3 Fine Coal beneficiation.  

Fine coal beneficiation is possible with using numerous beneficiation methods. Some of the most 

effective and known techniques are spiral beneficiation and dense medium cyclones (DMC). 

These methods work by separating the coal particles based on the difference in their individual 

densities; but need vast amounts of water.  
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2.3.1 Wet processes 

Luttrell, et al., (2014) states that fine coal beneficiation is mainly dominated by wet processes, 

and although these processes deliver the desired products they require copious amounts of water 

which may prove problematic in some cases (de Korte, 2015). Several of these methods are 

available to beneficiate coal smaller than 6 mm and some information on these processes is 

provided below. 

The most popular method for fine coal beneficiation in South Africa is the dense medium cyclone. 

This method has been proven to work on fine coal with acceptable efficiency at several different 

coal plants across the world, provided that the cyclone is properly set up and operated (Klima, et 

al., 2012). In general, the efficiency values (EPM) for such a process are in the order of 0.04, if 

small size coal is processed (Klima, et al., 2012). This is the standard that needs to be met by 

any process claiming to be an efficient fine coal beneficiation process. 

Although the methods are not discussed in-depth as part of this study it is important to take note 

of these methods because they set the standard that has to be met by a fine coal beneficiation 

process. 

2.3.2 Dry processes 

Wet processes may set the standard but the current water shortage is forcing the coal processing 

industry to investigate alternative methods of coal beneficiation (Patil & Parekh, 2011). Dry coal 

beneficiation has been investigated on several occasions; however, most of these are still in the 

development stage and the processes that have been commercialised cannot match the 

processing capabilities of the wet methods. 

Some of the processes developed such as the Fuhe Ganfa Xuan (FGX) and the air-dense-

medium fluidized bed (ADMFB) have shown promise in the dry beneficiation of coal with EPM 

values in the range of 0.05 to 0.12. These methods represent the standard for efficiency of dry 

coal beneficiation; however, they need to be improved even further to match the capacity and 

efficiency of the wet separation methods.  

2.4 Winnowing. 

Winnowing is an age-old technique that has been used by the agricultural sector for decades and 

several versions of the method have been developed over time. The original concept of winnowing 

used wind to blow away the lighter material while the heavier material stayed behind. This method 

has been used worldwide and references to this method can even be seen in the Bible. 
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The original method was implemented by hand, using winnowing forks to throw material into the 

air and allow the wind to blow away the lighter unwanted material. This concept is portrayed in 

Figure 2.4-1. 

 

Figure 2.4-1: Threshing and winnowing fork (The times we live in, 2018). 

Over the years the method was adapted and further improved. The agricultural sector developed 

several machines to simplify the winnowing process. One of the machines developed can be seen 

in Figure 2.4-2. 

 

Figure 2.4-2: Winnowing machine (Liu, 2009). 
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As seen from Figure 2.4-2 the wind is replaced with an electrical fan, this makes it easier to control 

the airflow and thereby achieve the desired separation. From the feeder the particles pass through 

the airstream and the lighter material is blown over to the light fraction chute while the heavy 

material falls through to the heavy fraction catch pan. This concept is used as a starting point for 

the coal winnower designed in this study. 

2.5 Additional information that is necessary for the study. 

The information in this section describes characteristics, properties and selectable options which 

are important for the model, simulation and the design of the winnowing unit. This section in 

combination with sections 2.3.1 and 2.3.2 supplement several chapters and serves as the starting 

point for the study. 

2.5.1 Density 

The density of the particle is the main focus in any gravity-based separation; however, the concept 

of density needs to be properly defined and can be either one of the following types (Hughes, 

2018): 

 True relative density (TRD) – this is the density of a particle when the pores in the particles 

are excluded. 

 Apparent relative density (ARD) – this is the density of a particle including pores. 

 Bulk density (BD) – is described as a ratio which can be calculated as the mass of coal 

that fills a container divided by the volume of the container. 

The choice of density type can influence the theoretical calculations and therefore needs to be 

clearly defined prior to the start of any experiment. For this study, the TRD is used as it represents 

the highest density not taking into account the pores. The reason for this selection is that the air 

system (and the force acting on the particle) does not take pores into account and the particle 

that enters the system is viewed in terms of surface area and mass which translates to the true 

relative density. 

2.5.2 Airflow patterns 

The airflow pattern within a system can influence the performance of the unit especially with a 

process such as winnowing where the main driving force is the air. Figure 2.5-1 shows an example 

of the different airflow patterns that can occur within a system. 
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Figure 2.5-1: Airflow patterns (Reactor Physics, 2019). 

As seen in Figure 2.5-1 the turbulent airflow is distorted and the direction of the airflow is 

constantly changing (Reactor Physics, 2019). This change in direction causes irregular airflow in 

the system, and ultimately this type of inconsistency may have an influence on the separation. 

Reactor Physics, (2019) also states that the laminar airflow pattern (as seen in the figure) has a 

much more consistent pattern. The air moves in a straight and continuous manner which implies 

that the force of the air supplied to the system does not fluctuate and the separation should be 

perfect every time. The ideal would be to have laminar flow or something similar in an air-driven 

separation system; however, in most cases, turbulent flow is encountered. 

2.6 Property selection in Star CCM+. 

The following descriptions are taken from the Star CCM+ user guide to explain the functions that 

can be selected to perform the necessary calculations and provide a solution (CD-adapco, 2013). 

For the purpose of this study, only the applicable functions will be discussed. 

2.6.1 Mesh  

Surface mesh 

Surface remesher – this function is used to remesh the initial surface and ensure that the surface 

is suitable for the CFD simulation to continue. 

Volume mesh 

Polyhedral mesher – this function generates a volume mesh composed of polyhedral shaped 

cells, this method of volume mesh generation ensures that the numerical solution is more stable, 

less diffusive and more accurate. 
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Prism layer mesher – this function adds prismatic cell layers next to the wall boundaries, to ensure 

that the solution, as predicted for the flow, is accurate. 

2.6.2 Physics  

Space  

The three-dimensional model – this model is used when the design requires a three-dimensional 

mesh and the spatial direction is relevant. 

Time 

Steady – this function is used as an initial steady-state condition and has the advantage of 

requiring less computational work, due to the fact that the integration calculations are done from 

some arbitrary state to an asymptotic solution. 

Material  

Single-component material – this function defines a single-component material such as a gas, 

liquid or solid. The properties for the selected component can be defined once the component 

has been selected.  

Flow 

Turbulent flow (using the K-Epsilon model) – with this function the transportation equations are 

solved for two turbulence quantities. 

These selected functions are available on a master list and can be selected depending on the 

simulation requirements. These functions and the properties that accompany them are further 

described and explained in Chapter 5 which forms the theoretical base on which the study is built 

and all the assumptions, decisions and constants used are derived or obtained here. 
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Chapter 3 

MODELLING 

This chapter explains the concepts and ideas surrounding the mathematical modelling of the 

winnowing unit. The model is used to predict the behaviour of the particles and once the particle 

behaviour is understood the separation chamber and method can be developed. The 

assumptions made are based on the information gathered and discussed in Chapter 2 and all 

graphs, tables and calculations are shown in Chapter 6 Section 6.1 or in Annexure A. This chapter 

serves as a preliminary confirmation of whether or not separation is possible and sets the baseline 

for the design, simulation and method of winnowing to follow in the next chapters.  

3.1 The general concept of winnowing. 

Winnowing is based on the principle of using air and gravity to separate two particles based on 

their mass difference. Mass (m) can be redefined as density (ρ) times volume (V) and volume is 

a function of size (s), which means that particles of different sizes and densities can be separated 

using this method. The concept described above is shown in Figure 3.1-1, which illustrates the 

basic separation mechanism of winnowing. 

 

Figure 3.1-1: Particle trajectory diagram. 

As seen in Figure 3.3-1 a particle with a constant size and density is placed into a horizontally 

flowing airstream, the force applied to the particle by the air (depending on the airflow velocity 

(z)), along with the gravitational force acting upon the particle, determines the distance that the 

particle will be displaced. If no airflow is present the only force acting on the particle will be gravity 

and the particle will follow Track 1 to Position 1 as seen in Figure 3.1-1.  
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If the airflow velocity is increased z > 0 then the particle can follow any of the other tracks 

depending on the magnitude of z. The main factors that influence this displacement are the 

particle properties (size and density) and the airflow velocity. The displacement of each particle 

will, therefore, be different and this difference is dependent on the above-stated factors. 

3.2 Kinematic equations. 

The concept of winnowing can be defined by using kinematic equations. If each individual particle 

is seen as a small projectile and the air stream is considered to be the driving force, then the 

winnowing system can be modelled as a projectile in motion by using the equations of motion 

(Halliday, et al., 2011): 

𝑣 = 𝑣0 + 𝑎𝑡       (3.2-1) 

Δx = (
𝑣+ 𝑣0

2
) 𝑡       (3.2-2) 

Δ𝑥 = 𝑣0𝑡 + 
1

2
𝑎𝑡2     (3.2-3) 

𝑣2 = 𝑣0
2 + 2𝑎Δ𝑥     (3.2-4) 

These equations are used to predict the particle’s behaviour within the system; however, these 

equations are applied to the ideal condition since no drag or lift effects are taken into account. To 

accurately describe the motion of a single particle several factors have to be considered, these 

factors and the assumptions under which they are used include: 

 Physical particle properties – the properties of each “projectile” must be pre-determined 

in order to calculate the motion. In this case, the most important properties are particle 

shape, size and density. For the initial model, the particles are considered to be perfect 

spheres with sizes and densities as per the pre-selected size and density ranges in 

Chapter 1 Section 1.2. It is also assumed that these properties remain constant for the 

duration of the modelling procedure. 

 Airflow velocity – for the purpose of modelling, it is assumed that the airflow has a constant 

velocity at all times, furthermore, the properties of the air that is used remain constant. 

Temperature and pressure effects are ignored for the time being but can be investigated 

at a later stage. The airflow is set to different velocities ranging from 10 m·s-1 to 30 m·s-1, 

it is also assumed that the airflow is the only acting horizontal force and that the force is 

applied in the +x direction only. This means that no backflow or circulation caused by 

trapped air is taken into account. 
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 Drag – at this stage, it is assumed that air resistance is the only force acting on the particle. 

Other forces, for example, drag caused by parallel wall movement, are neglected as this 

model is only a basis to test the concept of winnowing and not to accurately predict the 

movement of the particle. 

 Initial particle position – it is assumed that all particles start from rest at a pre-set height. 

The model serves as a predetermination step for the design parameters and thus the 

height cannot exceed 1 m. 

 Initial angle – it is assumed that the initial angle at which the particle starts its horizontal 

displacement is 0 degrees (perfectly horizontal), meaning that the particle initially 

accelerates in one direction only.  

 General assumptions – it is assumed that the particles move in a straight line and do not 

stray to either the left or the right (no motion in the z-direction) for the duration of the 

displacement. It is also assumed that the particles do not bounce or break at the point of 

impact. No particle interaction is taken into account as this model is done on a single-

particle basis. 

These assumptions are combined with Equations 3.2-1 to 3.2-4, to derive the behavioural model 

of a particle in this system. The model can predict particle displacement as well as the particle 

velocity at any given point. This will help determine if two particles with different physical 

properties can be separated by changing the airflow velocity. The model also establishes the 

baseline for parameters such as the dimensions of the winnowing unit and the optimal airflow 

velocity. In addition, the model can predict the impact velocity of each particle and this can be 

used to determine the material required to construct the winnowing unit. 

3.3 Behavioural model 

The first important factor to consider is the airflow pattern; whether or not the motion is turbulent 

or laminar at certain airflow velocities. To examine the airflow pattern the upper and lower limit of 

a single particle Reynolds number is calculated using the following equation (Rhodes, 2008): 

𝑅𝑒𝑝 =  
𝜌𝑓𝑥𝑈

μ
      (3.3-1) 

With 𝜌𝑓 the density of the air, 𝑥 is the particle diameter, 𝑈 represents the relative velocity and μ is 

the viscosity of the air. Both the density and viscosity of air must be taken at the same 

temperature. The calculated Reynolds number will determine the flow region as well as the value 

for the drag coefficient (CD) needed in the following section. Table 3.3-1 provides the equations 

and constants for each of the three flow regimes. 
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Table 3.3-1: Reynolds number ranges for single-particle drag coefficients correlations. (Rhodes, 
2008) 

Region Stokes Intermediate Newton’s law 

𝑅𝑒𝑝 range < 0.3 0.3 < 𝑅𝑒𝑝 < 500 500 < 𝑅𝑒𝑝 < 2×105 

CD 
24

𝑅𝑒𝑝
 

24

𝑅𝑒𝑝
(1 + 0.15𝑅𝑒𝑝

0.687) ~0.44 

 

If the flow is laminar the calculated Reynolds number will be smaller than 0.3 and the Stokes 

region is assumed, meaning that CD is calculated using the provided equation. For intermediate 

flow the Reynolds number is between 0.3 and 500 and CD is calculated once again with the 

provided equation. The only difference is when the flow is turbulent, then the Reynolds number is 

between 500 and 2 × 105, and the value of CD is assumed to be a constant 0.44. 

Once the airflow regime has been established the next factor to consider is that of the forces at 

play. In order to derive a working model the forces acting on the particle are examined. Figure 

3.3-1 shows the force diagram of a single particle at any given time and this diagram serves as 

the reference point for the behaviour model. 

 

Figure 3.3-1: Force diagram. 
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Figure 3.3-1 shows a particle moving in a downward motion (as indicated by the velocity term v). 

The angle is indicated by the term θ and uses the x-axis as a reference line, the angle can have 

a value within the range of 270° < θ < 360°, with the initial angle set at 360° and the angle changing 

in the direction of 270° degrees as the displacement occurs. The drag force (𝐹𝑑) is seen to be in 

the opposite direction of the velocity and can be divided into both x (𝐹𝑑𝑥) and y (𝐹𝑑𝑦) components. 

As per the assumptions made, there is no movement in the z-direction so this model is considered 

to have only a 2-dimensional movement. The last force depicted in Figure 3.3-1 is the gravitational 

force which is always directed downward along the y-axis.  

Using the above as a reference point, Newton’s second law of motion can be used to describe 

the movement of the particle. 

𝐹 = 𝑚�⃗�      (3.3-2) 

𝐹 is the force, 𝑚 the particle mass and 𝑎 is the acceleration of the particle in the given direction. 

