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Abstract 

The study herein was focused on the deashing of coal fines by the use of a Knelson concentrator. 
The coal fines are difficult to recover with the conventional processes due to a lower size limit. 
i.e. Spiral concentrator cannot efficiently recover coal particles less than 0.15 mm. Flotation is 
commonly used to recover coal in the size range of -0.15 + 0.045 mm. However, there are 
challenges around flotation because very small particles have a low chance of colliding with the 
air bubbles. The ability of a Knelson concentrator to process ultrafine particles (38 μm) can be 

very helpful if it can effectively upgrade coal.  

A Knelson concentrator, KC-MD3 batch model was used to conduct the tests with three different 
coal samples. Each sample was passed through the Knelson concentrator five times, removing 
the tailings each time, and the grade (ash percentage) was determined at different recoveries. 
With this project, it was discovered that a Knelson concentrator can indeed deash coal fines. 
Ash content of cyclone U/F (Top size 2 mm) was reduced from 26.59 to 19.96%. While with the 
filter cake samples, ash was reduced from 34.27 to 32.21% and from 38.08 to 35.67% for filter 
cake 1 and 2 respectively. Therefore, a Knelson concentrator was found to have the ability to 
upgrade coal fines.   

Keywords: Knelson concentrator, Coal fines, Coal mineralogy and properties, Centrifugal 
processing  
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1 Introduction 
A lot of coal fines are generated during the crushing, screening and washing processes. 
Currently, it is difficult to successfully recover these coal fines. Conventional gravity processes 
generally have poor efficiencies in treating coal less than 1mm. The centrifugal separators have 
been proved to be the better route for processing these coal fines (Uslu, Sahinoglu and Yavuz, 
2012). The study herein focused on the upgrading of coal with the aid of a Knelson concentrator 
(KC) specifically the deashing of coal fines (-1 mm size fraction). The experiments were 
conducted at the University of Pretoria with a laboratory KC-MD3 batch type Knelson 
concentrator. 

1.1 Background 
Coal forms a major part of the energy supply in South Africa (SA). According to the SA 
Department of Energy, about 69.7% of SA's primary energy is supplied by coal. The statistics 
show that 95% of SA electricity is produced by Eskom and 90% of that electricity is produced by 
coal-fired stations (Maluleke, 2015). The other importance of coal is observed in pyro-
metallurgical applications where coal is either used as the fuel, reductant or raw material for 
coke. The major requirements for metallurgical coal include low ash content, low sulfur and low 
phosphorous. To achieve the required grades of coal, gravity concentrators have been 
extensively utilized. However, conventional gravity separators have seemed to have poor 
efficiencies when treating fine coal. Centrifugal concentrators have much better efficiencies on 
fine coal (Uslu, Sahinoglu and Yavuz, 2012). 

1.2 Problem Statement 
Spiral concentrators are widely used for the beneficiation of coal fines in the nominally -1.0 + 
0.15 mm size fraction. Particles less than 0.15 mm are upgraded with the flotation. The major 
challenge of flotation is that it is inefficient on fine particles as they have a low probability of 
colliding with the air bubbles. KC originally designed for gold beneficiation can recover particles 
in the range of -3 mm + 38 µm size fraction. To recover even micron size coal particles, a KC 
can then be installed after the spiral concentrator or after the classification cyclone to replace 
both spiral and flotation. This will reduce both capital and operational costs. 

1.3 Objective 
The main objective of this project was to investigate if a KC can effectively reduce the amount 
of ash in the coal fines. 

1.4 Hypothesis 

Knelson concentrator can de-ash coal fines by trapping the heavy mineral particles inside the 
concentrating bowl.
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2 Cost Evaluation 
The cost evaluation was performed to determine how the resources were used during the course 
of the project. These calculations were not based on any scientific method or model, they were 
solely based on the number of samples tested and the time spent in the laboratories. The cost 
for laboratory usage was based on the estimated time (7 weeks with 10 hours/week amounting 
to 70 hours) spent in labs to complete all the experiments. For ash analysis, both the concentrate 
and the tailings from KC experiments were analyzed. XRF analysis was only performed during 
sample characterization. Table 1 summarizes the costs incurred for the project.  

Table 1: Summary project cost estimations. 

Activity Unit Cost Quantity Total Cost 
XRF analysis R600/sample  6  R3 600.00 
Ash analysis R100/sample  44  R4 400.00 
Laboratory usage R200/hour  70  R14 000.00 
Total cost of the project   R22 000.00 

3 Literature Review 
The literature search was conducted on coal, Knelson concentrator, and other centrifugal 
processes. The findings of this search are discussed in detail in the following subsections of this 
chapter. 

3.1 Coal Mineralogy and Properties 
Coal is a combustible sedimentary rock that contains at least 50% by mass carbonaceous 
material. On a volume basis, coal contains at least 70% carbonaceous material. Coal consists 
of various components that can be classified into two groups: organic and inorganic. Organic 
components of coal are made up of macerals, these macerals are grouped into vitrinite, axinite 
(liptinite) and inertinite (Tsai, 1982). The macerals in coal may be further subdivided into specific 
macerals as shown in Table 2. 

Table 2: Coal marceral groups and specific marcerals (Tsai, 1982). 

Maceral Group Maceral 
Vitrinite Collinoid 
 Telinoid   
Liptinite Sporinpoid 
 Cutinoid 
 Alginoid 
 Resinoid 
 Waxex 
  
Inertinite Micrinoid 
 Sclerotinoid 
 Semifusinoid 
  Fusinoid 
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Coal is generally classified by; rank, type, and grade. Rank indicates the degree of qualification, 
during its development, from the peat form to anthracite as indicated in figure 1. As the coal rank 
increases, volatiles and moisture content in coal reduces while carbon ratio increases. 
 
 

 

Figure 1: Degree of metamorphosis during coal development stages (Flores, 2014). 

