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ABSTRACT 
 

The main objective of this project is to demonstrate the ability of an enhanced gravity 
technique combined with an advanced flotation technique to improve the separation 
efficiency of an existing fine coal circuit at a coal preparation plant. 
 
Initial tests with the Falcon concentrator were conducted with feeds (-16mesh) having 
different characteristics using Jader refuse and feed to cyclone to identify the important 
variables. The results with Jader refuse show that a clean coal having 8.72% ash with 
39.65% yield can be obtained from a feed coal having 47.23% ash. The total sulfur 
content was reduced from 7.21% to 2.64% with a combustible recovery of 60.32%. The 
results from composite feed to cyclone show that a clean coal having 9.41% ash and 
2.26% total sulfur with 71.5% yield can be obtained from a feed coal having 24.50% ash 
and 5.54% total sulfur with a combustible recovery of 85.79%. Plant trials of the C10 
Falcon concentrator were conducted at Turris coal preparation plant. The spiral feed (-8 
mesh) was fed to the Falcon and long term runs were conducted after adjusting the Falcon 
parameters based on the study conducted on the Jader samples. Samples were collected from 
the Falcon and spirals for a period of 12 hours. The particle size analysis of the Falcon and 
spiral products showed that at average sizes of 82 and 56 mesh about 5% and 38%; and 9% 
and 24% of feed was reported to the tailings. The Falcon concentrator provided excellent 
separation at finer sizes than the spiral. However, at an average size of 12 mesh about 67% 
and 12% of the feed was reported to tailings for the Falcon and spiral respectively.  Hence, 
the coarser particles will be lost to the tailings while treating a very coarse feed. Therefore, 
the Falcon concentrator operates better at finer sizes and it is necessary to control the feed 
size distribution. The Falcon concentrator provided lower product total sulfur  (3.07%-
4.14%) than the spiral concentrator (3.57%-4.66%). The maximum mass yield value 
obtained from the Jameson Cell treatment of Turris refuse was 41.83% at a product ash 
content of 13.33% from a feed containing 52% ash.  This corresponds to a combustible 
recovery of 73.38%.  The plant could produce approximately 54 tons/hr of clean coal 
using the Jameson cell technology. 
 
Economic analysis indicates the potential for significant cost savings by plant 
optimization and savings as high as 72 cents/ton if enhanced gravity and flotation were 
both implemented. Flotation alone may not save money due to the inability to reject 
sulfur from the fines. 



  

EXECUTIVE SUMMARY 

Advanced fine coal cleaning technologies have been found to provide separation 
performance that are near or approaching the theoretical maximum based on either the 
washability curves for gravity separations or the release curve for froth flotation 
processes.  Since the coal particles in the fine fraction represent the cleanest particles in 
the run-of-mine coal, the application of the advanced fine coal technologies should 
provide the highest possible product grades and mass yields in an operating preparation 
plant.  This fine product can be blended with the coarse and intermediate fractions to 
produce an improved plant product at possibly higher plant yields, depending on the 
proportion of the fine fraction in the original feed.  If a given overall plant product quality 
is to be maintained, higher gravity cut points on the coarse and intermediate fractions 
could be realized.  In both cases, the result would mean an increase in the overall plant 
yield and separation performance.  
 
Enhanced gravity concentration is a product of the research conducted aimed at 
improving the efficiency of fine particle processing.  Research funded, in a large part by 
the State of Illinois, has found that enhanced gravity concentration has the ability to 
improve the rejection of both ash-bearing material and coal pyrite while maximizing the 
recovery of fine coal.  The process effectively treats particle sizes from 16 mesh to as 
small as 325 mesh.  Based on successful research programs conducted on bench, pilot 
plant and full-scale units, the present project was funded to evaluate the application of a 
full-scale enhanced gravity concentrator, commercially known as the Falcon, 
Concentrator in an operating preparation plant.  The unit was installed and tested in 
conjunction with an advanced flotation system for the treatment of –16 mesh coal at the 
Turris preparation plant located in southern Illinois and the resulting techno-economical 
benefits were quantified.   
 
The goal of this research project was to conduct plant trials of the Falcon concentrator in 
an operating coal preparation plant to identify the important parameters affecting its 
performance and to test the application of Jameson flotation to recover coal from refuse 
sample.  The feed coal characteristics in a plant vary considerably. Hence, it was 
necessary to find out the effect of feed characteristics on the Falcon performance and 
identify its important parameters. To achieve this goal, the work in this research project 
initially involved the treatment of nominally -16-mesh coal samples having different feed 
characteristics using the Falcon concentrator. The refuse and feed to the cyclone samples 
from the Jader fuel preparation plant which treats the Illinois No. 2+3 seams were used 
for this study. The refuse coal contains about 45.33% ash having 5.52% total sulfur. 
Whereas the composite feed to cyclone contains 30.39% ash content with 3.91% total 
sulfur. The heat values for refuse and composite samples are 7789 and 9647 BTU/lb 
respectively.  
 
