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1 INTRODUCTION 

 
When reference is made to the efficiency of a coal preparation plant or a specific coal 
processing unit, the sharpness of separation is usually inferred. The sharpness of 
separation reflects the ability of a unit, such as a dense-medium cyclone, to 
selectively separate coal and non-coal particles from each other based on the 
difference in their relative densities. 
 
Processes such as dense medium are capable of ‘sharp’ separations, whereas 
water-only processes such as jigs are not generally able to effect equally sharp 
separations. A dense-medium cyclone is therefore said to be more efficient than a jig. 
 
A number of parameters are used to define efficiency. The most popular method of 
defining the efficiency of coal processing plants and equipment is in terms of the 
mean error or ‘Ecart Probable Moyen’ (EPM). Other popular parameters in use are 
‘organic efficiency’ (OE) and ‘misplaced material’. 
 
Partition density (also called the ‘d50’), equal errors cut-point density, ash error, and 
a number of other terms are used in combination with the EPM and OE to define the 
efficiency of coal processing equipment. 
 
In practice, it is often found that even inherently efficient equipment, such as 
dense-medium vessels and cyclones, does not perform at the expected level of 
efficiency for a number of reasons. Some of the reasons for this failure to perform at 
optimum level are: 
 

 Units operating at more than their design capacity 
 Intermittent feeding of units 
 Unequal feed distribution to a number of units operating in parallel 
 Size segregation of the feed coal 
 The presence of flat particles, often found in the roof and floor of a coal seam, 

in the feed coal 
 Poor screening of the feed coal, which results in fines being carried over from 

the screens into the medium and thus increasing the viscosity of the medium 
 Unfavourable washability characteristics of the feed coal 
 Coal containing a high proportion of fines  
 Using the incorrect size grade of magnetite as a dense medium 
 Poor state of repair of the equipment 
 Insufficient feed pressure at the inlet of a cyclone 
 Partial or complete blockage of one of the orifices in a cyclone 
 Poor control of the medium density 
 Cyclones in a multiple cyclone module not cutting at the same relative density. 

 
Any of the above factors may negatively affect the efficiency of a plant and result in 
potentially saleable coal, and therefore revenue, being lost. 
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It is very important that all the equipment in a coal preparation plant should operate 
at the best possible level of efficiency at all times. However, it is not always possible 
to detect when a unit is operating at reduced levels of efficiency.  
 
If a unit becomes blocked or breaks down, it is usually obvious that there is a 
problem and corrective action can be taken immediately. There are, however, times 
when a unit may appear to be functioning normally but in fact there is something 
wrong, reducing the efficiency of the unit without being noticed. An example of this is 
the partial blockage of the feed inlet of a cyclone. In such a case, saleable coal is 
being lost without being detected and this situation may continue for extended 
periods. 
 
 

2 OTHER CONSIDERATIONS 

 
It is also possible to lose yield of saleable coal even when the equipment is in a good 
state of repair and being operated correctly. This type of situation may arise for a 
number of reasons, some of which are discussed here. 
 
 
2.1 Multiple cyclones in a module 

 
Two or more cyclones, operating as a single module, could be cutting at different 
densities. The reason for this may be uneven wear of the cyclone spigots, uneven 
distribution of the feed coal or unequal feed pressures.  
 
The data in Table 1 below illustrate the effect of two cyclones in a module cutting at 
different densities.  
 

Table 1: Effect of two cyclones cutting at different densities 

 

Ash % 
Cyclone 1 

Ash % 
Cyclone 2 

Tons  
Cyclone 1 

Tons  
Cyclone 2 

Combined 
tonnage 

     

12.0 12.0 41.43 41.43 82.86 

12.5 11.5 42.47 40.17 82.63 

13.0 10.9 43.39 38.59 81.99 

13.5 10.2 44.20 36.55 80.75 

14.0 9.3 44.94 33.67 78.62 

14.5 7.8 45.64 26.98 72.62 
 

In the event of the two cyclones operating at the same density, both will produce a 
12 % ash product and a combined tonnage of 82,86 will be produced. If the cyclones 
operate at different densities, with cyclone 1 producing (say) a 14,5 % ash product 
and cyclone 2 a 7,8 % ash product, a 12 % overall ash is still produced, but the 
combined product tonnage would be reduced to 72,62.  
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2.2 Control of medium density 

 
Control of the medium density is a very important factor in any dense-medium plant. 
Under normal conditions, a fluctuation of the density about the set-point value will 
occur due to the nature of the control system. The fluctuation will usually follow a sine 
wave pattern. In some plants, the variation of density, both below and above the set 
point, can be relatively large. This may be due to large tank volumes, insufficient 
amounts of density-control water, poor design of the density-control system or 
incorrect operation of the system. Although the overall, average density of the 
medium is the same as the set-point value, yield is lost.  
 