Coal type depends on the maceral present in the coal. According to Tsai (1982), coal types at 
the macroscopic level can be divided into humic and sapropelic coals. Humic coal type has a 
banded structure with alternating bright and dark layers. Sapropelic coals are uniform in 
appearance without any visible banding and show a conchoidal fracture. At the microscopic 
level, coal types can be distinguished based on their maceral composition. Humic coal types 
tend to have low liptinite content and mainly composed of vitrinite and inertinite while sapropelic 
coals have high liptinite content (Tsai, 1982).   
  
Coal grade refers to the inorganic (mineral matter) content in coal. Mineral matter form 5 – 20% 
fraction of coal. The mineral components of coal play an important role in the utilization of coal. 
When coal is burned (combusted), these mineral components are converted to a residue 
normally referred to as the ash (Tsai, 1982). Based on this information, it can safely be said that 
the higher the mineral content in coal implies the low-grade coal, the more ash will form during 
the combustion of low-grade coal. Thus, the upgrading of coal simply means to minimize the 
mineral content in coal.  
  
According to Tsai (1982), coal minerals can be classified into six groups being; clays, sulfides, 
carbonates, oxides, chlorites, and sulfates. Tables 3 and 4 adopted from (Tsai, 1982), 
summarizes the groups of coal minerals and their distribution respectively. 
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Table 3: Coal mineral groups and their specific minerals (Tsai, 1982). 

Coal mineral 
group Clay Carbonates  Sulfides Oxides Chlorides Sulfates 
Species Kaolinite Siderite Pyrite Quartz Sylvine Gypsum 

 Illite Ankerite Marcasite Rutile Halite Jarosite 

 Montmorillonite Calcite Sphalerite Hematite   
 Hydromuscovite Dolomite     
 Muscovite      
 Biotite      
 Feldspar      
  Chlorite           

 
Based on the ASTM procedure, the amount of ash in coal can be determined by burning 1 g of 
coal under specified conditions (temperature of 700 – 850 °C in an oxidizing gas environment) 
in a muffle furnace for 1 hour. The combustible matter and ash recoveries can be calculated 
using the following general equations (Wills and Napier-Munn, 2006). 
 

𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑏𝑙𝑒 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  
(𝐹 − 𝑇)(100 − 𝐶)

(𝐶 − 𝑇)(100 − 𝐹)
× 100 

 

𝐴𝑠ℎ 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  
(𝐹 − 𝑇)𝐶

(𝐶 − 𝑇)𝐹
× 100 

 
Where T, C and F are the ash content in the tailings, concentrate and feed respectively. 

3.2 Sulfur in Coal 
The sulfur in coal is commonly classified into two types; organic sulfur and inorganic sulfur. 
Organic sulfur is chemically bonded to the matrix of hydrocarbon while the inorganic sulfur refers 
to that sulfur which is embedded in the coal, mainly as loose pyrite. The types of sulfur present 
in coal have a great impact on the desulfurization processes. Organic sulfur is the most difficult 
to desulfurize as it is chemically bonded. Inorganic sulfur exists in two crystalline forms, pyrite 
and marcasite. Marcasite crystals are highly coated with coal substances while pyrite is generally 
present as a loose particle. These inorganic sulfur types have a relatively high specific density 
as compared to carbonaceous material. Thus it becomes easier to desulfurize coal using gravity 
separators (Tsai, 1982). 
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Table 4: Typical mineral matter distribution in coal (Tsai, 1982). 

  
Coal, 
PSOC -       2 4 82 88 100 108 111 120 121 

  Seam     Elkhorn #3 
Buck 
Mount. Zap Roland Pittsburgh Tioga 

  Rank     hvAb Anthracite lignite sub-b hvAb hvAb 

  Mineral Matter, wt% of Coal 4.51 2.52 11.21 15.73 7.03 13.23 9.08 6.90 3.17 

  Loacality     Kentucky PA 
N. 
Dakota WY PA W.V 

                     

  Minerals, wt% of Mineral Matter                     

  Kaolinite     
40 - 
50 1 - 10 73 10 - 20 10 - 20 

20 - 
30 

30 - 
40 

40 -
50 1 - 10 

 Illite     tr** 1 - 10 5 1 - 10 1 - 10 1 - 10 
30 - 
40 1 - 10 1 - 10 

 Calcite     nd*** nd 3 nd nd nd nd nd nd 

 Pyrite     43739 
10 - 
20 5 1 - 10 1 - 10 

30 - 
40 

10 - 
20 1 - 10 

20 - 
30 

 Quartz     
30 - 
40 1 - 10 11 1 - 10 1 - 10 1 - 10 

10 - 
20 

20 - 
30 1 - 10 

 Rutile     1 - 10 nd 3 nd tr nd 1 - 10 1 - 10 1 - 10 

  
Gypsum     1 - 10 10 -

20 
tr 30 -40 40 - 50 nd 10 - 

20 
20 - 
30 

1 - 10 

** trace < 1.0%           

*** not detected           
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3.3 Coal Analysis Techniques 
Different techniques are performed for testing coal. X-ray analysis techniques, usually XRD and 
XRF, are used for mineralogy characterization of coal. XRD is used to determine the phases 
present in the coal sample while the XRF is used for chemical analysis. Apart from X-ray 
analysis, proximate and ultimate analysis are the two common techniques used for coal testing. 
LECO sulfur analysis is also common for the testing amount of sulfur in coal. These coal testing 
techniques are carried out according to standards. These may be internationally recognized, 
such as ISO or ASTM, or national standards. These standards specify every aspect of the test 
procedure such as sample size, test equipment design and testing procedure such as 
temperature, time, reagents used and calculation methods. These techniques are discussed 
individually if the following sub-sections (Loubser and Verryn, 2008). 

3.3.1 X-Ray Diffraction (XRD) 
XRD is a fundamental and non-destructive method that is used to identify and quantify the 
mineralogy of compounds that are crystalline such as rocks and soil. The main purpose of XRD 
is to identify phases present in the sample. This technique is used in coal analysis to investigate 
the ash (mineral matter) composition. XRD is said to be accurate to provide data that cannot be 
found by other methods such as identifying and characterizing the nature of clay minerals in 
coal. The material to be analyzed material is ground on a resin, made uniform then finally the 
bulk composition is determined (Huggins, 2002). 