 
 
 
 



  

Statistically designed experiments were carried using the Box-Benkhen design. The 
following parameters were used for the experimental campaign. 
 
• Bowl speed (20,30,40 Hz) 
• Percent solids (10,20,30 by wt.) 
• Underflow rate (1, 3,6 lpm) 
• Feed flow rate (10,20,30 gpm) 
 
Using the Design Expert software the following coded empirical models describing the 
product ash content and combustible recovery as a function of the operating parameter 
values were derived in quadratic form for refuse coal and composite feed to cyclone. 
 
Jader Refuse Coal 
 
Product Ash (%) =  25.48 + 2.45×A + 3.65×B - 10.34×C + 4.15×D - 4.94×B2  

                                                            + 2.67×C2   2.96×D 2 –  4.33×A×D - 4.49×B×C                                 [1] 
 
Combustible recovery (%) = 75.06 + 16.13×B - 18.57×C + 13.28×D - 5.08×A2     
                                              - 7.70×B2 - 11.71×B×D                                                      [2] 
 
Jader Composite Feed to Cyclone 
 
Product Ash (%) = 11.63 - 0.35×A + 1.06×B - 1.14×C + 0.75×D2  -1.65×A×D 
                               + 0.94×B×D                                                                                      [4] 
                                                                                                                         
Combustible recovery (%) = 70.49 + 3.84×A + 11.10×B - 15.40×C  + 15.47×D  
                                             - 9.71×B2 -  6.85×D2  +  7.95×A×B - 7.67×A×D                  [5]                                                               
 
in which A is the bowl speed, B the feed solids content, C the underflow rate, and D the 
feed volumetric flow rate.  (The values of the variables A, B, C, and D are scaled from 0 
to 1 over the experimental range). 
 
The effect of parameters on ash and combustible recovery were analyzed using 
perturbation plots. The underflow rate has a pronounced effect on both product ash 
content and combustible recovery, a small change in the underflow rate greatly affects 
product ash content and combustible recovery.  The feed solids content is also quite 
important as indicated by its curvilinear nature.  Bowl speed had the least effect both on 
product ash and combustible recovery. The factors according to their importance for 
product ash and combustible recovery for refuse sample can be written as: 
 

• Underflow rate > Percent solids > Feed flow rate > Bowl speed  
 

Where as for the composite feed to the cyclone; 
 

• Underflow rate > Percent solids > Feed flow rate > Bowl speed; for product ash 



  

• Underflow rate > Feed flow rate > Percent solids > Bowl speed; for combustible 
recovery 

 
The simulations revealed that it was necessary to maintain a relatively high percentage of 
solids with low volumetric feed rates to achieve the ultimate separation performance 
while treating the refuse material. The studies with composite feed to cyclone showed 
that it was necessary to maintain low percent solids with high feed flow rate. Both 
conditions result from the need to build and maintain a stable bed of particles within the 
separator.  Experiments were conducted near optimum regions as suggested by the 
simulation study. 
 
Optimization results with Jader refuse show that it is possible to obtain a clean coal 
having 8.72% ash with 39.65% yield from a feed coal having 47.23% ash.  At 39.65% 
mass yield, the Falcon concentrator is able to reduce the total sulfur content from 7.21% 
to 2.64% in a single stage with a combustible recovery of 60.32%. The washability data 
shows that at the same ash content of 8.72%, the yield is about 44% having 2.58% total 
sulfur. The pyritic sulfur content was reduced to 0.93% from 5.26%. The probable error 
(Ep) and specific gravity of separation (d50) were calculated by washability data of the 
product and tailings samples.  The Ep and the d50

An extensive separation performance comparison between the pilot-scale C10 Falcon 
concentrator and the existing spiral circuit was conducted at the Turris Coal Preparation 
plant for the treatment of coal from fine coal circuit.  The fine coal circuit should contain 
particles nominally –16 mesh size. However, the feed coal contained about 9% of +16 
mesh particles, the top size being 8-mesh. The percent solids in the feed to the Falcon 
was varying between 35% to 45% with a flow rate of 30 to 40 gallons per minute. The 
high percent solids combined with the presence of  +16 mesh particles hindered the 
operation of the Falcon concentrator. Hence, the feed flow rate to the Falcon was reduced 
and water was added to the Falcon feed to reduce the percent solids. Finally the Falcon 

 are 0.12 and 1.45 respectively.  
 