The acceleration can be rewritten as  
𝑑𝑣

𝑑𝑡
 , which indicates the change in velocity over time. To 

determine the total force (FT) all the forces acting on the particle are added together giving the 

equation below. 

∑ 𝐹 =  −𝐹𝑔 − 𝐹𝑑     (3.3-3) 

Where 𝐹𝑔 can be written as:  

𝐹𝑔 = 𝑚𝑔      (3.3-4) 

With m the mass of the particle and g the gravitational acceleration constant (9.81 m·s-2), and 𝐹𝑑 

can be written as: 

𝐹𝑑 =  
1

2
𝜌𝐴𝑖𝑟𝐶𝐷𝐴𝑣2     (3.3-5) 

Where 𝜌𝐴𝑖𝑟 is the density of air at a specific temperature, CD is the drag coefficient, A is the particle 

surface area and v is the velocity of the particle. To simplify the calculations and make the 

derivation of the model less complicated, the constants are all joined into a single term K as shown 

in Equation 3.3-6. 

𝐾 =  
1

2
𝜌𝐴𝑖𝑟𝐶𝐷𝐴      (3.3-6) 
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Thus 𝐹𝑑 can be rewritten as:  

 𝐹𝑑 = 𝐾𝑣2       (3.3-7) 

 

Substituting Equations 3.3-4 and 3.3-7 back into Equation 3.3-3 the following is obtained: 

− 𝑚𝑔 −  𝐾𝑣2 = 𝑚
𝑑𝑣

𝑑𝑡
      (3.3-8) 

Equation 3.3-8 can be manipulated for both a horizontal or vertical motion, in this case both are 

needed.  

To determine the drag force in the horizontal plane and determine the motion along the x-axis 

equation 3.3-7 is rewritten as: 

− 𝐹𝑑𝑥 = 𝐾𝑣2𝑐𝑜𝑠𝜃     (3.3-9) 

Where 𝑣𝑐𝑜𝑠𝜃 is the velocity in the x-direction and can be written as 𝑣𝑥, giving: 

− 𝐹𝑑𝑥 = 𝐾𝑣𝑣𝑥      (3.3-10) 

The equation for the horizontal motion is then given by: 

− 𝐾𝑣𝑣𝑥 = 𝑚
𝑑𝑣𝑥

𝑑𝑡
      (3.3-11) 

To determine the drag force in the vertical plane and determine the motion along the y-axis 

Equation 3.3-7 is rewritten as: 

 𝐹𝑑𝑦 = 𝐾𝑣2𝑠𝑖𝑛𝜃     (3.3-12) 

Where 𝑣𝑠𝑖𝑛𝜃 is the velocity in the y-direction and can be written as 𝑣𝑦 meaning that: 

 𝐹𝑑𝑦 = 𝐾𝑣𝑣𝑦      (3.3-13) 

In the y-direction the force of gravity has to be taken into account and thus the term 𝑚𝑔 is added 

to the equation. The equation for vertical motion is given by: 

−𝑚𝑔 −  𝐾𝑣𝑣𝑦 = 𝑚
𝑑𝑣𝑦

𝑑𝑡
      (3.3-14) 
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The magnitude of the velocity can be calculated using Equation 3.3-15 below: 

𝑣 =  √𝑣𝑥
2 +  𝑣𝑦

2      (3.3-15) 

To solve the differential the Euler method is used and the above-stated equations are derived to 

perform the calculations on an iterative basis. The Euler method provides equations for both 

velocity change and position change over time by implementing the basic kinematic equations. 

For each time increment (Δ𝑡) a new velocity, position and acceleration are calculated, this is 

done in both the x and y direction and then combined to determine the final values.  

Starting with the acceleration in the x-direction at a time step 𝑡, and rewriting 𝑎 in terms of velocity 

change over time, the following equation is obtained: 

𝑎𝑥(𝑡) =  
Δ𝑣𝑥

Δ𝑡
=  

𝑣𝑥(𝑡+Δ𝑡)− 𝑣𝑥(𝑡)

Δ𝑡
     (3.3-16) 

Δ𝑡 is the time increment and t is the current time step. Rearranging the equation and isolating 

the 𝑣𝑥(𝑡 +Δ𝑡) term leads to the following: 

𝑣𝑥(𝑡 +Δ𝑡) =  𝑣𝑥(𝑡) +  𝑎𝑥(𝑡)Δ𝑡    (3.3-17) 

The exact same procedure is followed for the y-direction and the velocity change in the y-direction 

is calculated with the equation: 

𝑣𝑦(𝑡 +Δ𝑡) =  𝑣𝑦(𝑡) + 𝑎𝑦(𝑡)Δ𝑡    (3.3-18) 

If the new 𝑣𝑦 and 𝑣𝑥 values are known the magnitude of v can be calculated using Equation 3.3-

15. 

To determine the position of the particle the velocities as calculated above are used in the 

equations: 

𝑥(𝑡 +Δ𝑡) =  𝑥(𝑡) +  𝑣𝑥(𝑡)Δ𝑡     (3.3-19) 

For the x-direction and: 

𝑦(𝑡 +Δ𝑡) =  𝑦(𝑡) +  𝑣𝑦(𝑡)Δ𝑡    (3.3-20) 
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For the y-direction. A time interval is selected and the only unknown value, in this case, is the 

acceleration. Once the acceleration is calculated the other terms can be solved. To calculate 

𝑎𝑥(𝑡) and 𝑎𝑦(𝑡) Equations 3.3-11 and 3.3-14 are used respectively and in both cases the 

acceleration term is isolated, to give the following equations: 

𝑎𝑥(𝑡) =  
𝐾𝑣𝑣𝑥

m
      (3.3-21) 

And   

 

𝑎𝑦(𝑡) =  
− 𝑚𝑔 −𝐾𝑣𝑣𝑦

m
     (3.3-22) 

These equations are entered into Microsoft Excel and the results obtained are then used for the 

design and simulation (Chapter 4 and Chapter 5, respectively). The results are further displayed 

in Chapter 6 with any additional results shown in Annexure A. 

The equations derived in this section form the modelling basis of this study. The model is the 

primary indicator to whether or not the concept of winnowing can be applied to -6 mm coal 

particles and although it is set up by using ideal conditions and assumptions, it will provide the 

first step and insight into the capability and limitations of winnowing for coal separation. The 

results obtained from this section assist with the design of the winnowing unit and also influenced 

the decisions made before conducting a CFD simulation.  
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Chapter 4 

DESIGN 

This chapter discusses the design, construction and development of the winnowing unit that is 

used for the simulation, tracer tests and coal experiments. It consists of two parts, the initial 

design, which acts as a starting point from the results as obtained from the model, and the 

redesign, which is done by using the results obtained from the tracer tests. Thus this chapter is 

supplemented by both Chapter 3 and Chapter 6 and although the design is not an official result 

(displayed in Chapter 6) the blueprint is transferred to Chapter 5 to be used in the simulation and 

is also used for the construction of the winnowing unit. 

4.1 Initial design parameters 

The initial design for the winnowing unit uses the dimensions obtained from the results of Chapter 

3 and based on these dimensions, a basic design is constructed to aid in the proof of concept. 

The design for the winnowing unit entails the following: 

 A source that supplies sufficient airflow to the system. 

 A controlled and well-defined environment (chamber) in which the separation can take 

place. 

Initially, the design is set for a single-stage separation as shown in the diagram in Figure 4.1-1. 

Particles of any size enter the system and are separated according to their density. 

 

Figure 4.1-1: Process flow diagram (single-stage separation). 
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Products A and B can have a density from 1300 – 1700 kg·m-3, while the discard contains 

everything above 1700 kg·m-3. With this single stage process in mind, the design is set up as 

shown in Figure 4.1-2. The separation chamber consists of four sidewalls, a backboard and a 

transparent front cover which can be removed to access the separation chamber.  

 

Figure 4.1-2: Sections of the winnowing unit. 

The initial design as seen in Figure 4.1-2, has the air supply inlet situated at the top left-hand 

corner of the unit and an air outlet directly across from the inlet at the top right-hand side. The 

outlet allows air to flow freely out of the unit and prevents a pressure build-up within the chamber. 

The concept as shown in Figure 4.1-2 is transferred into a blueprint which is illustrated in Figure 

4.1-3.  
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Figure 4.1-3: Winnower blueprint. 
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The dimensions (in mm) as shown in Figure 4.1-3, were obtained from the results of Chapter 3 

as stated earlier. The height required for particles to effectively separate was calculated to be at 

least 600 mm and thus any distance beyond that will not influence the separation any further. In 

this design the particle inlet is placed as close as possible to the air inlet for two reasons; the first 

is to optimize the displacement area available at the bottom of the winnowing unit. If the particle 

inlet is set in the centre of the chamber for example then only half of the area at the bottom of the 

chamber can be used for separation. The second reason is shown in Figure 4.1-4. 

 

Figure 4.1-4 shows that as the air enters the system it starts to disperse; however, this dispersal 

is not immediate. By moving the particle inlet behind the dispersal point it ensures that the air 

acting on the particle is evenly distributed and that no major turbulent effects have started to 

manifest that could influence the airflow pattern. 

4.2 Redesign 

This section as previously stated is supplemented by the results obtained from Chapters 6 after 

the simulation and tracer tests have been completed. The main reason for the redesign is due to 

the size sensitivity that was noted during the analysis of the data, and thus the process was re-

evaluated and upgraded to a two-stage separation (as shown in Figure 4.2-1) rather than the 

initial single-stage separation.  

Figure 4.1-4: Air dispersal pattern at inlet. 
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Figure 4.2-1: Process flow diagram (two-stage separation). 

Figure 4.2-1 shows the basic layout of the two-stage separation. The feed enters the winnowing 

unit and is split into three distinct size classes. Each size class is sent to a different, secondary, 

winnowing unit in which the density separation takes place according to the desired cut point. The 

“product” obtained from each of the secondary units is mixed together to form the final product 

(which is below the set cut point) and the rest is combined and sent away as a discard. 

In order to achieve this, the separation section at the bottom of the winnowing unit has to be 

redesigned to compensate for the necessary adjustment. Using the data obtained from the 

simulation and tracer test (Chapter 6 Sections 6.2 and 6.3) several separation plates were added 

to the separation section of the original winnowing unit. The winnowing sizer unit is changed as 

shown in Figure 4.2-2 and the stage 2, density winnowing units are changed as seen in Figures 

4.2-3 and 4.2-4. 
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Figure 4.2-2: Size separation setup. 

As shown in Figure 4.2-2 two separation plates are added to the bottom section of the winnower. 

These plates are placed at certain distances from the particle inlet to ensure that the stage 1 size 

separation takes place. The first section (0 – 28 cm)  contains the +4 -6 mm particles, the second 

section contains the -4 +2 mm particles and the last section houses the -2 mm particles. From 

here each section is viewed as a size class labelled by the top size and each size class is sent to 

a separate winnowing unit (designed according to Figure 4.2-4) for density processing as shown 

in Figure 4.2-3. 

 

Figure 4.2-3: Two-stage separation illustration. 
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Figure 4.2-4: Redesigned winnower blueprint. 
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Although the blueprint in Figure 4.2-4 is very similar to the original design, the difference is seen 

in the separation section where several plates have been added. The plates are evenly spaced 

to create 11 sections within the winnowing unit. Figure 4.2-5 is a 3-dimensional diagram that 

illustrates the new design of the density separation unit. 

 

Figure 4.2-5: Redesigned 3D drawing of winnower. 

The density separation unit as shown in Figure 4.2-5, is equipped with 11 sections to provide the 

operator with the option of combining bins to achieve the desired product, for example, the low-

density material will be collected in the furthest bins while the high-density material is collected in 

the bins closest to the inlet. Theoretically bins 1 – 6 will contain material with a density greater 

than 1500 kg·m-3 and thus, if the desired cut point is set at 1500 kg·m-3, bins 1 – 6 will be discard 

and bins 7 – 11 will be the product. Similar approaches can be taken for every cut point and 

depending on the set cut-point, bins can be combined.  

The design as set out in this chapter is transferred to the simulation environment (Chapter 5) to 

simulate the separation in Star CCM+. The design is also used to construct the separation 

chamber used for the physical experiment. Even though the overall design is very basic, it is 

sufficient for the purpose of proving the concept of winnowing.  
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Chapter 5 

METHOD AND MATERIALS 

This chapter describes the methods and materials used for both the simulation and the physical 

experiments. The first section provides some details regarding the general procedure used for 

both the simulation and the experiment. The second section stipulates the simulation 

environment-specific procedure, which differs slightly from the general procedure. The last 

section of this chapter describes the materials used to construct the winnowing unit as well as the 

procedure used during the tracer test and the coal separation experiment. 

5.1 General procedure  

The procedure listed below forms the basis that is used in both the simulation and the physical 

experiments. This procedure outlines the basic steps that need to be followed with regards to 

changing airflow velocity, switching particles and recording data. 

The procedure to follow is explained using an example based on the actual values of the given 

parameters. The procedure is similar for both the simulation and the experiments, the only 

difference is the environment in which the procedure is executed. The environment-specific 

procedures are discussed in the sections to follow; however, a general understanding of the basic 

procedure has to be established first. 

5.1.1 Basic procedure outline 

1. The initial parameters are set at the lowest end of the stipulated ranges i.e. 10 m·s-1 airflow 

and a 2 mm particle with a density of 1300 kg·m-3. 

2. The experiment or simulation is started and runs to completion with these conditions. The 

displacement (x) is recorded and this step is repeated 3 times for the physical experiment 

and done only once for the simulation. 

3. After completion of step 2, the particle is changed to a 2 mm particle with a density of 1400 

kg·m-3 and the airflow still at 10 m·s-1. Step 2 is repeated and the displacement data is 

recorded. 

4. The airflow velocity and particle size are kept constant while the density is changed to the 

next iteration ranging from 1300 – 2000 kg·m-3 with increments of 100 kg·m-3. 

5. Once all densities within the range have been tested and the displacement data has been 

recorded, the particle size is changed to the next iteration in the range +2 - 6 mm and the 

density range is reset to 1300 kg·m-3 with the airflow still set at 10 m·s-1. 
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6. Once the size range has been completely investigated and recorded for the entire density 

range, the airflow velocity is changed to the next iteration in the range 10 – 30 m·s-1 and 

the procedure restarts with the new airflow velocity. 

The procedure is completed when the data is recorded for the entire airflow velocity range, 

meaning that the data for the size and density ranges are recorded for each airflow velocity 

iteration. As stated earlier each environment has its own environment-specific procedure; the 

sections to follow elaborate on the procedure followed for each environment. 