The X-ray facility at the University of Pretoria analyzes the XRD sample with the use of 
PANalytical X'Pert Pro powder diffractometer with X'Celerator detector. The samples are 
scanned at the required 26 angle ranges. The equipment uses a cathode ray tube X-rays that 
are generated by heating the filament to give out electrons, speeding up the electron towards 
the target by applying a voltage and strike the target with energized electrons. When the 
electrons have enough energy to displace the electrons of the target material in the innermost 
shell this produces the x-ray spectra (Loubser and Verryn, 2008). 

3.3.2  X-ray Fluorescence (XRF) 
XRF is considered to be an accurate technique that determines specifically the elemental 
composition of minerals. XRF is used to qualitatively and quantitatively determine the chemistry 
of the samples. Different elements contained in the samples can be identified and their amounts 
are reported. In coal application, the samples are fused in a borate glass and bombarded with 
primary X-rays from an X-ray tube with a high melting point Cr or W targets. These Cr or W 
targets are normally used for coal ashes because these elements exist in very low 
concentrations in coal (Huggins, 2002). 

3.3.3 LECO Analysis 
One of the major concerns for coal producers is the sulfur content of coal. Sulfur content must 
be kept at minimal as required mostly by iron and steel industries. To determine the 
concentration of sulfur in coal LECO analysis is one of the reliable methods. LECO is not only 
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applicable in the coal industry, but it is also often used as a verification tool to make sure that 
some elements including carbon, hydrogen, nitrogen, oxygen, and sulfur are maintained at 
proper levels in metallic samples after manufacturing stages (LECO, 2019). 

LECO analysis utilizes infrared absorption and thermal conductivity to measure combustion 
gases in a metallic sample. During LECO analysis, elements are converted into their oxidized 
form. This is done by using two methods:  

·        Gas fusion method; for hydrogen, nitrogen, and oxygen. 

·        Combustion method; for carbon and sulfur 

3.3.4 Proximate Analysis 
In the proximate analysis, the mass loss during drying, volatilization, and combustion of a coal 
sample are measured under standard conditions. From the mass losses the moisture content, 
volatile fraction, ash content and amount of fixed carbon in coal can be calculated. Figure 2 can 
be used to highlight components of coal samples based on proximate analysis (Flores, 2014). 
The following points give the summary of proximate analysis specification and the procedure: 

• Determining moisture: Heat 1g coal sample at 105 °C for 1 hour then calculate % mass 
loss 

• Determining volatiles [Mostly hydrocarbons, some mineral (H2O, CO2, S, SO3)]: Heat 1 
g of coal sample at 950 °C for 7 minutes in inert atmosphere calculate %mass loss 
excluding moisture loss 

• Determining ash content: Burn (complete combustion) 1g of coal sample and calculate % 
mass loss excluding moisture and volatiles loss. 

• Calculating fixed carbon: Fixed Carbon = 100 - %Moisture - %Ash - %Volatile 
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Figure 2: Components of coal-based on proximate analysis (Flores, 2014). 

3.3.5 Ultimate Analysis  
For the ultimate analysis, the chemical composition of the coal is analyzed. As for the proximate 
analysis moisture and ash content are measured by mass loss. Carbon, hydrogen, nitrogen, and 
sulfur were traditionally measured by combustion or digestion in acid for nitrogen, and then 
gravimetric or titrimetric methods were to analyze the reaction products (CO2, SO2, H2O, and 
NH3). Modern instrumental methods are however available for these elements. Oxygen is 
normally calculated by difference (Flores, 2014). 

3.4 Coal Beneficiation 
The raw coal that is conveyed from the mine to the coal preparation plant is usually called run-
of-mine (ROM) coal. ROM coal is a raw material that consists of coal, rocks, middlings, minerals, 
and contamination. The contamination is mainly from the mining process itself. This may 
incorporate machine parts, utilized consumables and parts of a ground drawing in instruments. 
ROM coal normally has a large particle size, thus needs to be crushed to produce correct size 
fractions for downstream processes including; screening, washing, and classification. Figure 3 
shows the flowsheet for coal processing, raw coal feed indicated has already passed through 
the crushing step (Tsai, 1982). 
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Figure 3: Flowsheet for coal processing (Mohanty, 2004). 

As it can be observed from the flowsheet provided, -1 + 0.15 mm size fractions are processed 
by the spiral concentrator and the material in the size range of - 0.15 + 0.045 mm are treated 
with the froth flotation. As already mentioned, KC can be installed after the spiral or right after 
the first classification cyclone to replace both spiral and flotation. However, the extensive 
investigations, including capacity and economic evaluations, will need to be conducted to 
validate that option. 

3.4.1 Crushing  
Crushing is usually utilized as the principal phase of coal preparing to generally reduce the top-
size of the ROM coal so that it can be effectively processed and easy to handle. The regular 
crushers utilized in the coal industry incorporate hammer crushers that use the impact force to 
break particles. Also, the roller crusher and mobile crusher are commonly used for small scale 
and medium scale coal application respectively (Wills and Napier-Munn, 2006). 

3.4.2  Screening 
Just like other industries, screening in the coal industry is used for the separation of particles 
ranging from -300 mm to +40 μm. The efficiency of the screen, however, decreases sharply with 
the increase in fine particles. Screening can be performed either dry or wet. Dry screening is 
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only limited to size fraction above 5 mm while wet screening is applicable for particles down to 
250 μm (Wills and Napier-Munn, 2006). 
  
According to Wills and Napier-Munn (2006), the type of screen can be selected based on the 
process objectives. Screens in coal application may be used for sizing or classification; the 
purpose here is to separate particles based on size. Usually, this is aimed to provide a suitable 
size range for the downstream unit. The following are usually the objectives for screening coal: 

• Dewatering, the free moisture is removed from a wet coal slurry.    
• De-sliming, very fine coal particles, usually less than 0.5 mm are removed from the wet 

coal feed. 
• De-dusting, ultra-fine coal particles are removed from the dry feed. 
• Trash removal, contaminants usually wood fibers are removed from a fine coal slurry 

stream. 