In the graph shown below (Figure 1), it can be seen that the variation in relative 
density of the washing medium about the set-point value of 1,55 is quite large.  

 

 
 

Figure 1: Example of medium density fluctuation 
 
 

The net effect of this is that the product quality is higher than specification for half the 
time and below it for half of the time. The overall product is still on specification. 
However, the same argument used in 2.1 above holds true and yield will be lost. The 
larger the variation in quality between the upper and lower limits of the range of 
qualities produced, the more severe will be the negative effect on the product yield. 
This is illustrated in Figure 2 below. 
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Figure 2: Effect of quality variation on yield of saleable product 
 
 
It is therefore necessary to control the relative density of the medium as accurately 
as possible and within as narrow a range as possible. 
 
Terry1 points out that the economic benefit of accurate density control can be large. 
 
The same argument applies to the quality of coal produced and follows logically from 
the above discussion on density control. Two wrongs do not make a right in the case 
of control of the quality of coal produced. If below-specification coal is produced for, 
say, half a shift, and above-specification coal for the balance of the shift, it is possible 
that the average quality of the coal could be exactly on specification. However, yield 
would have been lost. 
 
 
2.3 Control of product quality 

 
When coal is produced at a quality that is better than required, yield is lost. Often, a 
penalty is incurred if out-of-specification coal is produced. The penalty may be in the 
form of a reduction on the price of the coal delivered or it may even involve the 
rejection of a shipment of coal. The financial implications of this can be significant.  
 
To avoid the penalties associated with out-of-specification coal and also to ensure 
continued good relations with customers, many coal producers tend to err on the 
‘safe’ side. This means that they produce coal that is usually slightly better than 
specification.  
 
On most plants there is a delay of several hours between producing coal and 
knowing what the quality of the coal produced is. This is due to the process of 
procuring samples of the coal production, and then drying and analysing these 
samples.  
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It is possible to eliminate the delay between the time when the coal is produced and 
the time when the quality of the coal is known by using on-line analysers. This allows 
a plant to respond much more quickly to deviations in coal quality and therefore will 
allow the quality of the coal produced to be controlled within a narrower range and 
also closer to the target specification. 
 
On-line analysers may be used in conjunction with control software, such as 
COALTROL2 and ULTRAMAX3 to provide accurate control over the quality of the 
coal produced from a plant.  
 
The potential advantage to be gained from improved control of the product quality is 
illustrated in Figure 3 below. 
 
 

 
 

Figure 3: Quality control graphs 
 
 
As can be seen from Figure 3, closer control of the quality of coal produced allows 
the set point to be positioned nearer the specification and this results in a yield gain. 
 
 
 
 
2.4 Quality of different size fractions 

 
Another area where yield may be forfeited is in the control of the quality of coal 
produced from the differing size fractions in the plant feed. In the case where a 
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coarse coal and a small coal fraction are processed separately, say via a Wemco 
drum and cyclones respectively, the easiest method of ensuring that the overall 
combined product is within specification is to produce both the coarse and the small 
coal products at exactly the same quality. However, this is not the optimal approach 
in terms of plant yield. In most cases, a higher overall plant yield may be realised by 
producing the coarse and the small coal at slightly different product qualities4,5,6. The 
difference in liberation between the coarse and the small coal very often results in the 
small coal exhibiting better washability characteristics than the coarse coal. 
Exploitation of this phenomenon may result in a higher overall yield. 
 
Figure 4 demonstrates the effect on product yield when a coarse and a small coal are 
produced at differing qualities. In this case, a product with 12 % ash content is 
produced and the optimal yield can be obtained when the coarse coal is produced at 
12,8 % ash. The small coal product is produced at 11, 3 % ash to compensate. It is 
of interest to note that the yield drops off very rapidly when the ash content of the 
coarse coal product produced is lower than that of the small coal product. 
 
 

 
 

Figure 4: Example of yield optimisation graph 
 
 
2.5 Moisture content 

 
The moisture content of product coal is a very important consideration in the overall 
efficiency of a coal preparation plant. Nonetheless, it is hardly ever considered when 
the efficiency of a plant is determined.  
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More and more mines nowadays sell their coal on a ‘gross as received’ (GAR) or a 
‘net as received’ (NAR) basis. The influence of moisture content on the yield of coal 
produced can be very large, as illustrated in Table 2. 
 
 

Table 2: Influence of moisture content on yield of saleable coal 

 
Ash 
% 
 

CV 
MJ/kg 
Air-dry 

CV  
kCal 
GAR 

Inh. 
Moist. 