5.2 Simulation environment 

As an initial proof of concept, the separation process is simulated using Star CCM+. The input 

parameters are specified according to the results obtained from the model (as described in 

Chapter 3) and the layout of the separation unit is drawn in accordance with the design specified 

in Chapter 4: section 4.1. Figure 5.2-1 shows the geometric layout of the separation unit before 

any processing has commenced. 

 

Figure 5.2-1: Geometric representation of winnower. 

The digital construction of the geometry is the first and most important step, an incorrect geometry 

can lead to inaccurate results. For example, if the air inlet size is incorrect it can produce an 

incorrect flow pattern. There are different methods for setting up the geometry; however, the basic 

concept is to use a CAD program such as Siemens NX 12, AutoCAD or even the built-in CAD 

software in Star CCM+ to construct an accurate and spatially correct geometry for the simulation.  

Air inlet 

Particle inlet 

Air outlet 

Separator walls 



M e t h o d  a n d  m a t e r i a l s   P a g e  |  3 4  

34 

The spatial correctness refers to either a three-dimensional or two-dimensional space that has to 

be selected and for each space, the geometry is set up in a different way. The geometry for this 

study is selected as a three-dimensional space as it allows for changes in all three planes (x, y 

and z). 

The first processing step after the geometry has been completed is to define the separate regions 

and clearly distinguish between each region. For this study, four regions are defined i.e. an air 

inlet, particle inlet, air outlet and the separator walls. The regions are shown in Figure 5.2-1 and 

each region is assigned specific properties according to the function that it serves, the properties 

for each region are shown in Table 5.2-1. 

Table 5.2-1: Region property allocation for the CFD simulation. 

Region name Property Value Units 

Air inlet Velocity inlet Adjustable* m·s-1 

Particle inlet Wall with an injector Adjustable* mm & kg·m-3 

Air outlet Pressure outlet 0 Pa 

Separator walls Wall   

ootnote:  

*The value of the velocity inlet and the particle inlet are changed, as specified in the general method outlined in Section 

5.1.1 

 

After the regions and their properties have been defined the volume and surface mesh have to 

be generated. The meshing is done to get an adequate division of the entire unit which will serve 

as individual data points when tracking airflow velocities and particles. Figure 5.2-2 shows the 

volume mesh as generated by the Star CCM+ software.  
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Figure 5.2-2: Geometric view post meshing. 

The meshing is done by following the guidelines set out in Chapter 2 and from these guidelines, 

the Polyhedral mesher and a Prism layer mesher are selected. The Surface Remesher is also 

selected to ensure that the surface mesh quality is suitable for the CFD simulation. Along with the 

model selection a base size has to be set to determine how fine the generated mesh should be. 

The base size selection can range from micrometres to kilometres, depending on the size of the 

geometry used in the simulation. However, smaller base sizes increase the time needed for the 

mesh to be generated. For the geometry setup in this study, a base size of 5 mm is sufficient. 

Once the meshing is done the “physics” is set (in the physics tab) in order for the program to know 

which models to use so as to complete the necessary calculations. The models and constants 

selected for this step are chosen from a master list and are all described in Chapter 2. Matching 

the description of the properties to the need at hand, the models, properties and constants listed 

in Table 5.2-2 are selected. 
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Table 5.2-2: Simulation physics model selection for CFD calculations. 

Property/Model 
name 

Sub model 
Property 
specified 

Value Units 

Constant Density      

Exact Wall Distance  Minimum allowable 1.0 × 10-6 m 

Gas  Air density 1.18415 kg·m-3 

  Air viscosity 1.85508 × 10-5 Pa·s 

Gradients     

Gravity   9.81 m·s-2 

High y+ Wall Treatment     

K-Epsilon Turbulence     

Lagrangian Multiphase Constant Density Drag Coefficient 
Schiller-
Naumann 

 

 Drag Force    

 Material Particles    

 
Pressure Gradient 
Force 

   

 Residence Time    

 Solid Coal density Adjusted* kg·m-3 

 Spherical Particles    

 Track File    

Proximity Interpolation     

Reynolds-Averaged 
Navier-Stokes 

    

Segregated Flow     

Standard K-Epsilon     

Steady     

Three Dimensional     

Turbulent     

Reference Pressure  Pressure 101325 Pa 

ootnote 

*The value of the coal density is changed as specified in the general method outlined in Section 5.1.1 



M e t h o d  a n d  m a t e r i a l s   P a g e  |  3 7  

37 

After the “physics” have been set the simulation is initiated (with the procedure described in 

Section 5.1) until a conversion is achieved. Once the simulation converges several scenes can 

be generated to view the behaviour of both the particle and the airflow within the system. Figures 

5.2-3 and 5.2-4 show examples of the generated scenes from this simulation. 

 

Figure 5.2-3: Airflow pattern with 10 m·s-1 airflow velocity. 

The vector scene in Figure 5.2-3 shows the velocity profile of the air flowing from left to right 

through the separation unit. This scene is generated by adding a plane that cuts through the 

centre of the separation unit. The velocity (m·s-1) of the air is indicated by the colour difference, 

and the small arrows indicate the direction of flow. 

The geometry scene is combined with several streamlines to produce the scene shown in Figure 

5.2-4. This figure serves as both an airflow and particle velocity tracker. 
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Figure 5.2-4: Airflow and particle track scene. 

Figure 5.2-4 shows the movement of the air as it enters and exits the unit, with the velocity of the 

air colour coded and shown by the colour bar on the left-hand side. Figure 5.2-4 also predicts the 

movement of a particle once it enters the system. The prediction shows the displacement and the 

particle velocity throughout the separation unit and is colour coded in accordance with the colour 

bar on the right-hand side of the figure. 

To determine the displacement of the particle a measuring tool in Star CCM + is used which 

determines the distance between the particle inlet and the final displacement point of the particle. 

This measurement is taken for each particle that enters the system and serves as the recorded 

displacement data for the simulation. 

Following the above procedure, several versions of these scenes are generated each one with a 

change in either the airflow velocity, particle size or particle density as set out in the general 

procedure. These results can be seen in Chapter 6 and in Annexure B. 

5.3 Experimental environment 

After completion of the simulation, the physical experiments follow and the specific procedure for 

these is established. The following sections outline the physical experiment environment in terms 

of construction material, equipment and procedures. 
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5.3.1 List of materials  

The following is a list of materials that were used to construct the winnowing unit. 

 Wood   - Used for the side, top and bottom panels of the separation chamber. 

 Screws   - To screw the panels together and to attach the front and back panels to  

    the separator walls. 

 Sealant   - To prevent air leaks and ensure that the system is properly secured. 

 Hardboard  - To construct the back panel of the separation chamber as a single sheet.  

 Perspex   - To have a clear see-through front panel through which the separation 

  could be observed. 

5.4 Experimental setup and procedure 

Using the materials listed in Section 5.3.1 above the initial prototype for the winnowing unit was 

constructed. The winnowing unit (as shown in Figure 5.4-1) is used for both the tracer and coal 

experiments. 

 

Figure 5.4-1: Completed Winnowing prototype. 

The winnowing chamber (box) is connected to a 1.6 kW household vacuum cleaner which 

provides an airflow within the range of 11 – 33 m·s-1. To measure the airflow velocity and 

temperature a professional CFM/CMM thermos-anemometer is used. The anemometer is placed 

at the same location as the particle inlet to get an accurate reading on both the temperature and 

the airflow velocity. To further ensure that the readings are accurate 5 measurements are taken 

prior to an experiment and the average airflow and temperature values are calculated. 
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5.5 Tracer test  

Figure 5.5-1 shows the density tracers used to calibrate and test the winnowing unit. The tracer 

test results in combination with the results obtained from the simulation are used to predict a 

particle displacement given a certain combination of parameters, such as airflow velocity, particle 

size and particle density. 

 

Figure 5.5-1: Density tracer particles. 

As seen in Figure 5.5-1 the size and colour of the density tracers are different, making it possible 

to not only change the size of the particle but the density based on the provided colour. Table 5.5-

1 shows the density tracers that were used in this experiment and the procedure as set out in 

Section 5.1.1 was followed to gather the displacement data and complete the experiment. 

Table 5.5-1: Tracer classification by size, density and colour. 

Size (mm) Density (kg.m-3) Amount Colour 

2 

1300 10 Blue 

1350 10 Buff 

1400 10 Red 

1450 10 Pink 

1500 10 Yellow 

1550 10 Rust 

1600 10 Grey 

1650 10 Grass green 

1700 10 Orange 

1750 10 Purple 

1800 10 Black 

1850 10 Silver 

1900 10 Light brown 

1950 10 Lime green 

2000 10 Teal 
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Size (mm) Density (kg.m-3) Amount Colour 

4 

1300 10 Blue 

1350 10 Buff 

1400 10 Red 

1450 10 Pink 

1500 10 Yellow 

1550 10 Rust 

1600 10 Grey 

1650 10 Grass green 

1700 10 Orange 

1750 10 Purple 

1800 10 Black 

1850 10 Silver 

1900 10 Light brown 

1950 10 Lime green 

2000 10 Teal 

6 

1300 10 Blue 

1350 10 Buff 

1400 10 Red 

1450 10 Pink 

1500 10 Yellow 

1550 10 Rust 

1600 10 Grey 

1650 10 Grass green 

1700 10 Orange 

1750 10 Purple 

1800 10 Black 

1850 10 Silver 

1900 10 Light brown 

1950 10 Lime green 

2000 10 Teal 
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10 identical tracers are entered into the separation chamber (one at a time) and the displacement 

of each tracer is measured using a measuring tape. After the data for the 10 identical tracers has 

been recorded, the run is repeated 2 more times to ensure consistency before changing the 

parameters and moving to the next experimental run. The results obtained from the tracer test is 

shown and discussed in Chapter 6. 

5.6 Coal test 

After completion of the tracer test, and establishing a benchmark for the separation distance of a 

particle with specific characteristics at a set airflow velocity, the validity of the results has to be 

examined by using actual coal particles. The procedure for the coal test is exactly the same as 

the procedure for the tracer test to ensure an accurate and just comparison.  

5.6.1 Coal sample preparation 

To accurately assess the separation capability of the winnowing unit and compare the results with 

the tracer test, the coal particles are specifically prepared to mimic the size and density classes 

of the tracers.  

The coal is selected based on the separation that has to be achieved, in this case, the aim is to 

attempt a low-density cut (1400 or 1500 kg·m-3) and thus the average density of the selected coal 

has to be within that range. Furthermore, the separation capability has to be tested on a difficult 

to separate coal which means having near dense material as part of the feed sample (van der 

Walt, 1984). 

To satisfy these parameters coal from Mozambique (Moatize) is selected to conduct the coal test. 

The feed characteristics of this specific sample are illustrated in Figures 5.6-1 and 5.6-2. 
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Figure 5.6-1: Fractional density distribution: Moatize coal. 

Figure 5.6-1 shows the fractional density distribution for the coal as obtained from the RhoVol 

analyser, and as seen in the figure the largest portion of the sample has a relative density within 

the range of 1.3 to 1.6, which is suitable for this study. 

The proximate analysis (air-dried basis) showed that the coal had 1.60 % moisture with feed ash 

and volatile content of 17.88 % and 32.20 %, respectively. The densimetric curve for this sample 

as determined by a Rhovol analysis is shown in Figure 5.6-2. 

 

Figure 5.6-2: Cumulative density distribution: Moatize coal 
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5.6.1.1 RhoVol Analyser  

The RhoVol Analyser (developed by DebTech) is shown in Figure 5.6-3 and the machine was 

originally designed for the diamond industry; however, the application of this machine and the 

method that it uses can be extended to any ore for which either a size, shape or density separation 

is needed.  

 

Figure 5.6-3: RhoVol Analyser (courtesy of DebTec). 

For the purpose of this study, the RhoVol will not be discussed in depth; however, the techniques 

used and operation of the RhoVol will be explained. As a pre-preparation step, all +8 and -3 mm 

particles are screened out, in accordance with the size constraint of the RhoVol. A 500 g sample 

(approximately 50 000 particles) is prepared using the cone and quarter method, and the sample 

is further reduced to approximately 3000 particles using a rotary splitter to ensure an unbiased 

subsample. 

The main focus of the sample preparation is to get coal particles that accurately mimic the tracers 

used during the tracer test. To achieve this the following procedure is followed: 

 Calibration – to ensure an accurate separation, the Rhovol has to be calibrated for the 

specific particles that will be used, in this case, the Moatize. To calibrate the RhoVol, 3000 

particles are entered into the system and separated based on their compactness. 

 Initial separation based on compactness (shape) – the first step after calibration is to 

separate the particles into more desirable shapes, ranging from flat to round, the flattest 

particles have compactness of 0.45 while the round particles are set to have compactness 
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of 0.85. For this study, only particles with an average compactness of 0.65 are considered 

which means excluding the two extremes while still including some flat and round particles. 

 The selected shape class (approximately 1629 particles) is re-entered and resorted 

according to size, these new size classes are listed in Table 5.6-2. 

Table 5.6-1: Particle size classes as sorted by the RhoVol Analyser. 

Size class (mm) Number of particles Mass per class (g) 

3.0 – 3.5 207 5.20 

3.5 – 4.0 312 11.4 

4.0 – 4.5 254 13.0 

4.5 – 5.0 170 12.7 

5.0 – 5.5 130 13.6 

5.5 – 6.0 127 17.6 

6.0 – 6.5 98 18.3 

6.5 – 7.0 71 15.9 

7.0 – 7.5 38 10.4 

7.5 – 8.0 38 13.9 

 

 The final step is to sort each size class according to density within the range 1200 – 2200 

kg·m-3. Table 8.2-1 in Annexure C lists the final particle density class allocation. 

With the completion of the particle classification using the RhoVol, the sorted “coal tracer” 

particles are used to test the separation of the winnowing unit as set out in the next section. 

5.6.2 Coal test 

From the results of the tracer test, simulation and the model it was established that the best 

separation occurs at an airflow velocity of 21 m·s-1 and therefore the coal test was conducted at 

this airflow velocity, while still changing the particle size and density as set out in the general 

procedure (Section 5.1).  

After the final classification, the properties of each particle is known (compactness, size and 

density) and thus as the particles are entered into the system the recorded data can be directly 

compared to the results obtained from the tracer test. Coal particles are entered one at a time 

and the displacement of each particle is recorded. Each run is repeated three times to ensure 

repeatability and accuracy. The results obtained by the implementation of these methods are 

shown and discussed in Chapter 6. 
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Chapter 6 

RESULTS AND DISCUSSION 

This chapter contains the results obtained from Chapter 3 (modelling) as well as Chapter 5 

(simulation and physical experiment). The results shown here in are used to explain the findings 

and represent a small part of the overall results that were obtained during this study. This chapter 

is supplemented by Annexure A and B which contains the generated results that are not included 

in this chapter.  