The results with Jader composite feed to cyclone show that it is possible to obtain a clean 
coal having 9.41% ash and 2.26% total sulfur with 71.51% yield, from a feed coal having 
24.50% ash and 5.54% total sulfur. The pyritic sulfur was reduced from 2.54% to 0.82%. 
The combustible recovery is about 86%. The washability data shows that at the same ash 
content of 9.41%, the yield is about 79% having 2.48% total sulfur. The Falcon results 
with Jader refuse and feed to cyclone show that it can effectively treat feeds containing 
varying amount of ash contents. 
 
The Falcon concentrator is inefficient in rejecting ash from the –325 mesh coal fraction. 
The thickener underflow (130-tons/hr) of the Turris coal preparation plant contains about 
65% of –325-mesh fraction having about 60% ash. Even though the flotation process is 
not as effective at reducing the pyritic sulfur content as the Falcon unit, it is an excellent 
desliming unit. The maximum mass yield value obtained from the Jameson Cell 
treatment was 41.83% at a product ash content of 13.33% from a feed containing 52% 
ash.  This corresponds to a combustible recovery of 73.38%.  The plant could produce 
approximately 54 tons/hr of clean coal using the Jameson cell. 
 



  

was operated at about 15 to 22 % solids with a flow rate varying between 15 to 20 gallons 
per minute.  
 
The higher centrifugal force provided by the Falcon concentrator helps to separate fine 
particles by accelerating their settling characteristics. However, because of the higher 
centrifugal force the coarser particles will settle pretty quickly towards the wall of 
rotating bowl, and thus will report to tailings. The Falcon unit was found to be capable of 
providing reasonable metallurgical results from a feed containing –8-mesh coal particles.  
The results indicate that weight yields ranging from approximately 66-77% can be 
obtained at corresponding product ash contents of 10%-14% for the Falcon concentrator.  
Where as the spiral concentrator yields 70%-81% coal at about 10-14% ash, providing 
slightly better separation than the Falcon concentrator. However, the Falcon concentrator 
provides lower product total sulfur  (3.07%-4.14%) than the spiral concentrator (3.57% - 
4.66%).  The Falcon concentrator was able to produce a clean coal with a reasonable 
variation in the ash content with varying feed characteristics while treating –8 mesh coal. 
However, the Falcon being an enhanced gravity separator performs better at finer sizes (-
16 mesh) than on a feed containing –8 mesh. These results indicate both product quality 
and economic benefits could be obtained in using the units tested in this investigation in 
the fine coal cleaning circuits.                    
 
Economic analysis indicates the potential for significant cost savings by plant 
optimization and savings as high as 72 cents/ton if enhanced gravity and flotation circuit 
were implemented. The overall impact of this added revenue/savings for a 750-tph plant 
operating 4000 hours/year will be around $2.13 million/year. Because of reduction in 
pyritic sulfur, the increase in SO2

 

 allowance cost from $150 to $250/ton would improve 
the economic benefits from $2.13 million to $3.48 million. Flotation alone may not save 
money due to its inability to reject sulfur from the fines. 
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OBJECTIVES 

The main objective of this project is to demonstrate the ability of an enhanced gravity 
technique in combination with an advanced flotation technique to improve the separation 
efficiency of fine coal circuit over existing conventional circuit at a coal preparation 
plant. Based on successful research programs conducted earlier, this project was funded 
to evaluate the application of a pilot scale enhanced gravity concentrator, commercially 
known as the Falcon Concentrator in an operating preparation plant.  The unit was 
installed and tested for the treatment of –1 mm coal at the Turris coal preparation plant 
located in Southern Illinois and the resulting techno-economical benefits quantified.   
 
The specific objectives of the project included:  
 
• Parameter evaluation and optimization to provide the knowledge needed to 

manipulate operating parameters to ensure maximum mass yield for the desired 
product grade; 

 
• Process efficiency for C10 Falcon unit that is measured by the ability to achieve a 

separation specific gravity of 1.60 at a probable error value of 0.12.  
 
• Achievement of  a 2% to 3% improvement in overall fine coal cleaning circuit from 

the use of the enhanced gravity-advanced flotation circuit. 
 
• Long-term operation of the pilot-scale C10 Falcon Concentrator in an operating coal 

preparation plant. 
 
It is well known that the feed characteristics in a plant vary continuously which affects 
the plant performance. Hence, the processing equipment should reasonably be able to 
provide a good separation under these conditions. Thus, an objective of this investigation 
was also to evaluate the ability of the Falcon concentrator to treat different feed 
characteristics. For this purpose coals from Illinois No. 2, 3 and 5 seams were used.  
Another objective of this investigation was also to evaluate systems for the potential of 
achieving an effective cleaning on the –100 mesh particle fraction with an advanced 
flotation system (i.e., Jameson flotation cell). 
 