3.4.3 Coal Separation Processes 
There are two routes for the coal separation process; wet processing and dry processing. Wet 
processing can be subdivided into two technologies; dense medium based technologies and 
water-only technologies. Examples of wet processing are included in figure 3. Dense medium 
based technologies include dense medium cyclones and wemco drums. In these technologies, 
a medium with a desired specific gravity (S.G) is used as a basis of separation. Particles denser 
than the medium will sink and those that are less dense compared to the medium will float. 
Examples of water-only technologies include classification cyclones, jigs, and spirals. In these 
technologies, the particles with density higher than that of water sink and the lighter particles 
float (de Korte, 2015).  
  
In dry coal processing water is not required for separation, examples of dry processing coal that 
are implemented in SA include FGX dry coal separator (indicated in figure 4) and X-ray sorting. 
FGX dry coal beneficiation was developed in China by Professor YY Song. The coal that is best 
processed with FGX technology should have low net density with size fraction -80 mm. X-ray is 
more suitable for the pre-beneficiation of coarse coal (de Korte, 2015). 
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Figure 4: Schematic diagram of FGX separator (de Korte, 2015). 

3.4.4 Coal Fines 
Coal particles less than 6mm are generally referred to as coal fines. These fines result from 
mining, typically constitute 20% of ROM feed, and from size reduction stages such as crushing 
during coal preparation. Coal fines have been a major challenge in the coal industry concerning 
the disposal as they are not easily marketable. Because of the low marketing value of coal fines, 
as shown in figure 5 coal fines usually stockpiled near the mining site or disposed of in dams. 
This imposes a problem on the environment including spontaneous combustion, dust release 
and acid drainage (Bai et al., 2015). 

 

Figure 5: Stockpile of coal fine  (Sharrett, 2017). 

Another challenge faced when dealing with coal fines is transportation. Dry coal fines are difficult 
to handle due to dust formation. Although it is easier to transport wet coal fines, the main problem 
is that water forms a large part of the mass transported, leading to increased transportation 
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costs. Even though there are some challenges when dealing with coal fines, some of these 
challenges can be tolerated, only when these fines have high calorific values and therefore high 
energy. Thus, some improvements have been made in coal processing technology to recover 
size fractions down to 45 microns (Bai et al., 2015). 

3.5 Centrifugal Processing 
In centrifugal concentrators, particles are exposed to centrifugal and centripetal forces. These 
forces act in opposite directions along the radius. Centrifugal force pulls the particle away from 
the center of rotation while the centripetal force pulls the particle towards the center. This is 
schematically illustrated in figure 6. With heavy and big particles, centrifugal force tends to 
overcome the centripetal force. On top of these forces, gravity and buoyancy forces also act on 
the particle in downward and upward directions respectively (ZAKIRBD, 2017). 
 

 

Figure 6: Schematic representation of forces acting on a particle during centrifugation 
(ZAKIRBD, 2017). 

 
Centrifugal concentrators that are commonly used in the coal industry are all continuous while 
laboratory ones are usually batch type. Normally the larger top size of about 50 mm can be 
treated by industrial centrifugal machines while laboratory centrifugal equipment usually treats 
smaller top sizes. Different examples of the centrifugal concentrators applied in the coal industry 
are discussed in the following subsections (ZAKIRBD, 2017). 

3.5.1 Multi Gravity Separator Drum  
The multi-gravity separator (MGS) is one of the equipment that utilizes centrifugal forces to 
separate particles of different density in a liquid suspension. MGS is mainly used for fines and 
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ultrafine material with particles ranging from 150 µm down to 5 µm. Figure 7 shows a schematic 
diagram of MGS (Çiçek et al., 2008). 

 

Figure 7: Schematic diagram of multi gravity separator drum   (Çiçek et al., 2008). 

In its operation, the MGS drum rotates clockwise while being shaken pivotally with a sinusoidal 
movement. Inside the drum, there is a scrubber gathering that pivots marginally quicker with 
respect to the drum set in the same direction. The slurry is constantly fed from a halfway position 
along with the drum through the accelerator ring launder. Wash-water is introduced through the 
same launder close to the open end of the drum. Because of the centrifugal force inside the 
drum and the initiated shearing impact of the shake, heavier particles move from the slurry to 
form a semisolid layer against the wall of the drum. The semisolid material layer is evacuated by 
the scrubbers and moved towards the open end of the drum and then released into the 
concentrate launder. The lighter materials are persisted by the wash water to the back of the 
drum and released through slots into the tailings launder (Çiçek et al., 2008). 

3.5.2 Kelsey Centrifugal Jig 
Kelsey centrifugal jig (KCJ) is one of the technologies developed in an attempt to recover fine 
mineral particles using gravity concentrators. The KCJ has all the basic elements of a 
conventional jig but also, it utilizes the centrifugal force for better separation. The major 
characteristic of KCJ that makes it more efficient is its ability to increase the apparent specific 
gravity difference between minerals. The acceleration of mineral particles enables the selectivity 
and thus improves particle separation (Yerriswamy et al., 2003). 

Figure 8 illustrates simplified KCJ operation, water is pulsed through a bed of ragging material. 
Minerals heavier than the ragging material move through the bed to the concentrate while the 
lighter material and slime are rejected to the tailings. 
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Figure 8:Schematic illustration of KCJ operation (Yerriswamy et al., 2003). 

3.5.3 Falcon Concentrator 
Falcon concentrator is one of the centrifugal concentrators used to recover a wide range of 
minerals. This equipment is produced by the Falcon Concentrator Company of Vancouver in 
British. The schematic diagram of Falcon concentrator and its operation is illustrated in figure 9 
(Saini, 2016). 
 
During its operation, the slurry is fed from the top of a central vertical feed column and is 
accelerated by an impeller. The bowl is rotated with the mounded electric motor and the 
centrifugal forces are generated. Thus, the particles are separated based on their different 
specific density. The heavier particles are deposited on the walls and inside the ribs of a rotating 
bowl. The only difference between Falcon concentrator and the Knelson concentrator is the 
rotating bowl. Rotating bowl of Knelson concentrator has the concentrating ribs from the bottom 
to the top while Falcon rotating bowl consists of two sections; the smooth surface at the lower 
part and concentrating ribs on the upper part of the bowl (Saini, 2016). 