6.1 Modelling results 

As an initial step, the separation was modelled using the equations set out in Chapter 3. The 

constants, regions and forces were calculated first and thereafter the model was solved in 

Microsoft Excel. The calculated constants and forces are shown in the tables below. 

6.1.1 Tabulated displacement data 

The particle Reynolds number was calculated for each particle size at different airflow velocities 

(as seen in Table 6.1-1). This was done to determine the flow region as stated in Chapter 3, 

section 3.3. 

Table 6.1-1: Calculated particle Reynolds number for region confirmation. 

Relative velocity 
(m·s-1) 

Particle Size 
(mm) 

 6 4 2 

10 3827,84 2551,90 1275,95 

12 4593,41 3062,28 1531,14 

14 5358,98 3572,65 1786,33 

16 6124,55 4083,03 2041,52 

18 6890,12 4593,41 2296,71 

20 7655,69 5103,79 2551,90 

22 8421,26 5614,17 2807,09 

24 9186,83 6124,55 3062,28 

26 9952,39 6634,93 3317,46 

28 10717,96 7145,31 3572,65 

30 11483,53 7655,69 3827,84 
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The Reynolds numbers set the range within which the flow regime is classified. Table 6.1-1 shows 

that all three size classes have very high Reynolds numbers for the airflow velocities ranging 

between 10 – 30 m·s-1. This means that turbulent flow can be assumed and Newton’s Law can 

be applied to estimate the value of the drag coefficient. All the values that were calculated or 

assumed for the model are shown in Table 6.1-2. 

Table 6.1-2: Constants used for the particle movement model calculations. 

Constant Value Units Description 

Drag coefficient (Cd) 0.44  
Newton’s region flow regime drag coefficient 
assumed from the calculated Reynolds 
numbers. 

Delta t (Δt) 0.02 s 
Pre-set time iteration increment from one 
calculation to the next. 

Initial inlet angle (θ) 0 ° 

This is the angle at which the particle 
originally starts to move. It is set at 0 with the 
assumption that the particle initially moves 
along the horizontal axis only. 

Particle shape  Cube  
Set as a cube to match the tracer particles as 
an initial estimation but can be changed. 

 

The fixed parameters are set beforehand and the changing parameters are calculated using the 

values of the fixed variables. Changing parameters such as the particle mass and volume are 

recalculated every time a change is made to either the particle size or density. The other 

parameters that are needed to complete the calculations also change when either the particle 

size or particle density is changed, making it difficult to list all the values in a single table. Table 

6.1-3 shows an example of these values for a 2 mm particle with a density of 1300 kg·m-3 at an 

airflow velocity of 21m·s-1. 

Table 6.1-3: Example of calculated values used to complete the model. 

Constants 

Symbol Value Unit 

g 9,81 m·s-2 
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Table 6.1-3 continued. 

 Coefficients  

Symbol Value Unit 

Cd 0,4   

   

Changing Parameters 

Particle mass 1,04E-05  Kg 

Particle Volume 8,00E-09  m3 

Area 4,00E-06  m2 

Air density (a) 1,184  kg·m-3 

K 9,47E-07   

  

Variable Inputs 

Particle size 2  mm 

Particle density (p) 1300  kg·m-3 

initial velocity (v) 1,25  m·s-1 

x position 0  m 

y position 0,63  m 

Δt 0,02  s 

Initial angle (θ) 0  ° 

Vx initial 1,25  m·s-1 

Vy initial 0  m·s-1 

  

Calculated initial conditions 

Length 0,002  m 

Width  0,002  m 

Height 0,002  m 

Driving force (Fs) 6,50E-04  N 

Initial horizontal 

acceleration (a) 
6,25E+01 

 
m·s-2 

Horizontal change (dx) 1,25E-02  m 
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The values as shown in Table 6.1-3 are used in the equations shown in Chapter 3 and the model 

was solved using an iterative procedure in Microsoft Excel. Each iteration is based on a time step 

where the current iteration (i) is calculated at the current time (t) and the values for the next 

iteration (i+1) are calculated at the next time increment (t+1). Table 6.1-4 demonstrates an 

example and the layout for the process used to solve the model. The table indicates the calculated 

values required to determine the behaviour of a 2 mm particle with a density of 1300 kg·m-3 at an 

airflow velocity of 21m·s-1. 

Table 6.1-4: Iterative process example of the model solution. 

 Time (t) Δt x + 1 y + 1 ax ay vx + 1 vy + 1 v 

Initial 0,02 0,02 0,03 0,63 -0,16 -9,81 2,69 -0,20 2,70 

 
0,04 0,02 0,08 0,63 -0,66 -9,76 2,69 -0,39 2,71 

 0,06 0,02 0,13 0,62 -0,66 -9,71 2,67 -0,59 2,74 

 0,08 0,02 0,19 0,61 -0,67 -9,66 2,66 -0,78 2,77 

 0,10 0,02 0,24 0,59 -0,67 -9,61 2,65 -0,98 2,82 

 0,12 0,02 0,29 0,57 -0,68 -9,56 2,63 -1,17 2,88 

 0,14 0,02 0,35 0,55 -0,69 -9,50 2,62 -1,36 2,95 

 0,16 0,02 0,40 0,52 -0,70 -9,44 2,60 -1,55 3,03 

 0,18 0,02 0,45 0,49 -0,72 -9,38 2,59 -1,74 3,12 

 0,20 0,02 0,50 0,46 -0,74 -9,32 2,58 -1,93 3,22 

 0,22 0,02 0,55 0,42 -0,75 -9,25 2,56 -2,11 3,32 

 0,24 0,02 0,61 0,37 -0,77 -9,17 2,55 -2,30 3,43 

 0,26 0,02 0,66 0,33 -0,80 -9,09 2,53 -2,48 3,54 

 0,28 0,02 0,71 0,28 -0,82 -9,01 2,51 -2,66 3,66 

 0,30 0,02 0,76 0,23 -0,84 -8,92 2,50 -2,84 3,78 

 0,32 0,02 0,81 0,17 -0,86 -8,83 2,48 -3,02 3,91 

 0,34 0,02 0,86 0,11 -0,88 -8,73 2,46 -3,20 4,04 

Final 
0,36 0,02 0,91 0,04 -0,91 -8,63 2,45 -3,37 4,17 

0,38 0,02 0,96 -0,02 -0,93 -8,53 2,43 -3,54 4,30 

 

As seen from Table 6.1-4 for each time step the x and y velocity components are calculated. 

These components are used to calculate the magnitude of the particle’s velocity (v) with each 

iteration. The other key calculation is the position of the particle (both in the vertical and horizontal 

direction), this helps determine the overall displacement of the particle.  
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As seen in Table 6.1-4 the first iteration represents the initial components 0.02 s after the particle 

starts to move, the final conditions are reached when the y-position is at 0 m. This condition is 

reached between the final two iterations and by using interpolation, the final components can be 

calculated. The negative sign in all the y-component calculations is due to the direction in which 

the axis was defined, in this case, a downward movement is negative on the y-axis and a 

movement to the left is negative on the x-axis. Thus the negative sign seen for the horizontal 

acceleration (ax) is due to the deceleration caused by the drag force acting on the particle. As the 

time increases and the velocity of the particle increases (due to its downward acceleration) the 

drag force increases and thus the particles horizontal velocity and acceleration decreases. 

Using the model and the method as explained above the displacement and final particle velocity 

can be calculated. Tables 6.1-5 to 6.1-7 show the collective results obtained for all size classes 

at different densities, at an airflow velocity of 21 m·s-1.  

Table 6.1-5: Model results for 2 mm particle at 21 m·s-1 airflow velocity. 

Density 

(kg·m-3) 

Displacement 

(m) 

Particle velocity 

(m·s-1) 

1300 0.92 4.21 

1400 0.86 4.14 

1500 0.81 4.09 

1600 0.76 4.04 

1700 0.72 4.00 

1800 0.68 3.96 

1900 0.65 3.93 

2000 0.62 3.90 
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Table 6.1-6: Model results for 4 mm particle at 21 m·s-1 airflow velocity. 

Density 

(kg·m-3) 

Displacement 

(m) 

Particle velocity 

(m·s-1) 

1300 0.70 4.02 

1400 0.65 3.97 

1500 0.61 3.93 

1600 0.57 3.90 

1700 0.54 3.87 

1800 0.51 3.84 

1900 0.48 3.82 

2000 0.46 3.80 

 

Table 6.1-7: Model results for 6 mm particle at 21 m·s-1 airflow velocity. 

Density 

(kg·m-3) 

Displacement 

(m) 

Particle velocity 

(m·s-1) 

1300 0.47 3.81 

1400 0.44 3.78 

1500 0.41 3.76 

1600 0.38 3.75 

1700 0.36 3.74 

1800 0.34 3.72 

1900 0.32 3.72 

2000 0.31 3.71 

 

As seen from the tables above there is a clear difference in the displacement of particles when 

the density is changed. Examining Table 6.1-7 it can be seen that a particle with a density of 1300 

kg·m-3 can easily be separated from a particle with a density of 2000 kg·m-3 since the 

displacement difference between the particles is almost 0.16 m. It is; however, more difficult to 

separate particles with similar densities, for example, a particle with a density of 1400 kg·m-3 

cannot be separated as easily from a particle with a density of 1500 kg·m-3, because the 

displacement difference is only 0.03 m. 
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When comparing the displacement values shown in Tables 6.1-6 and 6.1-7 above at the same 

density (1400 kg·m-3) a displacement difference is noted between the two size classes. The 

difference between the 6 mm, 1400 kg·m-3, particle displacement and the 4 mm, 1400 kg·m-3, 

particle displacement is 0.19 m, indicating that it is possible to separate particles with the same 

density based on their size. The three tables above are a fraction of the total results that were 

generated by the model. The additional results, for the 21 m·s-1 airflow velocity, can be seen in 

Annexure A.  

Tables 6.1-8 to 6.1-10 contain the results obtained from the model at three selected airflow 

velocities, in the range of 10 – 30 m·s-1. These tables were used to design the original winnowing 

unit. 

Table 6.1-8: 2 mm particle modelled displacement results. 

Particle density 
(kg·m-3) 

Airflow 
 (m·s-1) 

 12 20 26 

1300 0,27 0,84 1,42 

1400 0,25 0,79 1,33 

1500 0,24 0,74 1,25 

1600 0,22 0,69 1,18 

1700 0,21 0,65 1,12 

1800 0,20 0,62 1,06 

1900 0,19 0,59 1,01 

2000 0,18 0,56 0,96 

 

As seen from Table 6.1-8 the density separation of a 2 mm particle can be achieved at all the 

airflow velocities listed. However, as the velocity is increased the separation becomes easier, due 

to the increased displacement difference between the different particles. 
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Table 6.1-9: 4 mm particle modelled displacement results. 

Particle density 
(kg·m-3) 

Airflow 
 (m·s-1) 

 12 20 26 

1300 0,14 0,42 0,72 

1400 0,13 0,39 0,67 

1500 0,12 0,36 0,63 

1600 0,11 0,34 0,59 

1700 0,11 0,32 0,56 

1800 0,10 0,30 0,53 

1900 0,10 0,29 0,50 

2000 0,09 0,27 0,47 

 

Table 6.1-9 shows that at low airflow velocities the particle displacement is very narrowly spaced, 

indicating that it will be very difficult to achieve a density separation. The displacement for several 

particles (at an airflow velocity of 12 m·s-1) is the same and thus a higher airflow velocity is needed 

to achieve separation as can also be seen in Table 6.1-9. Table 6.1-9 is also the first indicator 

showing that as the particle size increases the airflow needed to separate the particles must also 

increase to achieve separation. 

Table 6.1-10: 6 mm particle modelled displacement results. 

Particle density 
(kg·m-3) 

Airflow 
 (m·s-1) 

 12 20 26 

1300 0,13 0,24 0,42 

1400 0,12 0,22 0,39 

1500 0,11 0,21 0,37 

1600 0,11 0,20 0,34 

1700 0,10 0,19 0,32 

1800 0,10 0,18 0,31 

1900 0,09 0,17 0,29 

2000 0,09 0,16 0,28 
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Table 6.1-10 confirms the findings and statements made with regards to Table 6.1-9 above. Table 

6.1-10 shows once again that higher airflow velocities are needed to achieve separation when 

the particle size is increased. These three tables indicate that density separation with the 

winnowing method is possible, provided that the airflow velocity is correct. The tables also show 

that the system is very sensitive to changes in airflow velocity and particle characteristics; even 

the smallest change in either one of these parameters may have a significant influence on the 

systems overall performance.  

6.1.2 Graphical results 

Figures 6.1-1, 6.1-2 and 6.1-3 display the particle track as generated by the model. The model 

was applied to all the specified air and particle classes as set out in Chapter 5. However, only the 

results generated at an airflow velocity of 20 m·s-1 will be displayed and explained in this section. 

 

Figure 6.1-1: 2 mm particle with a density of 1300 kg·m-3 displacement track. 

Figure 6.1-1 shows the displacement track generated by a 2 mm particle with a density of 1300 

kg·m-3. If the airflow velocity and particle size are kept constant while the density of the particle is 

changed to 2000 kg·m-3 the particle displacement track changes. The new particle displacement 

track can be seen in Figure 6.1-2. 
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Figure 6.1-2: 2 mm particle with a density of 2000 kg·m-3 displacement track. 

In comparing the two figures above, a decrease in the particle displacement is seen as the density 

of the particle is increased. The displacement in Figure 6.1-1 is seen to end at more or less 0.87 

m, whereas the displacement in Figure 6.1-2 is lowered to almost 0.56 m. The same pattern can 

be observed when comparing the particle displacement tracks for the 4 mm and 6 mm particles 

(Figures 6.1-3 to 6.1-6). 

 

Figure 6.1-3: 4 mm particle with a density of 1300 kg·m-3 displacement track. 
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Figure 6.1-4: 4 mm particle with a density of 2000 kg·m-3 displacement track. 

As seen from Figures 6.1-3 and 6.1-4, the difference in particle displacement is clearly visible with 

a change in particle density, and although these are the two extremes (very low density and very 

high density) the same occurrence is noted when looking at the other density classes displayed 

in Annexure A. Figures 6.1-5 and 6.1-6 (below) portray the two density extreme particle 

displacement tracks for the largest (6mm) particle size class.  