INTRODUCTION AND BACKGROUND 

The fine coal circuit in a coal preparation plant is the least efficient one. This is mainly 
due to the inherent problems associated with fine coal cleaning and the unavailability of 
an efficient and high capacity separator. In today’s coal preparation plant, spirals treat the 
28 x 100 mesh fraction, while the 100 mesh fraction is treated by conventional flotation 
or is being rejected. Froth flotation is the most widely used fine coal cleaning technique. 
However, many past studies have identified limitations of the froth flotation process in 
the treatment of feed coals containing moderate-to-large amounts of middling and coal 
pyrite particles ( Chernosky and Lyon, 1972; Rastogi and Aplan, 1985; Oblad, 1985; Lai, 
1990; Yoon et. al., 1991; Honaker and Reed, 1995). 



 

 

2  

 

Spirals are generally used to treat the 28 x 100 mesh particle fraction. Spirals provide a 
simplistic particle size separation at a relatively low cost. Hence, spirals are extensively 
used in the coal preparation plant.  However, the throughput of each spiral is relatively 
low (i.e., 3 - 4 tph) which results in the requirement of a large number of spirals to treat a 
typical plant mass flow rate.  This results in a large floor space requirement and a slurry 
distribution system that is easy to plug with large particles and foreign objects.  Since 
volumetric flow rate is critical to the operation of a spiral, unequal distribution of the 
flow detrimentally affects the efficiency of the spiral circuit.   In terms of separation 
efficiency, rougher cleaning using a spiral concentrator typically is limited by a minimum 
separation specific gravity (D50) of 1.8 and a modest probable error (EP) value of 0.15 – 
0.18 (Stanley et al., 1995).  Most problematic is the high level of the minimum D50, 
which typically results in poor product quality values for moderately difficult-to-clean 
coals.  An interesting study conducted by Luttrell et al. (1998) has recently shown that a 
rougher-cleaner spiral arrangement with middlings recycle can reduce the D50 to about 
1.62, however, the EP value increases to 0.18 to 0.20.  Although the finding was 
attributed to producing a net annual profit increase for a coal processing plant, the 
increase in EP signifies a decrease in overall process efficiency (EP  = 0 for perfect 
separations, 0.01 – 0.05 for heavy media separations, and 0.12 – 0.20 for most water 
based separations).  Studies conducted by Honaker et al. (1996,1998) and Mohanty and 
Honaker (1998) have shown that enhanced gravity concentrators offer improved EP 
values of about 0.12 at D50

EXPERIMENTAL PROCEDURES 

 values of 1.60 and lower. The past studies have shown that 
the selectivity of froth flotation can be improved using column flotation over 
conventional flotation technology. 
 
Earlier studies conducted at SIU on bench, pilot plant and full scale units have shown that 
enhanced gravity concentration has the ability to improve the rejection of both ash-
bearing material and coal pyrite while maximizing the recovery of fine coal.  The process 
effectively treats particle of sizes from 1 mm to as small as 44 µm. A pilot-scale 
enhanced gravity concentrator, commercially known as the Falcon concentrator was 
installed in an operating preparation plant and tested in conjunction with an advanced 
flotation system for the treatment of –1 mm coal at the Turris coal preparation plant 
located in Southern Illinois. One of the major objectives of the project was to test the 
Falcon concentrator at a coal preparation plant to find out the factors affecting its 
operation under actual field conditions. 
 

 
Test Samples 
 
There were some discontinuities in the feed used and tested in this project due to the need 
to relocate the field demonstration from Jader fuels to Turris.  The change did provide a 
wider base of testing than anticipated.  The pilot scale Falcon tests were conducted at the  
high-bay facilities in Carterville, using two different coal samples collected from the 
Jader coal preparation plant to study the effect of feed characteristics. The Jader coal 
preparation plant treats the composite feed from the Illinois No. 2 coal and No. 3 coal 
seams, rather than treating the two seams individually. The plant trials of the Falcon 
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concentrator were conducted at the Turris coal preparation plant, which treats Illinois No. 
5-seam coal. The Jameson cell tests on the Turris thickener underflow (-100 mesh) 
sample were conducted at the high-bay facilities. 
 
Coal samples from composite feed to the cyclone and refuse stream were collected from 
the Jader fuel preparation plant. The composite feed to the cyclone (-16 mesh) was 
collected in 55 gallon barrels and 5 barrels of sample was collected from the circuit.  The 
Jader refuse and Turris thickener underflow samples were collected in five separate 
barrels.  The feed characteristics of the coal samples are given in Tables 1 through 5. 
 
Table 1. Feed characteristics of the coal samples (16 x 325 mesh) treated by the Falcon 

concentrator and Jameson cell in this investigation.  Washability descriptions 
were defined according to ASTM washability analysis results. 