 

Figure 9: Schematic diagram of Falcon concetrator (Saini, 2016). 
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Filiz et al. (2010) did the work on Falcon concentrator to test the enhanced-gravity method to 
recover ultra-fine coal from tailings. In their work, they used a combination of hydro-cyclone and 
Falcon where the coal tailings containing clay minerals were pre-concentrated with a 44 mm 
hydro-cyclone to remove slimes and clay particles. Then a laboratory-scale Falcon SB-40 
concentrator was used for the tests. Table 5 shows the results yielded by these tests. 

 

Table 5: Falcon concentrator test results (Filiz et al., 2010). 

              
Test 
no. Ash in Yield of Combustible Ash Ash Separation 

 clean coal  clean coal  recovery  recovery  rejection efficiency 
  (%) (%) (%) (%)  (%)  (%) 

1 42.64 86.95 92.14 80.83 19.17 11.31 
2 41.02 86.30 94.03 77.18 22.82 16.85 
3 44.03 90.06 93.12 86.45 13.55 6.67 
4 43.86 89.47 92.79 85.55 14.45 7.24 
5 42.07 88.93 95.17 81.56 18.44 13.61 
6 35.66 68.79 81.76 53.48 46.52 28.28 
7 42.69 91.43 96.80 85.09 14.91 11.71 
8 44.57 90.63 92.81 88.06 11.94 4.75 
9 43.33 91.62 95.92 86.55 13.45 9.37 

10 43.59 89.28 93.04 84.84 15.16 8.20 
Ash in feed: 45.87%      

 

3.5.4 Itomak Concentrator 
Itomak concentrator also utilizes the centrifugal forces to separate particles based on their 
different specific density. This equipment has been developed and implemented by ITOMAK 
Company for the mining industry since 1993. This technology includes centrifugal concentrators 
that produced in KG and KN series based on company standards. Figure 10 shows the 
centrifugal concentrator ITOMAK-KN-1,0. This equipment is mainly used for the recovery of 
precious metals or other minerals with a high specific weight form slurry containing ultra-fine and 
fine liberated particles (Itomak, 2019). 
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Figure 10:ITOMAK-KN-10 centrifugal concentrator (Itomak, 2019). 

3.6 Knelson Concentrator (KC) 

KC is considered to be the most technologically advanced centrifugal separator. This equipment 
was first commercialized in 1980 in Canada by Byron Knelson. It is commonly applied in the 
recovery of fine gold particles. The particle size range that KC can treat is -6 mm +30 µm. It uses 
the centrifugal force field to facilitate particle separation. KC does not only work on the centrifugal 
separation principle but also utilizes a fluidized bed principle to separate particles into heavy and 
light fractions (Das and Sarkar, 2018). 

3.6.1 Principle of Operation 
KC consists of a rotating conical bowl with concentrating ribs (usually refers to as ribs). During 
operation, the fluidization water is introduced radially through the ribs. The slurry is fed through 
a vertical feed inlet which extends towards the bottom of the bowl. Feed slurry from the bottom 
of the bowl is driven up and forced outwards towards the walls of concentrating ribs. These 
particles are trapped inside the ribs and form a bed. The fluidization water forces its way through 
this bed of particles and carries away the lighter particles leaving the heavier ones behind. The 
light particles then flow out through the top into the overflow launder. Heavy particles are 
removed from the ribs through the pinch valves into the concentrate launder (Das and Sarkar, 
2018). 

Figures 11 and 12 demonstrate the operation for laboratory Knelson concentrator. For this 
project, concentrate and tailings were interchanged as the clean coal reported to the overflow. 
So the overflow was considered as the concentrate while the trapped heavy material was 
considered as the tailings. 
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Figure 11: Schematic diagram for Knelson concentrator (Altinkaya et al., 2015). 

 

Figure 12: Flow of material in the Knelson concentrator (Altinkaya et al., 2015). 

3.6.2 Scientific Background  
As indicated in figure 13, the particles inside the KC are exposed to three forces; centrifugal 
force (Fc), buoyancy force (Fb) and drag force (Fd). All of these three forces are functions of 
particle characteristics (size and density). Centrifugal force is explained to be an inertial force 
that acts on all objects that are viewed in a rotating frame of reference. This force is directed 
radially away from the axis of rotation. Concerning KC, centrifugal force pulls the particles 
towards the walls of the rotating bowl. Because coal is much less dense compared to the gangue 
material (i.e pyrite and silica), it only makes sense to assume coal to flow over and the gangue 
material to be trapped inside the ribs of the rotating bowl (Ghaffari and Farzanegan, 2017). 

Feed 

Fluidization water 

Electric motor 

Concentrating 

ribs 

Light material outlet 

Heavy material outlet 
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Figure 13: Illustration of forces acting on a particle inside the KC rotating bowl (Ghaffari and 
Farzanegan, 2017). 

The buoyancy force is the type of force that is exerted by a fluid on the immersed object. This 
force opposes the weight of the particles. Inside KC particles are lifted by the fluidization water, 
so it can be expected that buoyancy force will act upwards on the particles as their weight is 
acting downwards. According to Ghaffari and Farzanegan (2017), the force of gravity is very 
small compared to the applied centrifugal force, thus the buoyancy force appears to act opposite 
to centrifugal force by pulling the particles towards the center of the rotating bowl.  

The drag force, can also be called fluid resistance, is the force acting opposite to the relative 
motion of any object moving with the surrounding fluid. As already mentioned, in KC particles 
are moving in an upward direction, thus drag force is acting downwards on the particle (Ghaffari 
and Farzanegan, 2017). 