 

Figure 6.1-5: 6 mm particle with a density of 1300 kg·m-3 displacement track. 
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Figure 6.1-6: 6 mm particle with a density of 2000 kg·m-3 displacement track. 

Figures 6.1-5 and 6.1-6 also demonstrate the difference in the displacement of the 6 mm particles 

with a difference in particle density, meaning that the model can be adapted to any particle size 

to predict the particle behaviour. 

As observed in the above figures and discussions, the particles with higher density reach a 

smaller displacement and with each change in density and particle size, the particle displacement 

track also changes. When designing the separation unit, the 2 mm particle, with the lowest 

density, sets the limit for the farthest displacement and the highest density 6 mm particle, sets the 

limit for the shortest displacement. Assuming that the minimum displacement is 0 m when the 

airflow velocity is set to 0 m·s-1, and using the smallest particle (2 mm) as a benchmark for the 

farthest displacement, the dimensions for the winnowing unit can be set and transferred to 

Chapter 4 for the design. 

The next test is to confirm if size separation can be achieved by implementing the winnowing 

method. The displacement data generated and shown in the tables in section 6.1.1 above is used 

to generate several graphs to help test the theory. Figures 6.1-7 to 6.1-9 show the displacement 

graphs for the different density categories within the size classes at a selected airflow velocity. 
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Figure 6.1-7: Displacement per size class at 12 m·s-1 airflow velocity. 

As seen in Figure 6.1-7 all the densities of the 2 mm particles can be clearly distinguished from 

the 4 and 6 mm particles. However, the 4 and 6 mm particles have similar displacement at 12 

m·s-1, and thus the low-end airflow velocities cannot be used to separate the different particles 

into three distinct size classes. 

 

Figure 6.1-8: Displacement per size class at 20 m·s-1 airflow velocity. 

Figure 6.1-8 shows three clearly identifiable size classes with the 2 mm class separated far above 

the other two size classes. The 4 and 6 mm size classes (although still close to each other) can 

also be separated from one another at this airflow velocity. The line for the 4 mm particles at its 

highest density ends slightly above the 6 mm line at its lowest density point, meaning that it is 

possible to separate all densities of the 4 mm particles from all densities of the 6 mm particles. 
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Figure 6.1-9: Displacement per size class at 26 m·s-1 airflow velocity. 

The same pattern is observed in Figure 6.1-9. The curves are almost identical with the only 

difference being that the displacement is higher. This indicates that at some point, either shortly 

before or after an airflow velocity of 20 m·s-1, the particle displacement difference becomes 

constant and only increases by a factor. Thus it may not improve the separation when operating 

the unit at high velocities if the same separation can be achieved at a lower airflow velocity. 

The results obtained by the model indicate that both a density and size separation can be 

achieved if the correct conditions are applied. The observations made and results obtained are 

used to specify the parameters for the design and simulation of the winnowing unit.  

6.2 Simulation 

Using the design as discussed in Chapter 4 and following the procedure set out in Chapter 5, 

several simulations of the separation unit were developed. Although the entire range of airflow 

velocities and particle densities were simulated, only the 21 m·s-1 airflow velocity results (for the 

1300 kg·m-3 and 2000 kg·m-3 particles) will be discussed in this section, the results for all other 

variables are in Annexure B. Unlike with the modelled results the graphical results will be 

discussed first and thereafter the tabulated results because of the order in which these results 

were generated. 
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6.2.1 Graphical result 

As described in Chapter 5, several scenes can be generated to show the behaviour of the particle 

and the airflow inside the separation unit. For the purpose of this study, the important components 

that will be discussed include: 

 Particle and airflow behaviour  

 Particle and airflow velocity  

 Particle displacement. 

This section will focus on the simulation of these components. 

The simulation is set up for a 2 mm particle at an airflow velocity of 21 m·s-1, starting at the low 

side density, as set out in the general procedure. Figures 6.2-1 and 6.2-2 show the results after 

the program has run to completion and the necessary scenes have been generated. 

 

Figure 6.2-1: Displacement of a 2 mm particle with a density of 1300 kg·m-3 at 21 m·s-1 airflow 
velocity. 

As seen in Figure 6.2-1 the airflow streamlines inside the separation unit move across the top 

section, while the particle track is displayed as a single line making its way down towards the 

bottom of the separation chamber. The airflow velocities are colour coded and correspond with 

the colour bar on the left-hand side of the figure. The colour bar on the right indicates the particle 

velocity from the starting point to the point of impact.  
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This is useful at a later stage when determining the particle impact speed which is necessary to 

determine the material of construction and helps to explain particle breakage. As is also observed 

from Figure 6.2-1, at a velocity of 21 m·s-1, the simulation indicates that the 2 mm particle with a 

density of 1300 kg·m-3 will be completely displaced to the other end of the separation chamber. 

Comparing Figure 6.2-1 to Figure 6.2-2 below a difference in the particle displacement is noted. 

 

 

Figure 6.2-2: Displacement of a 2 mm particle with a density of 2000 kg·m-3 at 21 m·s-1 airflow 
velocity. 

The particle track in Figure 6.2-1 makes contact with the separator wall at a higher position than 

the particle track in Figure 6.2-2, this indicates that the particle with the higher density is not 

displaced as far as the particle with the lower density. From these two figures, it is concluded that 

the displacement of the 2 mm particles is too large for the chamber. A solution may be to either 

lengthen the separation chamber or reduce the airflow velocity.  

As also realised in Figures 6.2-1 and 6.2-2 the airflow streamline moves downward and back to 

the left-hand side of the separation chamber indicating that there might be some backflow within 

the camber. If backflow is present, it could influence the displacement of a particle by creating 

either an upward lift force or a force acting on the particle in the opposite direction slowing it down 

even faster. To examine this, an airflow velocity scene (Figure 6.2-3) is generated which shows 

the airflow pattern within the separation unit. 
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Figure 6.2-3: Airflow vector scene. 

Figure 6.2-3 shows that most of the airflow moves along the top section of the separation unit 

with very little high-velocity flow in the centre and bottom of the chamber. However, slightly 

increased velocities are apparent at the right side wall and bottom of the chamber which can 

indicate backflow. In order to confirm this a vector scene (Figure 6.2-4) is set up which portrays 

the airflow velocity and the direction of flow within the chamber. 
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Figure 6.2-4: Airflow pattern and velocity vector scene. 

Figure 6.2-4 takes a closer look at the airflow pattern within the separation unit. The airflow 

direction is shown with the arrows while the airflow velocity is indicated by the colour bar. The 

figure shows that several rotating currents (eddies) start to form at the bottom right corner of the 

separation unit meaning that backflow (although at low velocity) is present and this can affect the 

particle displacement. These effects will have to be considered at a later stage or as part of future 

work.  

The same simulation was developed for the 4 mm and 6 mm particles and the generated scenes 

can be seen in the figures below. 
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Figure 6.2-5: Displacement of a 4 mm particle with a density of 1300 kg·m-3 at 21 m·s-1 airflow 
velocity. 

 

Figure 6.2-6: Displacement of a 4 mm particle with a density of 2000 kg·m-3 at 21 m·s-1 airflow 
velocity. 

Figures 6.2-5 and 6.2-6 show the difference in the displacement for the 4 mm particles at 21 m·s-

1 airflow at different densities. Once again the higher density particle (Figure 6.2-6) has a smaller 

displacement landing closer to the centre of the chamber, whereas the particle with the lower 

density (Figure 6.2-5) is displaced further to the end of the chamber. This can also be seen when 

comparing the 6 mm particle displacement tracks in Figures 6.2-7 and 6.2-8 below. 
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Figure 6.2-7: Displacement of a 6 mm particle with a density of 1300 kg·m-3 at 21 m·s-1 airflow 
velocity. 

 

Figure 6.2-8: Displacement of a 6 mm particle with a density of 2000 kg·m-3 at 21 m·s-1 airflow 
velocity. 

Taking all three size classes into account and considering the results generated, the simulation 

indicates that a density separation is possible within each one of the size classes. Irrespective of 

the particle size (2, 4 or 6 mm), if the airflow velocity is correct, a density separation can be 

achieved on a narrowly defined size class.  

The method as described in Chapter 5 was applied to retrieve the necessary displacement data 

from the generated scenes. The data is displayed and further explained in the next section. 
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6.2.2 Tabulated displacement data 

The generated particle displacement values are quantified using a measuring tool in Star CCM+. 

The measured displacement for all the size and density classes are displayed in Tables 6.2-1 to 

6.2-3 below. 

Table 6.2-1: 2 mm particle simulated displacement results. 

Particle density 
(kg·m-3) 

Airflow velocity 
 (m·s-1) 

 12 20 26 

1300 0,29 0,88 1,48 

1400 0,27 0,84 1,42 

1500 0,25 0,77 1,30 

1600 0,22 0,71 1,21 

1700 0,20 0,65 1,14 

1800 0,19 0,62 1,06 

1900 0,18 0,58 1,01 

2000 0,17 0,55 0,94 

 

From Table 6.2-1 it is evident that the displacement difference between the particles of different 

densities increases at higher airflow velocities. Similar to the results obtained by the model - the 

simulation shows that a density separation of 2 mm particles is possible even at low airflow 

velocities. Tables 6.2-2 and 6.2-3 display the simulation results for the 4 mm and 6 mm particle 

displacement, respectively. 
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Table 6.2-2: 4 mm particle simulated displacement results. 

Particle density 
(kg·m-3) 

Airflow velocity 
 (m·s-1) 

 12 20 26 

1300 0,18 0,48 0,79 

1400 0,15 0,42 0,75 

1500 0,13 0,38 0,69 

1600 0,12 0,34 0,61 

1700 0,11 0,32 0,58 

1800 0,10 0,30 0,54 

1900 0,09 0,28 0,50 

2000 0,08 0,25 0,45 

Table 6.2-3: 6 mm particle simulated displacement results. 

Particle density 
(kg·m-3) 

Airflow velocity 
 (m·s-1) 

 12 20 26 

1300 0,16 0,29 0,48 

1400 0,14 0,26 0,43 

1500 0,12 0,22 0,40 

1600 0,11 0,20 0,36 

1700 0,10 0,19 0,33 

1800 0,09 0,18 0,30 

1900 0,08 0,17 0,28 

2000 0,07 0,16 0,26 

Both Tables 6.2-2 and 6.2-3 show results that are similar to Tables 6.1-9 and 6.1-10, confirming 

that the findings obtained by the model can be deemed accurate. The same pattern is observed 

in the tables above as in the results obtained from the model. As the particle size increases the 

airflow velocity has to be increased in order to achieve a density separation. The simulation results 

both graphical and tabulated indicate that separation is possible and that the concept of 

winnowing as a method for dry beneficiation of fine coal might be possible. To confirm this, 

physical experiments were conducted, and the results obtained from the experiments are 

discussed in the next section.  
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6.3 Tracers  

Using the procedure and method for the physical experiment as set out in Chapter 5, the tracer 

test was conducted and the data is displayed in the sections to follow. The tabulated data 

indicates the results as recorded from the experiment while the graphical results are used to 

demonstrate and interpret the findings. The tracer test provides preliminary proof of separation 

and the results will be compared to that of the model and simulation to confirm the accuracy and 

dependability of the two “theoretical” approaches. 

6.3.1 Tabulated displacement data 

The displacement data for each tracer was recorded, the data was processed and the average 

displacement of the three repeat runs was calculated and restructured into Tables 6.3-1 to 6.3-3 

below depending on the particle size. 

Table 6.3-1: 2 mm recorded tracer displacement data. 

Particle density 
(kg·m-3) 

Airflow velocity 
(m·s-1) 

 12 15 20 23 26 

1300 0,27 0,51 0,84 1,11 1,42 

1400 0,22 0,42 0,70 0,92 1,18 

1500 0,22 0,41 0,68 0,89 1,15 

1600 0,21 0,40 0,66 0,87 1,11 

1700 0,21 0,39 0,64 0,84 1,08 

1800 0,20 0,39 0,62 0,82 1,04 

1900 0,19 0,36 0,59 0,78 0,99 

2000 0,18 0,34 0,56 0,74 0,94 

 

As seen in Table 6.3-1 the displacement of the tracer particles was recorded at different velocities 

within the range of 10 – 30 m·s-1. From the data, it is evident that at a constant velocity, with only 

a change in particle density, there is a difference in the displacement of the 2 mm particles. 

However, the displacement difference between particles with different densities increases as the 

airflow velocity increases and better separation between densities is achieved at higher airflow 

velocities. Similar tables were constructed for the 4 mm and 6 mm particles and these tables are 

displayed below. 
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Table 6.3-2: 4 mm recorded tracer displacement data. 

Particle density 
(kg·m-3) 

Airflow velocity 
(m·s-1) 

 12 15 20 23 26 

1300 0,14 0,25 0,42 0,57 0,72 

1400 0,13 0,22 0,37 0,49 0,63 

1500 0,12 0,20 0,35 0,47 0,59 

1600 0,12 0,19 0,33 0,44 0,56 

1700 0,11 0,18 0,31 0,42 0,53 

1800 0,11 0,17 0,29 0,40 0,50 

1900 0,10 0,16 0,28 0,38 0,48 

2000 0,10 0,15 0,26 0,36 0,45 

 

Table 6.3-3: 6 mm recorded tracer displacement data. 

Particle density 
(kg·m-3) 

Airflow velocity 
(m·s-1) 

 12 15 20 23 26 

1300 0,18 0,24 0,31 0,42 0,18 

1400 0,17 0,22 0,29 0,39 0,17 

1500 0,15 0,21 0,27 0,37 0,15 

1600 0,14 0,19 0,25 0,34 0,14 

1700 0,13 0,18 0,23 0,32 0,13 

1800 0,12 0,16 0,21 0,29 0,12 

1900 0,11 0,15 0,20 0,27 0,11 

2000 0,11 0,14 0,18 0,24 0,11 

 

The trend discussed above (for the 2 mm particle) is observed in Tables 6.3-2 and 6.3-3 as well. 

The increase in airflow velocity increases the displacement between particles with different 

densities, indicating that this method may be viable for separating any size particle according to 

its density. 
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To further investigate the separation, the recorded data was used to calculate the displacement 

of particles at other airflow velocities, this was done by using the recorded data and interpolation. 

The interpolated values provide an estimated displacement for the particles and this estimation 

along with the recorded data is used to set up several prediction matrices.  