% 

S. 
Moist. 

% 

Total 
Moist. 

% 

Tons 
Product 

 
16.62  27.04  6 200  2.7  4.00 6.59 91.31  
15.63  27.32  6 200  2.7  5.00 7.57 88.53  
14.61  27.61  6 200  2.7  6.00 8.54 85.47  
13.57  27.91  6 200  2.7  7.00 9.50 81.89  
12.50  28.22  6 200  2.7  8.00 10.45 77.32  
11.43  28.53  6 200  2.6  9.00 11.41 71.55  

 
 
As can be seen from Table 2, for a higher moisture content in the product coal, the 
coal must be processed to a higher calorific value (MJ/kg on an air-dry basis) to 
maintain the specified heat value in terms of kilocalories on a GAR basis. This has a 
significant influence on the product yield. In the case shown, an increase of 5 % in 
the moisture content reduces the product yield by almost 20%. 
 
 

3 WHAT WE WOULD LIKE TO HAVE 

 
The main purpose of any coal preparation plant is to ensure that as much as possible 
of the raw coal sent to the plant is turned into saleable coal. Optimal efficiency of the 
plant is therefore required and if the efficiency of the plant can be known or, 
alternatively, if any reduction in efficiency can be signalled, then corrective action can 
be taken without delay.  
 
Ideally, one would like to know the yield that should be obtained from the coal if a 
product of the correct quality is produced before the coal is processed. Moreover, 
any deviation from this yield should be signalled and the unit or the reason 
responsible for this deviation should be identified to allow immediate rectification. 
 
Unfortunately, in practice, only limited information is available in this regard. There 
are, however, some techniques available that may be applied to provide at least 
some of the information required to control a coal preparation plant effectively. 
 
 

4 WHAT IS AVAILABLE? 

 
A number of methods, technologies and operating procedures are being used in the 
coal industry to measure, monitor and control the inputs and outputs of coal 
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preparation plants and to attempt to optimise the process. Some of these methods 
are described below. 
 
 
4.1 Mass meters 

 
In-line conveyor belt mass meters have been used for years to measure the 
tonnages of coal fed into coal preparation plants and the products leaving the plant. 
 
Theoretically, mass meters should be able to provide a rapid means of knowing the 
yield of coal produced since the masses of feed, product and discard coal can be 
measured. However, a number of factors complicate this measurement, some of 
which are: 
 

 Inherent inaccuracy of the mass meters, especially at low tonnage rates 
 Build-up of coal on the weigh idlers, resulting in faulty readings 
 Moisture content of the different products 
 Difficulty in calibrating the units.  

 
It may be possible, in conjunction with on-line moisture analysers and personal 
computers, to use the moisture-corrected masses from mass meters to compute and 
display, in real time, the yield of coal produced from a plant.  
 
 
4.2 Measurement of misplaced materials 

 
By taking samples of the coal and discard produced, and performing a single-density 
float-and-sink analysis, usually at the required set-point density, an indication of the 
efficiency of the particular unit can be obtained, based on the amount of ‘misplaced’ 
material present in the sample. The analysis can be done quite quickly.  
 
The measurement obtained, however, is not a very accurate reflection of efficiency 
and only serves to distinguish between acceptable and unacceptable operation.  
 
A more accurate assessment of plant efficiency is obtained by conducting a 
float-and-sink analysis on samples of discard coal. However, such an analysis takes 
longer to complete and in order to assess the results gainfully, the ‘acceptable’ 
amount of misplaced material in the sample should be known for comparison.  
 
Careful handling of the samples is very important since ‘misplaced’ material can 
result from rough handling of the sampling 
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4.3 Efficiency testing 

 
The most widely used and accepted method for measuring the efficiency of a plant, 
or a unit within the plant, is to conduct an efficiency test. 
 
The test consists of taking samples of the feed, product and discard from the 
particular unit to be measured. 
 
The product and reject samples are subjected to float-and-sink analysis, using a 
range of closely spaced density intervals.  
 
The ash content of the feed sample, and the float-and-sink fractions of the product 
and reject samples are determined. 
 
The yield of clean coal is determined by using the ‘ash-balance’ method. The 
ash-balance method uses the following equation to calculate the yield of clean coal 
produced: 
 
 
                     (% ash content of rejects - % ash content of raw coal) 
Yield % =     ------------------------------------------------------------------------- x 100  [1] 
                    (% ash content of rejects - % ash content of clean coal) 
 
The float-and-sink data obtained from the clean coal and the reject samples are used 
to compute the reconstituted feed, which reflects the washability analysis of the coal 
fed into the dense-medium unit. 
 