Ghaffari and Farzanegan further explain that the ratio Fd/(Fc-Fb) can be defined as a new 
parameter that includes the particle characteristics as well as operating conditions. These forces 
involved in the mentioned ratio can be calculated as follows: 

Fd = PwAp = Pwπ(D/2)2  

Fc = mrω2 = ρs
4

3
π(D/2)3rω2 

Fb = (π/6)D3ρwrω2 
Whereby; 
Pw = fluidization Water Pressure (FWP) 
Ap = the projected area of the hydraulically spherical particle 
D = particle size  
r = radial position of the particle 
ρs = particle density 
ρw = fluid (water) density 
ω = angular velocity 
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3.6.3 Previous Studies on KC 
The results of previous work conducted on KC, mainly for coal application, are discussed in this 
section. Table 8 adopted from Ghaffari and Farzanegan, (2017) also summaries some specific 
work performed on KC.  

• Separation Characteristics of Coal Fines in a Knelson Concentrator – A 
Hydrodynamic Approach 
By: Majumder, Tiwari, and Barnwal, (2007). 

Majumder, Tiwari, and Barnwal, (2007) performed the work on the separation characteristics of 
coal fines in a Knelson concentrator. The results of this study are included in figure 14. These 
results indicate that the ash percentage in the overflow (coal concentrate) and the yield of clean 
coal increase with the increase in collection time. Increasing the fluidization pressure shows the 
same effect. Thus, for optimal results, low FWP should be used with a short collection time. The 
overall results of the study revealed that KC can produce clean coal with ash content of 17% 
from a coal feed containing about 36%. 

 

Figure 14: Effect of fluidization pressure on % ash and % yield of clean coal at 1000 rpm 
(Majumder, Tiwari and Barnwal, 2007). 

• Improving the Separation Efficiency of the Knelson Concentrator using Air 
Injection 
BY: Honaker, Das, and Nombe, (2005). 

Honaker, Das, and Nombe, (2005) investigated on a pilot-scale continuous KC that was installed 
in the fine coal circuit of an operating coal preparation plant. The feed stream to the KC here 
was the underflow product of a secondary classifying cyclone. The results of this study, in figure 
15 showed that injecting air in the feed stream improves the separation performance of KC. Coal 
recovery seemed to significantly increase and product ash percentage dropped when air is 
injected in the feed stream. 
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Figure 15: Comparison of the feed washability data and the separation performances achieved 
from the treatment of the metallurgical with and without air injection (Honaker, Das and Nombe, 

2005). 

• Determination of the Important Operating Variables On Cleaning Fine Coal by 
Knelson Concentrator and Evaluation of the Performance Through Upgrading 
Curves 
BY: Oney et al., (2017). 

The study performed by Oney et al., (2017) was focused on the beneficiation of coal fines with 
a KC. They investigated the effects of bowl speed, fluidization water flow rate, solids ratio and 
feed flow rate on the yield of concentrate and the ash content. From this study, it was revealed 
that the separation process of fine coal using a KC can be achieved successfully by applying 
the four-level central composite design. The calorific value of coal was increased from 5412 
kcal/kg to 6592 kcal/kg. The study, however, did not determine the reduction in the sulfur content 
of the clean coal product. 

• Numerical Studies of Separation Performance of Knelson Concentrator for 
Beneficiation of Fine Coal 
BY: Ma et al., (2018). 

Ma et al., (2018) studied the separation of fine coal in a laboratory KC through experimental and 
numerical simulation. Laboratory KC was simulated in a three-dimension by using CFD 
modeling. They applied CFD-DEM modeling to study the influence of centrifugal force and 
fluidizing water rates on the separation performance of a laboratory KC. The results of this study 
indicated the Ep value can be increased with decreasing the centrifugal force at the constant 
fluidization water rates where low Ep value indicates higher separation efficiency. 
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• Study on KC Separation Performance 

Ghaffari and Farzanegan (2017), did work on testing the KC separation performance. Their work 
focused on the retained mass modeling. They used quartz, magnetite, zinc, copper and lead 
powders in different size fractions as the material with the same density. The fluid drag force 
was estimated by the FWP multiplied by the projected area of a spherical particle. The mass 
retained in the KC bowl was measured and plotted as a function of both FWP and the ratio 
Fd/(Fc – Fb); where Fd is the drag force, Fb is the buoyancy force and Fc is the centrifugal force. 
Part of this work results is shown in figure 16. From these results, it is observed that relatively 
fine particles (164 μm) are carried over by the fluidization water as less of this material is retained 

as compared to the coarser particles (548μm). 

 

Figure 16: The mass of quartz retained in KC bowl versus the fluidization water pressure (left-
hand side), and the Fd/(Fc-Fb) ratio (right-hand side) for 1305rpm rotational speed and various 
particle sizes (Ghaffari and Farzanegan, 2017). 

Looking at all particle size fractions, the retained mass tends to decrease with the increase in 
FWP. Also, the retained mass of all size fractions decreases with the increase in the ratio Fd/(Fc 
– Fb). Table 8, adopted from Ghaffari and Farzanegan (2017), show some of the previous 
studies performed on the modeling of the KC. 

• Comparison of KC and Floatation Performances 

Honaker and Das (2010) conducted a study where the performance of KC was compared to that 
one of floatation for ultrafine coal samples from the Coalberg seam in the United States. This 
material was approximately 40% coal and the particle size distribution was -0.15 +0.044 mm. 
Figure 17 shows the actual results of the conducted study. Focusing on the lower product ash% 
lower than 9%, the separation performance of KC is observed to be much better as compared 
to that one of floatation represented by the release curve. 
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Also in the same study, the recovery for KC seemed to increase when air is injected into the 
feed slurry to generate the particle-bubble aggregates with a density lower than that of 
individual coal particles. The air injection results are shown in figure 15. 

 
Figure 17: Comparison of separation performance achieved by Knelson concentrator (Honaker 

and Das, 2010). 

 

• Separation of Pyritic Sulfur from Egyptian Coal Using Falcon Concentrator 
BY: Ibrahim et al., (2014). 