 
Coal Source Washability 

Description 
Feed grade 

Coal No. 1 Illinois No (2+3) 
seam refuse 
(Jader refuse) 

Easy-to-clean 
High total sulfur 

Ash = 47.23% 
T. Sulfur = 7.21% 
Pyritic Sulfur = 5.26% 

Coal No. 2 Illinois No 2+3 seam 
(Jader feed to 
cyclone) 

Easy-to-clean 
 

Ash = 24.50% 
T. Sulfur = 5.54% 
Pyritic Sulfur = 3.21% 

Coal No. 3 Illinois No 5 seam 
(Turris feed to 
spiral) 

Easy-to-clean 
 

Ash =  21.23% 
T. Sulfur =  5.11% 
Pyritic Sulfur = 3.62% 

Coal No. 4 
 

Illinois No 5 seam 
(Turris refuse) 

Amenable to 
flotation (release 
analysis) 

Ash =  51.88% 
T. Sulfur = 3.55% 
Pyritic Sulfur = 2.23% 

 
 
Table 2. Release analysis results obtained for the Turris refuse coal sample using 1.89 

lb/ton polyglycol frother and 4.53 lb/ton fuel oil. 
 

Product 
Individual Cumulative 

Weight 
(%) 

Ash 
(%) 

Weight 
(%) 

Ash 
(%) 

Combustible 
Recovery (%) 

C1 0.51 3.77 0.51 3.77 1.03 
C2 1.23 3.90 1.74 3.86 3.50 
C3 10.34 5.36 12.08 5.14 23.96 
C4 6.44 7.07 18.52 5.81 36.48 
C5 9.26 10.41 27.78 7.35 53.83 
C6 5.61 11.80 33.39 8.09 64.18 
C7 4.22 18.61 37.61 9.27 71.36 
C8 11.21 23.07 48.82 12.44 89.39 

Tails 52.18 90.09 52.18 100.00 100.00 
Total 100.00 51.88    
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Table 3. Size by size ash, heat value and total sulfur analysis of Jader refuse. 
 

Size fraction 
(mesh) 

Weight 
(%) 

Ash 
(%) 

Heat Value 
BTU/lb 

Total Sulfur 
(%) 

+16 4.81 39.29 8905 4.24 
16x28 7.65 54.82 5738 6.75 
28x48 16.07 49.70 6795 5.55 
48x65 9.58 45.22 7761 6.09 
65x100 9.28 38.31 8750 6.61 
100x200 14.70 38.78 8650 6.79 
200x325 8.24 42.14 7882 7.56 
325x400 2.35 42.10 8143 5.19 
400x500 3.79 40.94 8543 4.55 

-500 23.55 49.56 6877 2.57 
TOTAL 100.00 45.33 7569 5.52 

 
 
   
 
Table 4. Size by size ash, heat value and total sulfur analysis of Jader composite feed    
              to cyclones  
 

Size Fraction  Weight  Ash  Heat Value Total Sulfur 
(mesh)  %  % BTU/lb (%) 

+16 14.21 18.33 11427 5.14 
16x28 7.26 22.33 10798 3.06 
28x48 10.52 21.38 11004 4.33 
48x65 4.45 22.30 10868 4.71 
65x100 6.03 16.67 11822 4.37 
100x200 16.07 19.90 11353 4.37 
200x325 8.49 31.73 9388 3.74 
325x400 2.76 36.18 8890 3.72 
400x500 4.24 46.18 7367 4.10 

-500 25.97 50.33 6572 2.84 
TOTAL 100 30.39 9647 3.91 
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Table 5.  Size by size ash, heat value and total sulfur analysis of Turris refuse material. 
 

 Size Fraction  
(mesh) 

Weight 
(%) 

Ash 
(%) 

Heat 
Value 

BTU/lb 

Total Sulfur 
(%) 

+65 10.11 51.93 6657 8.23 
65 x 100 11.72 27.21 10246 6.83 
100 x 200 6.13 21.13 10984 5.68 
200 x 325 3.18 21.99 11045 5.35 
325 x 400 3.46 24.57 10443 3.71 
400 x 500 11.27 26.50 10248 2.35 

-500 54.13 69.49 4283 2.25 
Total 100 51.88 6733 3.76 

 
Sample Preparation and Testing 
 
The samples were prepared for characterization and testing on the Falcon Concentrator 
and in the Jameson Cell according to procedures covered in the Appendix.  The layout of 
the Falcon Concentrator circuit used in the High Bay building is shown below in Figure 
1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic diagram of the experimental setup used for the Falcon laboratory test 

runs in this project. 
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RESULTS AND DISCUSSION 
 
Coal No. 1 – Illinois (2+3) seam refuse (Jader refuse) 
 
This coal is classified as easy-to-clean but having a large amount of sulfur with 72% of 
the material below 48 mesh, requiring the use of an enhanced gravity technique. The feed 
ash and total sulfur contents were 45.33% and 5.52% respectively (Table 3).  Statistically 
designed experiments were carried out using the Box-Benkhen design to evaluate the 
interactional effect of the process variables and to optimize the process.  The importance 
of the factors according to their priority can be written as: 
 
Underflow rate > Percent solids > Feed flow rate > Bowl speed. 
 