The amount of the coal in each of the relative density intervals that reports to the 
clean coal, expressed as a percentage of the coal in each of the relative density 
intervals of the reconstituted feed, is determined. These percentages, expressed as 
dimensionless partition coefficients (or partition numbers), plotted against the mean 
density of each relative density interval, yield the so-called ‘partition curve’ from 
which a number of parameters, describing the efficiency of the processing unit, can 
be derived. 
 
Table 3 depicts a typical set of data and Figure 5 shows the resulting partition curve. 
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Table 3: Efficiency test data 

 
Efficiency Analysis : Dolan Colliery       
      Dense-medium Cyclone Plant     
Feed % Ash     : 40.2           
Product % Ash : 13.7           
Discard % Ash :     82.5           
Product Yield :   61.4           
                  
    % Weight % of Feed Calc. Mean Part. 
Relative Density         Feed RD Coeff. 
    Prod Disc Prod Disc       
                

F @ 1.50 88.30 0.20 54.25 0.08 54.33 1.50 99.9 
F @ 1.55 2.50 0.10 1.54 0.04 1.57 1.53 97.6 
F @ 1.60 2.30 0.10 1.41 0.04 1.45 1.58 97.3 
F @ 1.65 1.80 0.10 1.11 0.04 1.14 1.63 96.6 
F @ 1.70 1.50 0.10 0.92 0.04 0.96 1.68 96.0 
F @ 1.75 2.30 0.40 1.41 0.15 1.57 1.73 90.2 
F @ 1.80 1.00 1.90 0.61 0.73 1.35 1.78 45.6 
F @ 1.85 0.20 2.50 0.12 0.96 1.09 1.83 11.3 
F @ 1.90 0.10 2.10 0.06 0.81 0.87 1.88 7.1 
F @ 1.95 0.00 2.30 0.00 0.89 0.89 1.93 0.0 
F @ 2.00 0.00 2.90 0.00 1.12 1.12 1.98 0.0 
F @ 2.05 0.00 2.30 0.00 0.89 0.89 2.03 0.0 
F @ 2.10 0.00 1.50 0.00 0.58 0.58 2.08 0.0 
F @ 2.15 0.00 1.90 0.00 0.73 0.73 2.13 0.0 
F @ 2.20 0.00 1.10 0.00 0.42 0.42 2.18 0.0 
S @  2.20 0.00 80.50 0.00 31.04 31.04 2.20 0.0 

                

Whole Coal   100.00 100.00 61.44 38.56 100.00     
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Figure 5: Partition curve 
 

In Figure 5, the data obtained from Table 3 are plotted as discrete points. The solid 
line connecting the points is the best-fit curve. This curve is fitted according to the 
method first proposed by Erasmus7. According to the Erasmus method, the partition 
curve may be represented as an Arc tan function of the following form: 
 

Arc tan (k (S – c)) = t2  - (t2  - t1) D /100     [2] 
 
where  D is the partition coefficient 

S is the corresponding relative density 
t2 is a constant  
k, c and t1 are quasi-constants 

 
The parameters used most regularly to express the efficiency with which a particular 
dense-medium unit is separating coal and impurities in any given raw coal feed are: 
 
Partition density: This is the relative density corresponding to a partition number of 50 
on the Tromp curve. It is also referred to as the ‘cut-point density’. 
 
Ecart Probable Moyen: The Ecart Probable Moyen (EPM) or probable mean error, is 
defined as follows: 
 

EPM = (RD75 – RD25) / 2      [3] 
 
 
where  RD75 = the relative density corresponding to a partition coefficient of 75 
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RD25 =the relative density corresponding to a partition coefficient of 25. 
 
The more efficient a process, the sharper the separation will be and the steeper the 
slope of the Tromp curve will be. A perfect separation will result in a vertical Tromp 
curve and an EPM equal to 0,00. In practice, very good dense-medium separation, 
as achieved on, for example, a Norwalt vessel treating a raw coal sized between 75 
and 32 mm, can be as low as 0,007. A typical value for dense-medium cyclones 
processing a 12 by 1 mm feed is 0,02. Jigs and other water-only beneficiation 
methods exhibit EPM values in the order of 0,10 to 0,20. 
 
Apart from day-to-day control of and troubleshooting at dense-medium plants, 
efficiency testing also serves the following functions: 
 
 To ascertain whether a newly commissioned plant meets the guaranteed 

specifications given by the contractor who built the plant. The efficiency test 
conducted for this purpose is known as an ‘acceptance test’ and is usually a very 
thorough test carried out in great detail. 

 
 To typify the efficiency of particular dense-medium units. The results of efficiency 

tests have been built into computer simulations which are used in forecasting 
practical plant results from washability data. These results are then used to assist 
with plant design and with the techno-economic evaluation of alternative plant 
configurations. The models are also used for day-to-day control by comparing or 
benchmarking the results obtained on any dense-medium unit processing a 
specific raw coal feed with those that would have been obtained on a similar unit 
(of known performance) processing the same feed coal.  