The prediction matrices help to predict the displacement of any given particle under pre-defined 

conditions. Tables 6.3-4 to 6.3-6 show and explain how these matrices are set up and applied to 

particle separation. 

Table 6.3-4: 2 mm tracer particle displacement prediction matrix in meters. 

Airflow velocity 

(m·s-1) 

Particle density  

(kg·m-3) 

 1300 1400 1500 1600 1700 1800 1900 2000 

12 0,27 0,22 0,22 0,21 0,21 0,20 0,19 0,18 

13 0,32 0,27 0,26 0,26 0,25 0,25 0,23 0,22 

14 0,38 0,31 0,31 0,30 0,30 0,29 0,27 0,26 

15 0,44 0,36 0,35 0,35 0,34 0,34 0,32 0,30 

16 0,51 0,42 0,41 0,40 0,39 0,39 0,36 0,34 

17 0,58 0,48 0,47 0,46 0,45 0,44 0,42 0,39 

18 0,67 0,55 0,54 0,53 0,51 0,50 0,47 0,45 

19 0,75 0,63 0,61 0,59 0,58 0,56 0,53 0,50 

20 0,84 0,70 0,68 0,66 0,64 0,62 0,59 0,56 

21 0,93 0,77 0,75 0,73 0,70 0,68 0,65 0,62 

22 1,01 0,84 0,82 0,79 0,77 0,75 0,71 0,68 

23 1,11 0,92 0,89 0,87 0,84 0,82 0,78 0,74 

24 1,21 1,01 0,98 0,95 0,92 0,89 0,85 0,81 

25 1,31 1,09 1,06 1,03 1,00 0,97 0,93 0,88 

26 1,42 1,18 1,15 1,11 1,08 1,04 0,99 0,94 
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Table 6.3-4 is one of three prediction matrices that were constructed, this table is applicable to 

particles with a size of 2 mm and a density in the range of 1300 – 2000 kg·m-3. To explain how 

this works the following example can be used: If a 2 mm particle with a density of 1500 kg·m-3 

enters the system, which has an airflow velocity of 18 m·s-1, the estimated displacement of the 

particle (as obtained from Table 6.3-4) is then 0.54 m. This method is highlighted in Figure 6.3-1 

below. 

 

Figure 6.3-1: Prediction matrix method explanation. 

By using this method the displacement of any 2 mm particle can be estimated if the airflow velocity 

and particle density are known. This method can also be used to identify 2 mm particles with 

unknown densities. This is done by backtracking the displacement at a set airflow velocity and by 

doing so the particle density can be determined. Two more prediction matrices were constructed, 

one for the 4 mm particles and one for the 6 mm particles. These matrices form the basis for 

particle separation by using the method of winnowing. 
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Table 6.3-5: 4 mm tracer particle displacement prediction matrix in meters. 

Airflow velocity 

(m·s-1) 

Particle density  

(kg·m-3) 

 1300 1400 1500 1600 1700 1800 1900 2000 

12 0,14 0,13 0,12 0,12 0,11 0,11 0,10 0,10 

13 0,16 0,15 0,14 0,13 0,13 0,12 0,11 0,11 

14 0,19 0,17 0,16 0,15 0,14 0,13 0,12 0,12 

15 0,21 0,19 0,18 0,17 0,16 0,15 0,14 0,13 

16 0,25 0,22 0,20 0,19 0,18 0,17 0,16 0,15 

17 0,29 0,25 0,24 0,23 0,21 0,20 0,19 0,18 

18 0,33 0,29 0,27 0,26 0,24 0,23 0,21 0,20 

19 0,38 0,33 0,31 0,29 0,28 0,26 0,25 0,23 

20 0,42 0,37 0,35 0,33 0,31 0,29 0,28 0,26 

21 0,47 0,41 0,39 0,37 0,35 0,33 0,31 0,30 

22 0,52 0,45 0,42 0,40 0,38 0,36 0,34 0,33 

23 0,57 0,49 0,47 0,44 0,42 0,40 0,38 0,36 

24 0,62 0,54 0,51 0,48 0,46 0,43 0,41 0,39 

25 0,67 0,58 0,55 0,52 0,49 0,47 0,44 0,42 

26 0,72 0,63 0,59 0,56 0,53 0,50 0,48 0,45 
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Table 6.3-6: 6 mm tracer particle displacement prediction matrix in meters. 

Airflow velocity 

(m·s-1) 

Particle density  

(kg·m-3) 

 1300 1400 1500 1600 1700 1800 1900 2000 

12 0,13 0,11 0,10 0,10 0,09 0,09 0,08 0,08 

13 0,14 0,13 0,11 0,11 0,10 0,10 0,09 0,09 

14 0,16 0,14 0,13 0,12 0,11 0,11 0,10 0,10 

15 0,17 0,15 0,14 0,13 0,12 0,11 0,11 0,10 

16 0,18 0,17 0,15 0,14 0,13 0,12 0,11 0,11 

17 0,19 0,18 0,16 0,15 0,14 0,13 0,12 0,11 

18 0,21 0,19 0,18 0,16 0,15 0,14 0,13 0,12 

19 0,22 0,21 0,19 0,18 0,16 0,15 0,14 0,13 

20 0,24 0,22 0,21 0,19 0,18 0,16 0,15 0,14 

21 0,26 0,24 0,22 0,21 0,19 0,18 0,16 0,15 

22 0,28 0,26 0,24 0,23 0,21 0,19 0,18 0,16 

23 0,31 0,29 0,27 0,25 0,23 0,21 0,20 0,18 

24 0,34 0,32 0,30 0,28 0,26 0,24 0,22 0,20 

25 0,38 0,35 0,33 0,30 0,28 0,26 0,24 0,22 

26 0,42 0,39 0,37 0,34 0,32 0,29 0,27 0,24 

 

The prediction matrices confirm that a density separation of particles is possible, given that the 

particles are of the same size and shape. To separate the particle by size the tables above are 

used to estimate an “optimal” separation airflow velocity which can be used to achieve the size 

separation. Tables 6.3-7 to 6.3-9 are sections taken from the prediction matrices which will be 

used to explain the selection of the optimal airflow velocity. 
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Table 6.3-7: Reduced 2 mm tracer displacement matrix in cm. 

Airflow velocity 

(m·s-1) 

Particle density 

(kg·m-3) 

 1300 1400 1500 1600 1800 2000 

18 67 55 54 53 50 45 

20 84 70 68 66 62 56 

22 101 84 82 79 75 68 

24 121 101 98 95 89 81 

 

Table 6.3-8: Reduced 4 mm tracer displacement matrix in cm. 

Airflow velocity 

(m·s-1) 

Particle density 

(kg·m-3) 

 1300 1400 1500 1600 1800 2000 

18 33 29 27 26 23 20 

20 42 37 35 33 29 26 

22 52 45 42 40 36 33 

24 62 54 51 48 43 39 

 

Table 6.3-9: Reduced 6 mm tracer displacement matrix in cm. 

Airflow velocity 

(m·s-1) 

Particle density 

(kg·m-3) 

 1300 1400 1500 1600 1800 2000 

18 21 19 18 16 14 12 

20 24 22 21 19 16 14 

22 28 26 24 23 19 16 

24 34 32 30 28 24 20 
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By examining the matrices,  the best separation starts to occur at an airflow velocity in the range 

of 20 m·s-1 to 22 m·s-1, and by taking into account the trend that was noted in Figures 6.1-9 and 

6.1-10 in Chapter 6, the lowest airflow velocity at which separation occurs is deemed sufficient. 

The 20 m·s-1 to 22 m·s-1 airflow velocities (highlighted in all three tables) shows the best promise 

for effective separation, this is because of the following: 

 At 20 m·s-1 the lowest possible displacement is that of the 6 mm particle with the highest 

density (2000 kg·m-3); thus from Table 6.3-9 the displacement is 0.14 m, this sets the 

lowest limit. The farthest a 6 mm particle can be displaced at an airflow velocity of 20 m·s-

1 is 0.24 m, which is the displacement for a particle with a density of 1300 kg·m-3. 

 If the same procedure is followed for the 4 mm and 2 mm particles the following 

displacement values are obtained:  

 4 mm – lowest 0.26 m and highest 0.42 m. 

 2 mm – lowest 0.56 m and highest 0.84 m. 

 From these values it is seen that where the one size range displacement ends the next 

one begins, indicating that between 20 and 22 m·s-1, effective size separation could be 

achieved if the separation sections in the bottom of the separation unit is set at 0.25 m 

and 0.43 m. 

The same procedure can be followed to examine the other airflow velocities such as 18 m·s-1; 

however, there is a crossover between the maximum displacement of one size and the minimum 

displacement of the next size and so this airflow cannot be used to separate particles by size. 

Selecting a higher airflow velocity indicated that separation can be achieved but once again the 

data from the simulation indicated that after sufficient separation is achieved the separation does 

not improve (with an increase of airflow velocity) the displacement only increases. This effect can 

be seen in the next section when the displacement predictions are converted into graphical results 

to indicate the impact of airflow velocity on the particle displacement and ultimately on the 

separation of particles.  

Table 6.3-10 shows the end result for the tracer test where the performance of the separation unit 

is tested by attempting to predict specific density cut-points. Two target cut-points are selected 

and the wedges are placed at the predicted distances (using the prediction matrices). 
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Table 6.3-10: Performance data for the separation of 6 mm tracer particles. 

Target cut point 1500 kg.m-3 1700 kg.m-3 

Calculated cut point 1580 kg.m-3 1720 kg.m-3 

Wedge position 0.23 m 0.20 m 

Yield (by number of tracers) 42.2 % 58.7 % 

EPM 0.16 0.17 

 

As shown in table 6.3-10 two density cut-points were selected, 1500 kg.m-3 and 1700 kg.m-3. The 

wedges are placed at 0.23 m and 0.20 m respectively and the experiment was conducted. The 

actual cut-point density (calculated theoretically) shows some deviation from the prediction (target 

cut-point); however, the difference is insignificant for both the density predictions. The yield and 

EPM values are not favourable but fall within an average range for dry processes as stated in 

Chapter 2. This indicates that there is still room for improvement and optimization in either the 

method or the unit itself. However, the overall results indicate that it may be possible to predict a 

specific cut-point with some degree of accuracy by using the prediction matrices. 

6.3.2 Graphical result  

The recorded data was used to construct several graphs that indicate the particle displacement 

as a function of airflow velocity. Figures 6.3-2 to 6.3-4 show the displacement for the 2, 4 and 6 

mm particles (for all densities) at different airflow velocities. 

 

Figure 6.3-2: 2 mm tracer particle displacement. 
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As seen in Figure 6.3-2 the 2 mm particles almost follow a linear trend, as the airflow velocity 

increases the particle displacement increases as well. Almost all the different densities follow the 

same trend with very little distance between particles of different densities, the only outlier is the 

particles with the lowest density which does not follow the same pattern as the others.  

 

Figure 6.3-3: 4 mm tracer particle displacement. 

Similar to the 2 mm displacement results the 4 mm particles all follow the same trend except for 

the lowest density; however, at higher velocities, particles of different densities appear to be 

moving further apart indicating an increase in the displacement differential. 

 

Figure 6.3-4: 6 mm tracer particle displacement. 

The 6 mm displacement is the only one out of the three that shows all the densities following the 

same trend with an increase in airflow velocity, and with the 6 mm displacement the separation 

of particles appear to take place at lower airflow velocities unlike with the smaller particle sizes. 
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The figures above represent the displacement data for a very difficult separation with a variety of 

densities all within a very narrow range, and by simply looking at the figures it does not seem 

possible to separate the particles. Figures 6.3-5 and 6.3-6 show what can be expected if the same 

particles are used but the separation is easier. The 4 mm particles will be used to demonstrate 

the outcome if the easier separation (less near-density particles) were to be done by the same 

system. 

 

Figure 6.3-5: 4 mm tracer displacement (decreased difficulty) 

Inspecting Figure 6.3-5, the first noticeable difference is that the particles can be distinguished 

from one another, the trends are still the same but because the separation difficulty is decreased, 

the method shows even more promise. As the airflow is increased the separation becomes clearer 

and it is possible to separate the particles by density. If the difficulty is decreased even further 

where only a high-density particle must be separated from a low-density particle, the following is 

observed. 

 

Figure 6.3-6: 4 mm tracer displacement (favourable separation) 
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As seen in Figure 6.3-6, separation of these two densities is more favourable and can be achieved 

even at low airflow velocities, there is a clear distinction between the two paths and here it can 

once again be seen that even if the airflow is increased it is not likely to improve the separation, 

it merely increases the displacement of the particles. 

Further investigation was done into the separation of the tracer particles by using the prediction 

matrices. The separation chamber was set up as shown in Chapter 4 and the test was conducted 

to determine the accuracy and validity of the prediction matrices. Over 1000 particles of each size 

(varying in density from 1300 – 2000 kg·m-3) were entered into the separation unit at the 

suspected optimal airflow velocity range of 20 – 22 m·s-1. After the run was completed each 

section was examined individually and the tracers in each section were counted to record the 

displacement data. The results in this section are based on the number of tracers per separation 

section and not the mass of the particles in each section. Figure 6.3-7 indicates the overall particle 

size in each section of the separation unit. 

 

Figure 6.3-7: Multiple density size separation (tracers) 

As seen in Figure 6.3-7, most of the 6 mm tracers reported to the first section closest to the inlet 

while most of the 2 mm tracers reported to the farthest section of the chamber as expected. The 

4 mm tracers (although mostly reporting to the second section) have some misplaced particles in 

both the 1st and 3rd section. To explain the misplacement of particles and to understand the 

underlying cause, the density distribution within each section was inspected. Figures 6.3-8 to 6.3-

10 show the findings. 



R e s u l t s  a n d  d i s c u s s i o n   P a g e  |  8 0  

80 

 

Figure 6.3-8: Density distribution per separation section (2 mm tracer particles). 

Figure 6.3-8 shows the density distribution for the 2 mm particles across all 3 sections. Section 3 

(as seen in Figure 6.3-7) contains the most 2 mm particles; however, by looking at the density 

distribution in Figure 6.3-8, most of the low-density particles report to the 3rd section, but as the 

density increases the particles start to get misplaced. The highest density particles report mostly 

to section 2 while there is some overlap between sections 2 and 3 for the mid-range densities. 

This would suggest that the separation is not perfect and some degree of overlap can be 

expected, even when using the “optimal” airflow. This could also be due to irregularity in the 

airflow causing some particle displacement inconsistency. 

 

Figure 6.3-9: Density distribution per separation section (4 mm tracer particles). 