Figure 2 shows the effect of underflow rate and percent solids on product ash content. An 
increase in the underflow rate decreases the product ash by discharging higher amounts 
of ash forming minerals. However, this also decreases the combustible recovery due to 
the loss of coarse coal particles (Figure 3).  An increase in the percent solids at lower 
underflow rate increases the product ash content and combustible recovery, where as at 
higher underflow rate and percent solids, the product ash decreases with a slight decrease 
in combustible recovery. This may be due the existence of the high-density particle bed at 
the wall of the bowl at higher underflow rates, which helps the separation process. 
 
The simulations revealed that it is necessary to maintain relatively high feed solid 
contents with low volumetric feed rates to achieve the ultimate separation performance 
when treating the Jader refuse material. Experiments were conducted near optimum 
regions as suggested by the simulation study. 
 
Figure 4 shows the comparison of washability and optimization data along with the 
results of Box-Benkhen tests. These results show that it is possible to obtain a clean coal 
having 8.72% ash with 39.65% yield from a feed coal having 47.23% ash.  At 39.65% 
mass yield, the Falcon concentrator is able to reduce the pyritic sulfur from 5.25% to 
0.93% with a combustible recovery of 60.32%. The washability data (Figure 4) shows 
that at the same ash content of 8.72%, the yield is about 44%. The partition curve 
obtained from the water-only Falcon process treating the Jader refuse sample is given in 
Figure 5. The Ep and the d50 are 0.12 and 1.45 respectively.  This result falls within the 
objective range stated for this project.  The results of earlier ICCI projects indicated that 
the water-only Falcon could achieve lower d50 values. The present findings support the 
finding of the earlier studies. However, the lower d50 achieved may be attributed to the 
presence of high amount of pyritic sulfur present in the feed sample, which may be acting 
as a heavy media. 
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Figure 2. Plot illustrating the effect of underflow rate and feed solids content on product 

ash content for the treatment of the Jader refuse material. 
 
 

 
 
Figure 3. Plot illustrating the effect of underflow rate and feed solids content on 

combustible recovery obtained from the treatment of the Jader refuse material. 
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Figure 4. Metallurgical performance obtained from the treatment of the Jader refuse 
material using the C10 Falcon concentrator in terms of the mass yield to product versus 
product ash content; feed ash ≈ 47.23%: feed total sulfur ≈ 7.21%. 
 
 Coal No. 2 – Illinois No. 2+3  Composite Feed (Jader feed to cyclone) 
 
Statistically designed experiments were carried out according to the Box-Benkhen 
design.  Perturbation Plots are found in the Appendix, but several points are important 
here.   Underflow rate and percent solids significantly affect the product ash.  Only at a 
certain feed flow rate can the product ash can be lowered.  Since the feed contains only 
about 24% ash, at lower feed rate it may not be possible to have a proper stratification of 
the bed, leading to inefficient separation.  By contrast, at a higher feed flow rate, due to 
the lower residence time, the clean coal is diluted by the feed coal increasing the ash 
content and combustible recovery.   Bowl speed does not have much effect on product 
ash and combustible recovery, however, it is expected that a higher bowl speed than used 
in the test program there should be an increase in the removal of ash bearing materials, 
due to increase in the centrifugal force.  As a negative effect, an increase in bowl speed 
also reduces the residence time of slurry, thus minimizing the effect of high centrifugal 
force. 
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Figure 5. Partition curve obtained using the optimum operating parameter values as 

determined for the treatment of the Jader refuse material using the C10 Falcon 
concentrator; feed ash and total sulfur ≈ 47.23% and 7.21%, respectively. 

 
 
Coal No. 2 – Illinois No. 2+3  Composite Feed (Jader feed to cyclone) 
 
Statistically designed experiments were carried out according to the Box-Benkhen 
design.  Perturbation Plots are found in the Appendix, but several points are important 
here.   Underflow rate and percent solids significantly affect the product ash.  Only at a 
certain feed flow rate can the product ash can be lowered.  Since the feed contains only 
about 24% ash, at lower feed rate it may not be possible to have a proper stratification of 
the bed, leading to inefficient separation.  By contrast, at a higher feed flow rate, due to 
the lower residence time, the clean coal is diluted by the feed coal increasing the ash 
content and combustible recovery.   Bowl speed does not have much effect on product 
ash and combustible recovery, however, it is expected that a higher bowl speed than used 
in the test program there should be an increase in the removal of ash bearing materials, 
due to increase in the centrifugal force.  As a negative effect, an increase in bowl speed 
also reduces the residence time of slurry, thus minimizing the effect of high centrifugal 
force.  
 