 
Efficiency tests are labour-intensive and expensive. Samples of the feed to the 
dense-medium unit, the floats (product) and the sinks (rejects) must be procured. In 
many instances, the size of the samples required is large (hundreds of kilograms).  
 
The samples have to be handled carefully to avoid any breakage of the particles as 
this may result in the ‘liberation’ of coal from the impurities that may influence the 
eventual result of the test. 
 
Densimetric analysis has to be carried out on these samples and expensive, 
poisonous and sometimes carcinogenic fluids have to be used for this purpose. Zinc 
chloride is usually used for densities up to 1,80 and bromoform or tetra-bromo-
ethane (TBE) diluted with benzine or white spirit is used to achieve densities higher 
than 1,80. 
 
The results of efficiency tests are often only available after several weeks have 
elapsed. This obviously reduces the value of the results, especially when the tests 
are aimed at detecting operational problems.  
 
 
4.4 Tracers 
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Tracers are particles made of polymers and a filler material that is added to the 
polymer to adjust the density of the particle. Metal salts and barites are often used for 
this purpose. By varying the amount of filler material used, particles with a range of 
densities can be manufactured.  
 
The tracer particles can be manufactured in a number of different sizes and the 
tracers are usually made in bright colours to make detection of the particles easier 
(se Figure 6). 
 
 

 
 

Figure 6: Density tracers 
 
 
To determine the efficiency of a processing unit, a number of tracers, covering a 
range of densities, are introduced into the feed to the unit.  
 
The tracer particles are separated within the unit into ‘floats’ and ‘sinks’, in the same 
way that coal would be separated. 
 
The tracer particles recovered from the float and sink screens are counted and the 
number of tracers recovered is then used to construct a partition curve. The EPM and 
d50 can be read from the partition curve. A good overview of the statistical 
calculations involved in the planning and execution of tracer tests is given by Napier-
Munn8. 
 
Table 4 below shows data obtained from a tracer test as reported by DG Osborn9. 
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Table 4: Results obtained from a tracer test 

 
  Number of tracers   

Relative Added Retrieved Retrieved   Retained Partition 
density To feed from product from discard Lost in cyclone number 
       

1.39 30 30 0 0 0 100.0 
1.40 30 30 0 0 0 100.0 
1.41 30 28 2 0 0 93.3 
1.42 30 25 5 0 0 83.3 
1.43 30 7 19 0 4 26.9 
1.44 30 4 25 0 1 13.8 
1.45 30 0 30 0 0 0.0 
1.46 30 0 30 0 0 0.0 
1.47 30 0 30 0 0 0.0 

 
The partition curve plotted from this data is shown in Figure 7. 
 

 
 

Figure 7: Tracer test partition curve 
 
 
Tracers provide a rapid, easy means to determine the efficiency of a processing unit. 
It is, however, difficult to recover the tracers, especially when coal is being fed into 
the plant at the time. Visibility of the tracers amongst the coal on a screen is very 
poor, despite them being brightly coloured. For this reason, tracers are usually used 
to test the efficiency of plants with the plant running only on medium but without coal. 
The CSIRO in Australia is engaged in developing a system10 that employs image 
processing to detect tracers in a stream of coal. 
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A new type of tracer that utilises radio waves for detection was developed by the 
CSIR11. Each tracer contains a small radio transponder. When the tracer comes into 
the proximity of an antenna positioned over a conveyor belt or a screen, 
electromagnetic radiation emitted from the antenna powers the transponder. The 
transponder then transmits a unique digital code to the antenna and detection unit. 
These data are sent to a personal computer where they are recorded.  
 
Radio tracers are shown in Figure 8 below. 
 

 
 

Figure 8: Radio tracers 
 
 
Since every tracer has a unique identity, it is possible to accurately detect those 
tracers reporting to the product or discard stream, as well as the density and size of 
each tracer. These data can then be used to construct a partition curve.  
 
The tests can be easily carried out by one person and take only a few minutes to 
complete. Because the tracers can be detected even when they are covered by coal, 
they can be used to test the efficiency of a processing unit while the unit is on coal.  
 
Ranasinghe and Holtham12 describe a test developed to measure the efficiency with 
which large-diameter cyclones can beneficiate fine coal. The test uses fine-density 
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tracers, sized between 0,5 and 0,25 mm, to derive the partition characteristics of 
large-diameter cyclones for small particles. 
 
The tracers are obtained by crushing bigger tracers and then screening out the 
required size range of tracer particles.  
 