Ibrahim et al., (2014) used semi-batch Falcon concentrator model SB40-VFD, centrifugal 
separator, to study the pyritic sulfur separation of El-Maghara coal ore. Falcon concentrator has 
the same operating mechanism as KC thus the same results can be expected. The results of 
their study revealed that the separation of pyritic sulfur in Falcon concentrator can be increased 
by increasing FWP. However, the Falcon concentrator model used in the study was not effective 
at reducing pyritic sulfur below particles diameter 20 µm. 
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Table 6: Previous studies conducted on the Knelson concentrator (Ghaffari and Farzanegan, 2017). 
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4 Experimental Protocol 

The major purpose of the experiments conducted herein was to separate the coal samples into 
concentrate (overflow) and the tailings (trapped material). The ash percentages of the 
concentrate and tailings were compared to determine if KC has the de-ashing ability.  

4.3 Material and Equipment 
The material used in this project was the South African coal provided by Glencore. It was three 
samples; two filter cakes and one cyclone U/F. The following equipment was used in the 
project: 

• Cone crusher (4 mm CSS) 

• Rotary splitter 

• Test sieves  

• Sieve shaker 

• Knelson concentrator (KC-MD3 batch type model) 

• Pressure filter press  

• Oven  

• Pulveriser  

• Electronic scale (0.1 mg accuracy)  

• Muffle furnace  

 

4.4 Experimental Procedure 
Figure 18 gives the illustration of the procedure that was followed when conducting the 
experiments: (a) KC used in the tests, (b) the tailings (left) and the overflow (right), (c) dewatering 
with pressure filter press, (d) filter cakes from the filter press, (e) drying filter cakes in the oven, 
(f) pulverization, (g) burning samples in the furnace, and (h) the ash from the furnace.  
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Figure 18: Illustration of the experimental procedure. 

 

4.4.1 Sample Characterization 
The main purpose of the sample characterization was to determine the characteristics of the 
samples and to produce the representative samples that can be used for the tests. All samples 
were received in wet conditions; they were all air-dried to remove the surface moisture. The filter 
cake samples were lumped as received; they were then de-lumped after drying. The above-
mentioned cone crusher was used for this purpose. The rotary splitter was then used to split the 
samples into smaller representative samples. The ash and sulfur content as well as particle size 
distribution (PSD) were determined for all three samples. Figure 19 summarizes the steps 
followed for sample characterization. 
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Figure 19: Sample characterization steps. 

 

4.4.2 Initial Experiments 
The initial experiments were conducted to investigate the mass pull limits for KC and to 
determine the effect of feed amount (mass) on the ash de-ashing ability of KC. In this part of the 
work, the FWP was kept constant at 10 kPa while the amount of feed was changed. The material 
was passed once through the KC and both the overflow (product) and the retained material 
(tailings) were collected and filtered with the pressure filter press. After filtering, the filter cakes 
were dried in the oven at 55 ºC to remove the surface moisture. After drying, the material was 
then pulverized as the preparation for ash analysis. The ash analysis was done based on the 
ISO 1171 standard. The ash content of both the overflow and retained material was determined 
and plotted against the mass of the feed. 

4.4.3 Final Experiments 
In the final stage of the project, the experiments were conducted to simulate the continuous 
variable discharge (CVD) type of KC. In this part, the mass of the feed was kept constant at 500g 
while the FWP was varied. The overflow material was filtered and pass through the KC five 
times, removing the tailings each time. One experimental run then yielded five sets of tailings 
and one final product. All the tailings and the final product were dried in the oven at 55 ºC and 
pulverized before ash testing. Ash analysis was performed and the grade-recovery curves were 
plotted to determine how ash content is related to the amount of mass recovered to the overflow. 

4.5 Risk Assessment 
Mini risk assessment was conducted and recorded in table 7. The full risk assessment was 
conducted every time before the start of any work that was performed in the labs. 
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Table 7: Mini Risk Assessment. 

     

Task Hazard Loss type 
Risk 
Rating Controls 

Knelson tests Electricity Harm to people 2(L) Monitor 

  Pollution 
Environmental 
impact 2(L) Monitor 

  Dust Health 2(L) PPE 
     

Dewatering 
Compressed 
air Harm to people 2(L) Monitor 

XRF analysis Radiation  Health 6(M) 
Actively 
manage 

          

Ash analysis Fire Harm to people 3(L) 
Actively 
manage 

  Fumes Health 9(M) 
ventilation 
hood 

 

5 Results and Discussion 
The results herein include the sample characterization results, first work KC experiments and 
the final KC experiments results. 

5.1  Particle Size Distribution (PSD) 
The PSD of all three samples was determined to see if the material comply with the size range 
of -3 mm + 38 µm, which can be effectively treated with the KC. As it can be observed from 
figure 20, cyclone U/F material had a wide PSD, its top size was found to be 2 mm, only 1% of 
the material passed through 38 µm sieve and 80% the material was less than 1180 µm.  Both 
the filter cake samples had narrow PSD; the top size of both samples was 0.212 mm. For filter 
cake 1, 71.5% was less than 38 µm and 80% of the material passed through 75 µm. For filter 
cake 2, 64.34% of the material was less than 38 µm and 80% of the material passed through 
106 µm. 
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Figure 20: The particle size distribution of the three samples used as the feed material for KC. 

 

5.2  Ash and Sulfur Analysis 
The results of ash and sulfur analyses for the KC feed material are summarized in table 8. As 
can be seen from table 8, it was found that the cyclone U/F sample had lower ash and sulfur 
contents as compared to the filter cake samples. 

Table 8: Ash and sulfur content for KC feed material. 

          %Ash %Sulfur 

Cyclone U/F        26.59    0.24 

Filter cake 1        34.27    0.40 

Filter cake 2        38.08    0.47 
 

5.3  Initial Experiments 
All three samples showed almost the same behaviour when the feed mass was varied and FWP 
was kept at 10 kPa. For the three samples, the concentrate ash percentage remained below the 
feed ash percentage. The tailings ash percentage was higher than that of the feed. The results 
in figure 21 show that KC indeed has the de-ashing ability. Generally, better de-ashing was 
achieved when decreasing the amount of feed material. The ash percentage of filter cake 1 was 
reduced to 30.67% at 200 g feed. For filter cake 2, the ash percentage was reduced to 
approximately 35% also at 200 g feed. The lowest ash percentage achieved for cyclone U/F 
sample was 16.02% at 25 g feed; however, this value could not be regarded as reliable because 
there was no enough material in the overflow for ash analysis repeats.   
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Figure 21:  The effect of feed mass on the de-ashing abilty of  KC.
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The results in figure 21 match the literature. It was previously discovered by Ghaffari and 
Farzanegan (2017) that due to the low mass pull of laboratory KC, the better de-ashing with KC 
is achieved with decreasing the amount of feed material. 