Figure 6.3-9 represents the 4 mm tracer distribution across all 3 sections and in this case, 

something different is observed. The lower density particles are misplaced to section 3 while the 

high-density particles are misplaced to section 1, the mid-range density particles all report to the 

correct section once again indicating that there is some overlap between the sections.  
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The overlap is most likely caused by the force of the air acting on the particles. As the airflow 

fluctuates and the turbulent air interacts with the particle, the force that drives the displacement 

changes. As the force changes the displacement starts to stray from the predicted value. 

 

Figure 6.3-10: Density distribution per separation section (6 mm tracer particles). 

Similar to Figure 6.3-8, the 6 mm particles are misplaced to one other section; however, in this 

case, it takes place in the opposite direction of the 2 mm particles. The high-density and mid-

range density particles mostly report to section 1, while the low-density particles pass over to 

section 2 and cause some overlap between the 2 sections. Overall, the size separation appears 

to be successful even with the overlapping particles. Most of the particles report to the correct 

section as predicted by the matrices.  

The density separation is also further tested with the 6 mm particles, the aim was to use the 

prediction matrices to predict a specific density cut-point. Two density cut-points were selected 

and the data obtained from this test at 21 m·s-1 airflow velocity is shown below. 

The first selected cut-point is set at 1500 kg·m-3, the separation is predicted to take place at 0.21 

m according to the 6 mm prediction matrix. Figure 6.3-11 shows the partition curve (by the amount 

of particles) for this density separation.  

Figures 6.3-11 and 6.3-12 were constructed as part of the final tracer tests validation (also 

described and shown in Table 6.3-10) that aimed to predict a specific density cut point. These 

figures show the partition data obtained from the separation experiments. 
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Figure 6.3-11: Partition curve - target cut point 1500 kg·m-3 (6 mm particle) 

 

Figure 6.3-12: Partition curve - target cut point 1700 kg·m-3 (6 mm particle) 

Both Figures 6.3-11 and 6.3-12 indicate a poorer separation which resulted in the higher EPM 

values shown in Table 6.3-10. The ideal curve represents the theoretical separation curve and 

serves as a trend line, indicating the effectiveness of the separation.  
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The actual data line is the recorded data obtained from the separation experiment. As seen in 

both figures the product contains high percentages of low-density particles (below the cut-points) 

and low percentages of high-density particles, the problem; however, is noted at the near-dense 

material surrounding the cut point where both figures indicate a large fluctuation. 

The tracer results indicate that the separation of particles by size and density is possible and that 

it is also possible to predict the cut point for a specific size class with some accuracy. 

6.4 Coal 

The final validation of the method is to test the separation of coal and see whether or not a similar 

result is obtained. The prepared sample as described in Chapter 5 was used to obtain the results 

that are discussed in this section. 

6.4.1 Tabulated displacement data 

Similar to the tracer test, coal particles of different sizes were fed into the separation chamber 

and the first separation (by size) was tested. The analysis of the first run revealed that the coal 

particle displacement differs from that of the tracers, coal particles were displaced at least twice 

as far as the tracer particles. The proposed reason for this (although unconfirmed) is that the 

shape of the particles influences the displacement. By using the compactness of the particles as 

a measure of shape, the selected coal particles have a compactness of 0.65 meaning it is neither 

flat nor round. Whilst cube-shaped tracers have compactness of 0.78 leaning more towards the 

round side. The theory (which is to be tested at a later stage) led to the reconstruction of the 

prediction matrices, and the original matrices had to be multiplied by a factor of 2 in order to 

achieve separation (as observed by the coal particle displacement in the unit). The newly 

calculated coal separation prediction matrices are shown in Tables 6.4-1 to 6.4-3. 
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Table 6.4-1: 2 mm coal displacement adjusted prediction matrix in cm. 

Airflow velocity 

(m·s-1) 

Density 

(kg·m-3) 

 1300 1400 1500 1600 1700 1800 1900 2000 

12 53 44 43 42 41 40 38 36 

13 64 53 52 51 50 49 46 44 

14 75 62 61 60 59 58 55 51 

15 87 72 71 70 68 67 63 60 

16 101 84 82 81 79 77 73 69 

17 116 96 94 92 90 88 83 79 

18 133 110 108 105 103 100 95 90 

19 151 125 122 119 115 112 106 101 

20 168 139 135 132 128 124 118 112 

21 185 154 150 145 141 136 130 124 

22 202 168 163 159 154 149 142 135 

23 222 184 179 174 168 163 156 148 

24 242 201 195 190 184 178 170 162 

25 263 218 212 206 200 194 185 176 

26 283 236 229 222 215 208 198 189 
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Table 6.4-2: 4 mm coal displacement adjusted prediction matrix in cm. 

Airflow velocity 

(m·s-1) 

Density 

(kg·m-3) 

 1300 1400 1500 1600 1700 1800 1900 2000 

12 28 25 24 24 23 22 21 20 

13 33 29 28 27 25 24 23 21 

14 38 33 31 30 28 26 25 23 

15 43 37 35 33 31 29 27 26 

16 50 43 41 39 36 34 32 30 

17 57 50 48 45 43 40 38 35 

18 66 57 54 51 48 45 43 40 

19 75 65 62 59 55 52 49 46 

20 85 73 69 66 62 58 55 52 

21 94 82 78 74 70 66 63 59 

22 103 89 85 81 76 72 69 65 

23 113 98 93 89 84 79 75 71 

24 124 107 102 97 91 86 82 78 

25 134 116 110 105 99 93 89 84 

26 145 125 119 113 106 100 95 90 
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Table 6.4-3: 6 mm coal displacement adjusted prediction matrix in cm. 

Airflow velocity 

(m·s-1) 

Density 

(kg·m-3) 

 1300 1400 1500 1600 1700 1800 1900 2000 

12 31 28 25 24 23 22 21 20 

13 35 31 28 26 25 24 23 21 

14 39 36 33 30 28 26 25 24 

15 41 38 35 33 30 28 27 25 

16 45 41 38 35 33 30 28 26 

17 48 44 40 38 35 33 30 28 

18 51 48 44 41 38 35 33 30 

19 55 51 48 44 40 38 35 33 

20 60 56 51 48 44 41 38 35 

21 65 60 55 51 48 44 41 38 

22 70 65 60 56 53 48 44 40 

23 78 73 68 63 58 53 49 45 

24 85 80 75 69 64 59 54 49 

25 94 88 81 76 70 65 59 54 

26 105 98 91 85 79 73 66 60 

 

The recalculated prediction matrices work in the same manner as described in section 6.3.1 

above, the only difference is that the displacement values in these matrices are greater than the 

initial matrices. Using these new predictions a new separation experiment was conducted. The 

end result of the separation experiment is collected in the figures displayed in the next section as 

well as the data shown in Table 6.4-4. 

Table 6.4-4: Performance data for the separation of 6 mm coal particles. 

Target cut point 1400 kg·m-3 1500 kg·m-3 

Actual cut point 1370 kg·m-3 1480 kg·m-3 

Wedge position  0.60 m 0.55 m 

Yield (by number of particles) 55.56 % 71.74 % 

EPM 0.117 0.099 
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As with the tracers, a density cut-point prediction was tested based on the wedge positions 

indicated in the prediction matrices. The selected density cut points for the coal test were set low 

to determine if the method can be used to achieve separation at very low cut points. The selected 

cut points were set at 1400 kg·m-3 (0.6 m wedge position) and 1500 kg·m-3 (0.55 m wedge 

position). Table 6.4-4 indicates that the wedge position, for a density cut-point of 1500 kg·m-3 coal 

particles, is double what was previously predicted for the tracers; however, the yield and EPM 

values for the separation of the coal particles show great improvement from the tracer test results. 

The 1500 kg·m-3 cut-point reached  a yield of 71.74 % at a relatively low EPM value of 0.099, 

which is an improvement from  the 58.6 % yield and 0.17 EPM value obtained during the tracer 

test. The calculated cut points also differ less from the actual cut points which indicate that the 

prediction can be made with a higher degree of accuracy.  

6.4.2 Graphical result 

The tracer test set the standard for the size and density separation of particles smaller than 6 

mm, and for the method to be confirmed as valid, the same pattern must be observed from the 

results of the coal tests. Due to the increase in the displacement of the coal particles, only the 4 

mm and 6 mm particles are used for the size separation experiment, as the displacement for the 

2 mm particles falls outside of the boundaries of the chamber at an airflow velocity of 21 m·s-1. 

Figures 6.4-1 to 6.4-3 illustrate the results obtained from the coal separation. 

 

Figure 6.4-1: Multiple density size separation (coal). 
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As seen in Figure 6.4-1 most of the 6 mm particles reported to the first section of the chamber (< 

0.36m) with some passing over to the second section (>0.36 m). The 4 mm particles mostly 

reported to the furthest section (section 2) with some particles reporting to the first section. The 

distribution is similar to what was observed with the tracer test, a clear size separation between 

particles can be achieved with very little overlap between sections. Similar to the tracers, the 

overlap is caused by the density of the particles, where low density, 6 mm, particles move over to 

section 2 and high density, 4 mm, particles fall short and report to section 1. The main suspected 

factor causing the overlap is the fluctuating airflow, which, as explained earlier causes the force 

acting on the particle to be inconsistent and as a result, the separation is affected. 

Figures 6.4-2 and 6.4-3 are the graphical representations of the results obtained from the density 

cut-point prediction experiments, these partition curves serve as indicators for the separation 

efficiency and support the data set out in Table 6.4-4. 

 

Figure 6.4-2: Partition curve - target cut point 1400 kg·m-3 (6 mm particle) 

 



R e s u l t s  a n d  d i s c u s s i o n   P a g e  |  8 9  

89 

 
 

Figure 6.4-3: Partition curve – target cut point 1500 kg·m-3 (6 mm particle) 

The two partition curves exhibit the same behaviour as seen with the partition curves obtained 

from the tracer test results. The ideal curve is the trend line (theoretically calculated) and the 

actual data scattered around the ideal curve is the data obtained from the experiment. The actual 

data is closely scattered around the ideal curve which indicates that under more ideal 

circumstances, such as a non-fluctuating laminar airflow, the data can move even closer to the 

ideal separation curve. The 1500 kg·m-3 cut-point prediction displayed in Figure 6.4-3 shows a 

better distribution of the actual data and this is also the curve that produced the best separation 

with a lower EPM value. 
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Chapter 7 

SUMMARY, CONCLUSION AND RECOMMENDATIONS 

The following summary contains the key elements examined and discussed during this study. 

The main focus was to investigate the viability of the winnowing method and to prove that the 

method can be used to beneficiate fine coal. Coal is important, not only to South Africa but as a 

worldwide resource. South Africa’s good-quality coal resources are depleting and an alternative 

source of good-quality coal needs to be investigated. Fine coal (if properly beneficiated) can be 

used to supplement the shortage of good-quality coal that South Africa is currently experiencing. 

Fine coal beneficiation is largely dominated by wet processes and with the current water shortage 

that South Africa is facing, the beneficiation of fine coal is becoming difficult. Dry separation of 

coal has been investigated on several occasions; however, most dry coal beneficiation processes 

are still in the developmental phases and mostly beneficiate +6 mm coal particles. Winnowing is 

a new approach to dry beneficiation and although it has been investigated before the results were 

still inconclusive especially for fine coal. 

7.1 Summary  

The technique of winnowing was tested using three methods: modelling – to test the basic 

principle of the method and design a separation chamber, CFD simulation – to virtually simulate 

and test the separation and to confirm the findings of the model and experiments – both tracer 

and coal experiments to confirm the results obtained by the model and simulation, and prove the 

validity of the method. The following is a brief summary of the study:  

7.1.1 Behavioural model 

 The model is set up using the basic equations of motion.  

 The results obtained from the model indicate that the separation of particles by density is 

possible. 

 The model provided the initial parameters for the design of the separation chamber and 

an initial airflow velocity range to use in the simulation. 
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7.1.2 Design 

 The design is based on the findings of the model and the separation chamber was 

constructed to accommodate the displacement of all the particle classes.  

 The initial design consisted of a basic setup to prove the method, which can be optimised 

and improved at a later stage. 

7.1.3 Simulation 

 The simulation was developed in Star CCM + using parameters and conditions found in 

literature and obtained from the results of the model. 

 The simulation confirmed the findings of the model and visually illustrated the 

displacement of the particles. 

 The simulation also indicated several possible problems pertaining to the airflow patterns 

at the bottom of the separation chamber. 

7.1.4 Smoke test 

 A smoke machine was connected to the separation chamber and the chamber was filled 

with smoke to investigate the airflow patterns within the chamber. 

 The airflow pattern (also shown by the simulation) was confirmed with a smoke test. The 

airflow within the chamber indicated that backflow was present and that several “eddies” 

start to form at the far end of the unit, which could influence the separation efficiency of 

the method. 

7.1.5 Tracer experiments 

 The tracer test was conducted using cube-shaped tracers with varying sizes and densities. 

 The results obtained from the tracer test confirm that separation by both size and density 

is possible. However, due to non-ideal conditions, the results were not the same as the 

results obtained from the model and the simulation. 

 The original prediction matrices were constructed using the tracer test results and these 

matrices form the basis for the method of winnowing. 

7.1.6 Coal experiments 

 The coal used for the experiment was vitrinite-rich coal from Moatize in Mozambique, 

because of the low average density of the coal population. 
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 The sample was prepared using the RhoVol analyser at DebTec to mimic the tracer 

particles.  

 The initial coal test did not conform to the predicted displacement (as set out by the 

displacement matrices), and the displacement prediction matrices had to be recalculated 

to be used for the coal particles. 

 After the adjustment, the coal experiments confirmed that separation is possible and 

enough data was collected to conclude that the method was sufficiently and thoroughly 

tested. 

7.2 Conclusion  

The model initially indicated that a density separation could be achieved between particles with a 

similar size, although constructed using ideal assumptions such as laminar flow it was used as a 

predictor for what could be expected from the study. The model indicated that the region in which 

the separation takes place is turbulent in nature due to the high Reynolds numbers and this 

information was transferred to the simulation to make it more accurate. The model further 

indicated that the best separation occurs at airflow velocities within the range of 20 m·s-1 to 24 

m·s-1 and that the displacement of the particles (all sizes and densities) for these airflow velocities 

are in the range of 0 – 1.2 m, which formed the basis of the design.  