A controlled flow, approximately 250 g/min, of fine tracer particles is introduced into 
the cyclone feed stream. After a few minutes, the medium draining through the 
float-and-sink sieve bends is sampled. The medium is screened on a 0,25 mm 
screen and the tracers in the medium counted after the plus 0,25 mm size fraction 
has been dried. A count of 1 000 tracers from each product is considered sufficiently 
accurate. The counting of the tracers can be completed in about one day. 
 
Tracers are very useful for providing a quick check on the efficiency of any particular 
processing unit and provide an excellent method for ‘troubleshooting’. They are also 
very flexible in use and allow, for example, a single cyclone in a module to be tested 
separately, provided the tracers can be introduced into the feed stream of that 
particular cyclone.  
 
Tracers are not intended to replace conventional efficiency testing but rather to 
supplement it. 
 
 
4.5 Strain gauge measurement in chutes 

 
Smitham et al.13 describe a novel system used for measuring the mass flow rate of 
coal from individual screens in a coal preparation plant. 
 
The system consists of an open-ended chute suspended from chains that are 
connected to a load cell. The chute is fitted with internal baffle plates to ensure that 
coal passing through it will impact on a surface within the chute. The concept is 
illustrated in Figure 9 below. 
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Figure 9: Diagram of mass measurement system 
 
 
The chute is placed in such a position that all the coal from a screen must pass 
through it. The coal, by virtue of the internal baffle plates, impacts on the chute and 
the force is transferred to the load cell. 
 
The load cell output is used to indicate the tonnage of coal passing through the 
chute. The load cell values are calibrated using a series of manual mass rate 
determinations. 
 
By monitoring the tonnages from individual screens in a plant in this fashion, it is 
possible to obtain a continuous record of the tonnage produced from individual units. 
By measuring both the product and reject streams from a unit, the yield from that unit 
can be continuously monitored. 
 
Proper calibration of the system is required on a routine basis. One problem that was 
reported during testing of the system is that coal will tend to build up in the measuring 
chute and this could affect the accuracy of the mass determination. Non-stick 
surfaces, such as high-density plastics, could be used to line the chutes and thus 
minimise this problem. 
 
 
4.6 On-line ash and moisture monitors 

 
Most plants control the quality of product produced by taking regular samples of the 
coal, analysing the samples and then adjusting the relative density of the circulating 
medium according to the results of the analysis. 
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This method works quite well when the raw coal feed into the plant is relatively 
consistent. Variations in quality are usually not large and therefore only minor 
adjustments to the medium density are occasionally required. 
 
When variable coals are being processed, however, the situation becomes more 
problematic. Coal quality often changes rapidly and frequent adjustments to the 
medium density may be required. The delay between sampling of the coal and 
receiving the result back from the laboratory may be as long as three to four hours. 
Changes in the raw coal quality can occur during this period and control of the 
product quality can become very difficult.  
 
On-line quality monitors can assist greatly in this area of product quality control. 
 
On-line ash monitors have been in use around the world for the past two decades. In 
South Africa, their track record has not been very favourable, even though there have 
been a few successful applications of this technology.  
 
The reluctance of the coal industry in South Africa to accept on-line monitors could 
be due to a number of reasons. Amongst the reasons are the relatively high cost of 
these machines, insufficient performance of the units and poor back-up service by 
the suppliers. However, unreasonable expectations and improper application of these 
monitors are most probably the real reasons why the units have had such a varied 
success rate.  
 
Different types of on-line analyser are available. The type of on-line ash monitor with 
the lowest cost is that utilising dual-gamma technology. Two radioactive sources, 
americium 241 and cesium137, are used in these units.  
 
A dual-gamma ash monitor is shown in Figure 10. 
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Figure 10: Ash monitor of the dual-gamma type 
 
 
The principle employed in these monitors is relatively simple. The radioactive sources 
are placed below a conveyor belt on which coal is being transported and a detector is 
positioned above the conveyor. The sources are contained in a shielded source 
holder and only a thin beam of gamma radiation is directed upwards through the 
conveyor belt and the coal on it. Gamma radiation not absorbed by the coal and the 
conveyor belt is recorded by the detector. The amount of gamma radiation from the 
americium241 source absorbed by the coal on the conveyor belt is proportional to the 
ash content of the coal. The function of the cesium137 source is to provide a measure 
of the amount of coal on the conveyor. 
 
The following equation is employed to derive the ash content of coal on a conveyor 
belt. 
 
 
 
 

ln ( IAm / I0Am) 
-------------------   =  R       [4] 
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ln ( ICs / I0Cs) 
 
where R = the log ratio of counts 

IAm = count rate for americium241 
Ics = count rate for cesium137 
I0Am = empty conveyor count rate for americium241 
I0Cs = empty conveyor count rate for cesium137. 