 

5.4  Final Experiments 
Both the filter cake samples behaved relatively the same way. The product ash percentage 
seemed to decrease with the decrease in the recovery to the overflow but surprisingly started to 
increase at lower recoveries. These results do not agree with the literature, because according 
to the study conducted by Honaker and Das (2010), the ash percentage was expected to 
continue decreasing at lower recoveries. The possible cause for the increase observed is that 
these filter cake samples contained a lot of ultrafine material less than 38 µm, which is the lower 
size limit for KC. The challenge here is that the large portion of the ultra-fine mineral particles is 
carried to the overflow together with the coal particles, hence increasing the ash content of the 
final product. The ash percentage of filter cake 1 was reduced to 32.21% and for filter cake 2 it 
was reduced to 35.67%. The results are shown in figure 22. 

 

 

 

 

 

 

 

 

Figure 22: Grade-recovery plots for filter cake 1 and 2 at different values of FWP 

To further investigate the real cause of the ash percentage increase at lower recoveries, filter 
cake 1 material was deslimed with 32 µm sieve. Both materials retained on the sieve and the 
ones that passed through were treated with KC separately. The results in figure 23 revealed that 
indeed the slimes caused that increase. The material less than 32 µm had the highest as content 
while the material greater than 32 µm was found to be already clean even before the KC test. 
The original (undeslimed) sample was used as the baseline for comparison.   
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Figure 23: Investigation for the cause of ash percentage increase at lower recoveries for filter 

samples. 

Figure 24 shows the results obtained from treating cyclone U/F material. It was observed from 
these results that the ash percentage of cyclone U/F sample decreased with the decrease in the 
recovery to the overflow. This shows that the lower ash product can be obtained at lower 
recovery to the overflow. These results perfectly match with the results obtained by Honaker and 
Das in 2010 on United States coal. In the present study, the effect of FWP on the deashing was 
also determined. Increasing the FWP seemed to improve the deashing. These observations also 
agree with the study conducted by Ghaffari and Farzanegan (2017). These results imply that 
decreasing the FWP decreases the amount of material recovered to the overflow hence 
decreased the ash content of the final product. The minimum ash of 19.96% was achieved at 
54% recovery with FWP of 16 kPa.   
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Figure 24: Grade-recovery plot for cyclone U/F at different FWP. 

 

Cyclone U/F sample being the one that showed better results was used to further investigate the 
effect of FWP on the ash content of the final product. Based on the results in figure 25, it was 
found that increasing the FWP decreases the amount of ash in the final product up to the point 
whereby ash percentage remains constant regardless of the pressure increase.  

 

Figure 25: The effect of FWP on the ash content of the final product for cyclone U/F material. 

15

17

19

21

23

25

27

29

10 20 30 40 50 60 70 80 90 100

C
u

m
. g

ra
d

e
 (

%
as

h
)

Recovery to O/F

Cyclone U/F

FWP 10kPa

FWP 6kPa

FWP 16kPa

FWP 20kPa

FWP 40kPa

0,00

5,00

10,00

15,00

20,00

25,00

30,00

0 5 10 15 20 25 30 35 40 45

Fi
n

al
 p

ro
d

u
ct

 %
as

h

Fluidization Water Pressure (kPa)



38 
 

 

The similar operating conditions (500 g feed and 16 kPa) were selected and the final product 
ash percentage decrease for three samples was compared. It can be observed from figure 26 
that the overall ash percentage decrease of 2.06, 2.41 and 6.63 % were achieved for filter cake 
1, filter cake 2 and cyclone U/F respectively. Thus, the KC was more efficient on the deashing 
course (cyclone U/F) material as compared to the fine (filter cake) material. Ghaffari and 
Farzanegan (2017) discovered the same outcome from their study. 

 

Figure 26: Overall ash percentage decrease at the optimum operating condition for KC. 

6 Conclusions 
Ash was found to be adequately rejected from coal by the use of a Knelson concentrator. The 
concentrator was more successful on de-ashing coarser size fraction (cyclone U/f) material as 
compared to the finer size fraction (filter cakes) material. The optimum FWP was determined to 
be 16 kPa for all three samples. The ash content of cyclone U/F material was reduced from 
26.59 to 19.96 %. For filter cakes 1 and 2, ash content was reduced from 34.27 to 32.21% and 
from 38.08 to 35.67% respectively. Higher fluidization water pressure was determined to have a 
favourable effect on the deashing ability of KC. 

7 Recommendations 
• To achieve better results on the de-ashing of filter cake samples, the material will need 

to go through desliming process first. 

• The XRD analysis on feed, concentrate and tailings ash can be performed to determine 
what the Knelson concentrator is removing. 
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• Desulfurization of coal with the aid of a Knelson concentrator will also need to be 
investigated before implementing it in the coal processing plant. 

• The economics around the implementation of a Knelson concentrator in the coal 
processing plant should also be investigated.  
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9  Appendix 
 

Figure 27: Project tasks identified and their Gantt chart representation 

 

Table 9: The project stakeholders and personnel with their individual roles. 

 

 

 

 

 

 

  

Name Task/role  
Mr. W. Roux The supervisor. Assist the student to follow good 

procedures in order to attain of required outcomes. 
Dr. H. Möller Project coordinator. Ensures student output in terms of 

specific outcomes. Helps in coordination and project 
handling in terms of time management of required 
outcomes. 

Mr. W.T Motsoari Student, project holder. Responsible for the entire project 
to reach the specific outcomes in accordance to 
requirements. 

Coaltech The external company proposing the project 
Department of Material 
Sciences 

Project overseers. 
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