An increase in percent solids and feed rate increases the combustible recovery and 
product ash.  An increase in feed rate reduces the residence time of the coal slurry inside 
the bowl, thus giving less time for rejection of ash bearing materials to the underflow.  
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Similarly, a high percent solids creates crowding of particles, minimizing the migration 
of ash bearing material to underflow. 
 
The importance of the factors according to their significance can be written as: 

• Underflow rate > Percent solids > Feed flow rate > Bowl speed; for product ash 
• Underflow rate > Feed flow rate > Percent solids > Bowl speed; for combustible 

recovery 
 
The effects of underflow rate and percent solids on product ash and combustible recovery 
are shown in Figures 6 and 7. The effect of underflow rate and percent solids on product 
ash is of a linear relationship (Figure 6). The curvature observed in the response of 
combustible recovery as a function of percent solids verifies the quadratic nature of the 
function.  Figure 8 shows the effect of feed flow rate and percent solids on product ash 
content. It is possible to obtain a lower product ash content at a lower percent solid and 
feed flow rate, however, this option drastically reduces the capacity of the Falcon. The 
other two options are: operating the Falcon at higher percent solids and lower feed flow 
rate or lower percent solids and higher feed flow rate. Figure 8 shows that the second 
choice, operating the Falcon at lower percent solids and higher feed flow rate, is the 
better one. The higher feed flow rate maintains the input of material for the stratification 
of bed and also reduces the residence time preventing the migration of coarser coal 
particles to the tailings. 
 

 
Figure 6.  Plot illustrating the effect of underflow rate and feed solids content on product 

ash content for the treatment of the Jader composite feed to cyclone 
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Figure 7. Plot illustrating the effect of underflow rate and feed solids content on 

combustible recovery obtained from the treatment of the Jader composite feed 
to cyclone. 

 
 
 

 
Figure 8. Plot illustrating the effect of feed flow rate and percent solids content on  

product ash obtained from the treatment of the Jader composite feed to 
cyclone. 
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The simulations revealed that it is necessary to maintain relatively low feed solid contents 
with high volumetric feed rates to achieve the ultimate separation performance, when 
treating the Jader composite feed to cyclone. Experiments were conducted near optimum 
regions as suggested by the simulation study. 
 
Figure 9 shows the comparison of washability and optimization data along with the 
results of Box-Benkhen tests. These results show that it is possible to obtain a clean coal 
having 9.41% ash with 71.51% yield from a feed coal having 24.50% ash.  At 71.51% 
mass yield, the Falcon concentrator is able to reduce the total sulfur content from 5.54% 
to 2.26% with a combustible recovery of 85.79%. The pyritic sulfur was reduced to 
0.87% from 3.20%. The washability data shows that at the same ash content of 9.41%, 
the yield is about 79% having 2.48% total sulfur. The partition curve obtained from the 
water-only Falcon process is shown in Figure 10. The process provided d50 and Ep values 
of 1.58 and 0.15 respectively.  The d50

A certain variation of feed ash content in a coal preparation plant is expected and the 
processing equipment should be able to handle this situation. The results with the Falcon 
concentrator using Jader refuse and feed to cyclone show that it can handle feeds 
containing varying amount of ash contents to produce acceptable grade and yield of clean 
coal.  
 
 
 

 falls within the objective range, although the 
probable error is slightly higher than hoped. 
 

 
Figure 9. Metallurgical performance obtained from the treatment of the Jader composite 

feed to cyclone using the C10 Falcon concentrator in terms of the mass yield 
to product versus product ash content; feed ash ≈ 24.50%: total sulfur ≈ 5.54% 
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Figure 10. Partition curve obtained using the optimum operating parameter values as 

determined for the treatment of the Illinois 2+3 composite feed material using 
the C10 Falcon concentrator; feed ash and total sulfur ≈ 24.50% and 5.54%, 
respectively. 

 
Jameson Cell Testing 
 
The Jameson Cell experiments utilized a 1.25-inch diameter downcomer and a 4-inch 
diameter separation vessel.  Fuel Oil No. 2 was used as the collector and added directly to 
the slurry at about 5 minutes prior to the start of the tests.  A polyglycol frother was 
added continuously in the feed stream in solution form.  The product and tailing streams 
were continuously removed from the cell during the tests.  After allowing sufficient time 
to achieve steady-state conditions, representative samples from each process stream were 
collected.  The samples were filtered, dried and weighed and analyzed for ash and total 
sulfur contents using ASTM procedures. 
 