 
R is used in the equation below to calculate ash content: 
 

Ash % = R x M + C       [5] 
 
where  M = slope of calibration line 

C = constant of calibration line. 
 
In theory, the measurement of ash content is independent of the thickness of the 
layer of coal on the conveyor. This is, however, not entirely true and is the main 
reason for the failure to perform of a number of on-line ash monitors in practice14. 
 
The measurement of ash is only independent of the thickness of the coal layer above 
a certain minimum layer thickness. This thickness is approximately 100 mm but 
varies for different types and particle sizes of coal. A number of installations were 
made where the coal layer was well below this thickness. All of these installations 
were unsuccessful. 
 
The graph in Figure 11 below shows the effect that the layer thickness of coal on a 
conveyor belt has on the log ratio value.  
 

Influence of  differing size fractions on ash monitor
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Figure 11: Influence of coal layer thickness on measurement 
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Provided the minimum layer thickness of coal is presented to the ash monitor, these 
units are capable of sufficient accuracy to be used for quality control in coal 
preparation plants. 
 
A more sophisticated, and very much more expensive, type of on-line analyser uses 
prompt gamma neutron activation analysis (PGNAA) technology to determine all the 
major elements in coal. These types of analyser can be used to measure not only the 
ash content of the coal but also sulphur, carbon, hydrogen, nitrogen, chlorine and the 
major elements contained in the ash of the coal. A separate microwave moisture 
monitor is used to measure the moisture content of the coal. The heat value and 
other properties of the coal can be computed from the available data. 
 
An on-line analyser of the PGNAA type is shown in Figure 12 below. 
 

 
 

Figure 12: On-line analyser of the PGNAA type 
 
 
The first generation of PGNAA analysers required that a sub-stream of coal be 
presented to the unit. This necessitated the construction of a sampling plant to 
present coal to the analyser. The latest generation of these analysers can be 
positioned over a conveyor belt without the need for any additional sampling 
equipment. 
 
The latest addition to the range of on-line analysers is X-ray diffraction (XRD) 
monitors. These units can be positioned directly over a conveyor belt and have the 
advantage that no radioactive sources are used. Like the PGNAA monitors, they 
measure a number of coal quality parameters. 
 
A Coalscan 9500 PGNAA on-line analyser is being used to determine the quality of 
coal delivered from Optimum Colliery to Hendrina Power Station. The results 
obtained from this analyser are sufficiently accurate to serve as the basis for 
payment between the two parties. 
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Swanson et al.15 reported that a Coalscan 9000 has been successfully employed at a 
coal-loading terminal in Australia to measure the quality of coal during loading 
operations. 
 
Ash monitors of the dual-gamma type cannot replace a plant’s control laboratory but 
can supplement it very successfully. The relative roles of the monitor and the 
laboratory should, however, be clearly defined. The on-line monitor is used as a 
control and an early warning device. The quality of coal produced from the plant can 
be obtained from the monitor continuously, and almost immediately, after the coal 
leaves the plant. These results can be used to adjust the medium relative densities to 
ensure that the quality of coal produced remains within the specified limits. The role 
of the laboratory then becomes one of ‘monitoring the monitor’. Samples of the coal 
production are taken and analysed to ensure that the on-line monitor’s calibration 
remains valid. 
 
 
4.7 Automatic density control 

 
The output from an on-line monitor can be used to adjust the relative density of the 
washing medium in a plant automatically in order to control the quality of coal 
produced within narrower limits than is possible with manual control. 
 
COALTROL2 is a computer program developed jointly by the CSIRO and BHP in 
Australia. It is used to control the washing medium density in a coal preparation plant 
in order to maintain the quality of coal produced from the plant within a narrow range. 
The system uses the data obtained from on-line quality monitors. It is claimed that a 
5 % increase in plant yield was achieved due to the use of COALTROL. 
 
For a system such as COALTROL to be effective in a plant, it is necessary that 
accurate, real-time, quality information be available. 
 
Furthermore, the medium circuits in the plant should be able to respond rapidly and 
predictably to changes in the relative density set point. 
 
 
4.8 Control of d50 

 
Dense-medium cyclones with a diameter of 600 mm are used extensively in coal 
preparation plants in South Africa. Because these cyclones can process only about 
80 tons per hour of raw coal each, they are used in modules in which two or more 
cyclones are operate in parallel (Albrecht16). 
 
It is often found that the cyclones in a module do not operate at the same cut-point 
density, or ‘d50’. This may be due to uneven wear of the cyclones, uneven feed 
distribution to the cyclones or any one of a number of reasons. When this happens, 
yield of saleable coal is lost.  
 