Comparing the results from the simulation to the model, the displacement of the particles are 

similar. The displacement predicted by the model was confirmed by the simulation and although 

both of these methods use very ideal conditions and assumptions, both serve as initial indicators 

that the method could be used to separate fine coal. The simulation provided the first indication 

of the size sensitivity of the method and this led to the development of a two-stage separation 

approach in order to achieve a better density separation. 

The results obtained from the tracer tests were compared to the simulation results and after the 

comparison, it was concluded that the data did not match. This was to be expected due to the 

non-ideal conditions present in the actual separation chamber that was not accounted for during 

the simulation.  The results; however, did indicate that separation by size and density is   possible 

when using the winnowing method and that it is further possible to predict the density cut points 

with some degree of accuracy. 

 

 



S u m m a r y ,  c o n c l u s i o n  a n d  r e c o m m e n d a t i o n s

  P a g e  |  9 3  

93 

The tracer test obtained EPM values of 0.17 and 0.16 which are above the 0.04 traditionally 

obtained by a wet process; however, these values are similar to those obtained by other dry 

processes indicating that the method works and can possibly compete with current dry 

beneficiation methods.  

When comparing the coal test results to the rest of the data obtained, the following conclusions 

can be made: 

 The displacement of the coal particles is much larger than that of the tracers, this can most 

likely be as a result of the shape of the particle. 

 Even though the displacement is different - the coal separation experiment delivered 

similar results to that of the tracer test. With an adequate separation between size classes 

and density classes of the coal particles. 

 The EPM values obtained (0.11 and 0.09) were below the expected prediction of the tracer 

test and moved closer toward the goal of 0.03, indicating a more efficient separation 

 The yield at a density cut-point of 1500 kg·m-3 was much improved with the coal test 

increasing to 71.74 % from the previously obtained 58.6 % during the tracer test. 

 The accuracy of the cut point prediction also improved with the coal test and the difference 

between the prediction and the calculated cut point became smaller than 20 kg·m-3.  

Overall, the coal test performance was acceptable surpassing all of the predictions and 

expectations that were set throughout this study. The coal test was the final indicator that 

separation is possible and with the data obtained it can be concluded that winnowing can be used 

as a dry beneficiation method for fine coal. 

Herein the method of winnowing was proven to work although there are some factors that 

influenced the results. These factors include fluctuating airflow, dust formation, breakage of the 

particles and even particle shape. If these factors can be improved or better understood, the 

method could possibly deliver a better result. 
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7.3 Recommendations 

The method is not without its shortcomings, and all parts of the study (model, design and method) 

can be further improved by making several adjustments.  

The first and most important is to stabilise the airflow. The fluctuations in the airflow cause the 

force acting on the particles to be inconsistent, resulting in false displacement. If the airflow is 

altered to be laminar instead of the current turbulent flow, this could improve the stability of the 

separation and lead to higher separation efficiencies. 

The recommended approach for this problem is to add screens at the airflow inlet in an attempt 

to evenly distribute the air flow patterns and create less turbulence. Theoretically, the airflow 

patterns should start to even out and although this will not necessarily create ideal laminar flow, 

it should suppress some of the turbulence. 

The second issue that needs to be dealt with is dust. One of the major problems with coal fines 

is dust and with a process such as winnowing where air is added to a system, dust generation 

can be an issue. In an attempt to suppress the dust it can be considered to convert the winnowing 

unit to suction, this would mean that instead of a force pushing the particle (as with a blower inlet) 

the particle will be pulled towards the other end of the unit (with suction). In addition, an air cyclone 

can be added to the suction side to collect and separate any -1 mm particles (adding an additional 

beneficiation step to the method). The cyclone should be designed to fit the winnowing unit and 

the suction can be supplied using any equipment as long as the suction force is sufficient. 

It is further recommended that the following be reinvestigated to provide more insight and an even 

better understanding of the method. 

 The model – adding lift forces and backflow to the equations as well as investigating the 

drag force created by the parallel wall movement of the particle. 

 The simulation – adding less ideal assumptions and conditions to the simulation to 

improve the accuracy and determine if it is possible to develop  less turbulent flow. Also 

to investigate the possibility of implementing the suction. 

 The tracer and coal test – investigating the effect of shape on the particle displacement to 

see what the difference is and how to reach a compromise when implementing this method 

to a wider range of particles with different shapes. 

 Particle breakage – it was noted that there is some breakage during the separation and it 

is recommended that the breakage be examined as this would influence the separation, 

especially during the stage 1 separation where size is the target characteristic. 
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 The design – changing the geometry of the winnowing unit could influence the outcome 

of the separation. The design used for this experiment was a very basic concept and has 

room for some improvement. 

Implementing these concepts and ideas could improve the method and increase separation 

efficiency. 
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Chapter 8 

FUTURE WORK 

8.1 Single winnowing unit further investigation 

Future work for the winnowing method does not only include the optimisation and improvement 

of the current winnowing unit but it also the investigation and implementation of several new 

concepts and designs. 

The single winnowing unit will be tested for alternative particle inlet configurations, in which the 

particle will be introduced into the airflow prior to entering the chamber. This is in attempt to 

eliminate the effect of the turbulence by accelerating the particle and then shooting it out into the 

separation chamber as a projectile. With this approach, the particles should theoretically have the 

same starting acceleration and will separate based on their size and density. This separation can 

possibly take place at lower airflow velocities; however, it also has the risk of increasing the 

breakage within the chamber due to the higher impact velocity.   

The air inlet will also be investigated further to determine the proper configuration in terms of 

shape (round, square or rectangular), size (10 mm to 100 mm), and angle (0° to 45°). These 

concepts have been selected because they are most likely to influence the displacement of the 

particles.  

The shape of the inlet will most likely influence the airflow pattern and velocity at the inlet section 

of the chamber. Consequently, a taper could also be considered to reduce the wall effects and 

help distribute the air more evenly. 

The concept of having the air inlet at an angle to create an upward force to lift the particles can 

also be investigated as this would influence the particle displacement. This could improve 

separation, but the separation chamber has to be redesigned to accommodate the new lift. 

The dimensions of the winnowing unit will also be further investigated to see what effect the 

surrounding walls may have on the airflow and the particle. The original chamber was 0.1 m wide, 

this can be changed to 0.05 m or even 0.01 m to investigate and find an optimal at which no space 

is wasted but the separation is not hindered. 
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Converting the winnower to suction as suggested in the recommendations. This will be further 

tested in an attempt to eliminate the dust problem and further improve the method. 

A particle shape investigation will also be undertaken to establish the effect thereof on the 

separation of the coal particles. This will be done by using the RhoVol analyser’s compactness 

setting as a base and testing coal particles of varying compactness (with the winnowing method)  

to determine their displacement. 

Different qualities of coal will also be tested to ensure that the method and the matrices can be 

applied to any South African coal, at least three to five different qualities of coal will be 

investigated. The future work, stated above, will be done in parallel with the plans to construct a 

demonstration unit as outlined in the next section. 

8.2 Demonstration plant 

The concept of winnowing has been proven to work on a single separation unit; however, the idea 

is to expand the method to a fully functional, modular process which can be implemented on any 

site. Figure 8.2-1 shows the initial design concept for the modular winnowing process. 

 

Figure 8.2-1: Winnowing demonstration Plant. 
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As seen from the figure the process will consist of 3 sections, the first will be dust extraction to 

eliminate any -2 mm particles, the second will remove all +2 -4 mm particles and the final stage 

will consist of the +4 -6 mm particles. Within each section, a second size separation will take 

place, for example in the last section the +4 -6 particles will be sorted into 2 size classes. Then 

the sorted size classes are re-sorted according to density in the final step. This is done to obtain 

various products of different densities. 

This process is to be constructed and commissioned for further experiments and will be the 

culmination of the research that has been completed on the method of winnowing to date.  
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ANNEXURE A 

2 mm supplementary model results.  

Model results for densities ranging from 1400 kg·m-3 to 1900 kg·m-3 at an airflow velocity of 21 

m·s-1. 

 

 

 

Figure 8.2-1: 2 mm particle behaviour at 21 m·s-1 airflow for densities from 1400 kg·m-3 to 1900 
kg·m-3 
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4 mm supplementary model results. 

Model results for densities ranging from 1400 kg·m-3 to 1900 kg·m-3 at an airflow velocity of 21 

m·s-1. 

 

 

 

Figure 8.2-2: 4 mm particle behaviour at 21 m·s-1 airflow for densities from 1400 kg·m-3 to 1900 
kg·m-3 
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6 mm supplementary model results. 

Model results for densities ranging from 1400 kg·m-3 to 1900 kg·m-3 at an airflow velocity of 21 

m·s-1. 

 

 

 

Figure 8.2-3: 6 mm particle behaviour at 21 m·s-1 airflow for densities from 1400 kg·m-3 to 1900 
kg·m-3 

 

The figures above supplement the results displayed in Chapter 6 Section 6.1, and these results 

are the graphical representations of the values displayed in Tables 6.1-5 to 6.1-7 
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ANNEXURE B 

2 mm supplementary simulation results.  

Simulation results for particles with a density of 1300 kg·m-3 and 2000 kg·m-3 at airflow velocities 

ranging from 10 m·s-1 to 30 m·s-1. 

  

Figure 8.2-4: 2 mm simulation displacement at 10 m·s-1 (1300 kg·m-3 & 2000 kg·m-3). 

 

 

 

Figure 8.2-5: 2 mm simulation displacement at 20 m·s-1 (1300 kg·m-3 & 2000 kg·m-3). 
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Figure 8.2-6: 2 mm simulation displacement at 30 m·s-1 (1300 kg·m-3 & 2000 kg·m-3). 

 

4 mm supplementary simulation results.  

Simulation results for particles with a density of 1300 kg·m-3 and 2000 kg·m-3 at airflow velocities 

ranging from 10 m·s-1 to 30 m·s-1. 

 

Figure 8.2-7: 4 mm simulation displacement at 10 m·s-1 (1300 kg·m-3 & 2000 kg·m-3). 
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Figure 8.2-8: 4 mm simulation displacement at 20 m·s-1 (1300 kg·m-3 & 2000 kg·m-3). 

 

 

 

 

 

Figure 8.2-9: 4 mm simulation displacement at 30 m·s-1 (1300 kg·m-3 & 2000 kg·m-3). 
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6 mm supplementary simulation results.  

Simulation results for particles with a density of 1300 kg·m-3 and 2000 kg·m-3 at airflow velocities 

ranging from 10 m·s-1 to 30 m·s-1. 

 

Figure 8.2-10: 6 mm simulation displacement at 10 m·s-1 (1300 kg·m-3 & 2000 kg·m-3). 

 

 

 

Figure 8.2-11: 6 mm simulation displacement at 20 m·s-1 (1300 kg·m-3 & 2000 kg·m-3). 
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Figure 8.2-12: 6 mm simulation displacement at 30 m·s-1 (1300 kg·m-3 & 2000 kg·m-3). 

 

The figures above supplement the results displayed in Chapter 6 Section 6.2, and these results 

are the graphical representations of the values displayed in Tables 6.2-1 to 6.1-3. 
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ANNEXURE C 

Size class allocation for coal particles as prepared by the RhoVol analyser. 

Table 8.2-1: Size allocation (RhoVol analyser). 

Size class Density 
(kg·m-3) 

Amount of particles 
Mass in density class 

(g) 

+3.0 to -3.5 1200 66 1.6 

 1300 51 1.4 

 1400 18 0.5 

 1500 3 0.1 

 1600 0 0.0 

 1700 2 0.1 

 1800 0 0.0 

 1900 0 0.0 

 2000 0 0.0 

 2100 0 0.0 

+3.5 to -4.0 1200 114 4.0 

 1300 94 3.6 

 1400 28 1.2 

 1500 7 0.3 

 1600 2 0.1 

 1700 0 0.0 

 1800 0 0.0 

 1900 0 0.0 

 2000 0 0.0 

 2100 0 0.0 
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Table 8.2-1 continued 

Size class Density 
(kg·m-3) 

Amount of particles 
Mass in density class 

(g) 

+4.0 to -4.5 1200 98 4.7 

 1300 63 3.6 

 1400 21 1.3 

 1500 2 0.1 

 1600 0 0.0 

 1700 0 0.0 

 1800 1 0.0 

 1900 2 0.1 

 2000 0 0.0 

 2100 0 0.0 

+4.5 to -5.0 1200 63 4.4 

 1300 52 4.0 

 1400 13 1.1 

 1500 2 0.2 

 1600 2 0.2 

 1700 0 0.0 

 1800 0 0.0 

 1900 1 0.1 

 2000 0 0.0 

 2100 2 0.3 

+5.0 to -5.5 1200 41 3.9 

 1300 50 5.5 

 1400 15 1.8 

 1500 1 0.2 

 1600 0 0.0 

 1700 0 0.0 

 1800 0 0.0 

 1900 0 0.0 

 2000 0 0.0 

 2100 0 0.0 
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Table 8.2-1 continued 

Size class Density 
(kg·m-3) 

Amount of particles 
Mass in density class 

(g) 

+5.5 to -6.0 1200 45 5.6 

 1300 47 6.6 

 1400 15 2.1 

 1500 2 0.3 

 1600 0 0.0 

 1700 1 0.2 

 1800 0 0.0 

 1900 1 0.3 

 2000 0 0.0 

 2100 0 0.0 

+6.0 to -6.5 1200 26 4.4 

 1300 37 7.0 

 1400 12 2.4 

 1500 5 1.0 

 1600 0 0.0 

 1700 0 0.0 

 1800 0 0.0 

 1900 0 0.0 

 2000 0 0.0 

 2100 0 0.0 

+6.5 to -7.0 1200 1 3.8 

 1300 23 5.3 

 1400 13 3.3 

 1500 1 0.4 

 1600 0 0.0 

 1700 1 0.2 

 1800 0 0.0 

 1900 0 0.0 

 2000 0 0.0 

 2100 0 0.0 
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Table 8.2-1 continued 

Size class Density 
(kg·m-3) 

Amount of particles 
Mass in density class 

(g) 

+7.0 to -7.5 1200 11 2.6 

 1300 12 3.4 

 1400 4 1.2 

 1500 2 0.7 

 1600 1 0.3 

 1700 0 0.0 

 1800 0 0.0 

 1900 0 0.0 

 2000 0 0.0 

 2100 0 0.0 

+7.5 to -8.0 1200 9 2.9 

 1300 13 3.9 

 1400 6 2.4 

 1500 1 0.5 

 1600 1 0.4 

 1700 0 0.0 

 1800 0 0.0 

 1900 0 0.0 

 2000 0 0.0 

 2100 0 0.0 

 

 

 

 

 