BHP in Australia (Ellison et al.17) has carried out research into methods that can be 
used to control the cut-point densities of different cyclones in a module. It was found 
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that there is a correlation between the relative density of the cyclone overflow 
medium and the cut-point density for a cyclone. 
 
Using conventional density-measurement devices and a U-tube arrangement, as 
shown in Figure 13 below, continuous measurement of the cyclone overflow 
densities is possible.  
 

 
 

Figure 13: U-tube arrangement for measuring cyclone overflow density 
 
 
By measuring the overflow medium density of individual cyclones, and controlling the 
density of the feed medium to each cyclone, it is possible to control the cut-point 
density. 
 
In South Africa, a single module may contain two or even more cyclones fed from the 
same correct dense-medium pump. Individual control of the feed medium densities is 
not possible on such a circuit. The system can, however, be applied to parallel 
modules where each module has a separate correct density pump. 
 
By monitoring the cut-point densities of individual cyclones in a single module, it is 
still possible to correct for deviations, even if such corrections cannot be made by 
adjusting the medium density. Often, simply changing worn spigots can correct the 
situation.  
 
Unless one is aware that there is a difference in the cut-point densities, however, the 
situation may not be corrected for some time. 
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4.9 Control of medium viscosity and contamination 

 
Contamination of the washing medium by fine coal or non-magnetic material occurs 
to some extent in the circuits of all plants. If the contamination is not controlled, the 
medium will eventually become viscous and this will have a negative effect on the 
separation efficiency of the plant. 
 
Contamination of the medium is due mostly to inefficient de-sliming of the feed coal 
and to worn screen panels on the drain area of the drain-and-rinse screens. 
 
The amount of contamination in the medium can be controlled by bleeding a portion 
of the medium to the magnetic separators for cleaning.  
 
The degree of contamination of the circulating medium in a plant is difficult to 
estimate, especially for less-experienced plant operators. However, it is possible, 
using a combination of density gauges and Ramsey coils, to measure the level of 
contamination in the circulating medium.  
 
Once a measurement is available, corrective action can be taken if required. 
 
 

5 CONCLUSIONS 

 
No single, all-encompassing, method is yet available which will provide a continuous, 
real-time report on the status of a coal preparation plant. 
 
There are, however, a number of separate actions, procedures and methods that can 
be employed to provide the necessary data for effectively controlling a plant. Some of 
these methods are already in use at some plants.  
 
It would be possible to improve the degree of monitoring of most plants and to 
improve the efficiency of those plants by implementing some of the available 
methods. 
 
 

6 RECOMMENDATIONS 

 
It is recommended that the following actions be considered: 
 

• Re-evaluate the implementation and application of mass meters. By 
employing computers, the masses of feed, product and discard coal can easily 
be converted to yield values that can be reported on a continuous, real-time 
basis. These yield values can be used to compare against washability or 
predicted yield values to provide continuous feedback on plant performance. 
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• By using moisture monitors to correct the respective coal streams to the same 
moisture basis, the reported yield values can be rendered more accurate.  

 
• The tonnages of products from individual modules can also be measured 

using chutes of the load cell type. This may be of particular use for monitoring 
the performance of parallel cyclone modules.  

 
• A current problem area in plant accounting is the measurement of discards 

and slimes tonnages. The tonnage of slimes disposed of is especially difficult 
to measure. The application of devices for measuring on-line slurry flow rate 
and density may be worth investigating. 

 
• The variance in the quality of product coal produced should be closely 

monitored and controlled in order to maximise yield. A statistical program such 
as COALTROL may be useful in this regard.  

 
• On-line ash monitors can be effectively used to control product quality 

provided the monitors are correctly installed, calibrated and maintained.  
 

• Automatic control of the washing medium density, using the data from on-line 
monitors, may also be worth investigating. 

 
• Optimising the yield obtainable from the plant feed by producing the optimum 

combination of qualities from the coarse and fine fractions is only possible if 
the qualities of the differing size fractions can be obtained continuously. This 
necessitates the use of on-line monitoring or at least an on-site laboratory. 

 
• Measurement and control of the cut-point densities in modules containing 

more than one cyclone should be investigated since significant yield losses 
may occur if cyclones are operating at differing cut-point densities. 

 
• Regular efficiency testing is still the best method of ascertaining the efficiency 

of a plant. Although the results of tests are not immediately available, the data 
obtained can serve to identify problem areas in a plant. 

 
• Tracers can be used to “troubleshoot” plants very effectively and rapidly. 

 
• Monitoring the quality of in-circuit medium is still not common practice in most 

plants. Regular monitoring of the medium size consist and the levels of 
contamination can prove very beneficial. 
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