The test conditions and the test metallurgical results are presented in Tables 6 and 7 
respectively.  Figure 11 compares the performance achieved from the Jameson cell 
treating the 100 x 0 mesh size fraction of the Turris thickener underflow with the 
corresponding release analysis curve.  As shown in Figure 11, the maximum mass yield 
value obtained from the Jameson Cell treatment was 41.83% at a product ash content of 
13.33% from a feed containing 52% ash.  This corresponds to a combustible recovery of 
73.38%.  This result compares well with the release analysis findings.  It was observed 
that the nominal –100 mesh feed actually contained around 20% of +65 mesh material.  
(The Turris preparation plant sends spiral rejects to the thickener).  The inability of 
flotation to efficiently recover particles in this fraction caused a slight reduction in 
combustible recovery.  It was observed that the floatability characteristics of the –65 
mesh size fraction of this sample make it very amenable to froth flotation treatment using 
the Jameson cell technology.  
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Table 6. Jameson Cell test conditions for the treatment of the 100 mesh x 0 particle size 

fraction of the Turris thickener underflow. Fuel oil – 5.0 lb/ton, Frother – 20 
ppm 

 

Test 
No. 

Feed Wash 
Water 
Rate 
(lpm) 

Air Tailings 
Rate 
(lpm) 

Bias Pulp 
Density 

Solids 
(%) 

Feed 
Pressure 

(psi) 

Flow 
Rate 
(lpm) 

Jg 
(cm/s) 

1 1.0615 13.03 21.0 8.0 1.9 1.20 9.2 0.63 

2 1.0478 10.27 21.0 8.0 1.9 1.05 9.2 0.63 

3 1.0394 8.54 21.0 8.0 1.9 1.53 9.2 0.63 

4 1.0328 7.15 21.0 8.0 1.9 1.58 9.2 0.63 

5 1.0289 6.32 21.0 8.0 1.9 1.6o 9.2 0.63 

6 1.0211 4.66 21.0 8.0 1.9 1.66 9.2 0.63 

7 1.0159 3.51 21.0 8.0 1.9 2.00 9.2 0.63 

8 1.0108 2.41 21.0 8.0 1.9 1.66 9.2 0.63 
 
 
Table 7. Jameson Cell test results obtained from the treatment of the Turris thickener 

underflow. 
 

Test Ash Content (%) Mass Combustible 
Number Feed Product Tailings Yield (%) Recovery (%) 

1 53.75 6.82 54.40 1.36 2.73 
2 52.43 7.43 56.89 9.02 17.55 
3 52.53 7.64 59.81 13.94 27.13 
4 52.38 7.76 61.53 17.02 32.97 
5 51.41 7.82 61.90 19.39 36.79 
6 51.25 8.13 65.83 25.27 47.63 
7 51.31 10.07 70.33 31.57 58.31 
8 50.60 13.33 77.40 41.83 73.38 
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Figure 11. Comparison of froth flotation data obtained from release analysis and Jameson 

Cell treatment of the Turris thickener underflow on the basis of a) mass yield 
to the product and b) combustible recovery. 

 
Throughput Capacity Testing 
 
The maximum product throughput capacity of the Jameson Cell is obtained by 
conducting tests with varying the feed solids content while maintaining the same 
volumetric feed rate.  The concentrate solid rate (tons/hr-ft2) increases with the increasing 
feed solid rate until a point is reached when the air bubbles in the froth zone are fully 
loaded.  The froth carrying capacity at this point is termed as the product through-put 
capacity of a flotation cell.  By increasing the feed solid rate beyond this point, the 
product throughput capacity reduces due to the preferential attachment of the finer 
particles to the air-bubbles. 
 
As shown in Figure 12, the maximum product throughput capacities of 0.076 tons/hr-ft2

 
 
 
 
 
 
 
 
 
 
Figure 12. The maximum product throughput capacity obtained for the Turris thickener 

underflow sample from the treatment using the Jameson cell technology. 

 
was achieved for the treatment of 100 x 0 mesh particle size fraction.  However, it must 
be realized that this maximum capacity was obtained at a feed solids rate where the mass 
yield and combustible recovery values were relatively low.  This is not a problem for 
actual operation of the Jameson cell as the mass yield and combustible recovery can be 
suitably improved by simply increasing the residence time of the slurry in the cell.  The 
throughput capacity achieved at decreasing feed percent solids is presented in Table 8. 
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Table 8. Mass solid flow rates of the feed and froth concentrates produced from the 
carrying-capacity tests conducted on the Jameson Cell for the treatment of the 
Turris thickener underflow coal sample.  

 

Test 
No. 

Feed % 
Solids 

Feed Pulp 
Density 

Product 
Ash (%) Yield (%) Feed Rate 

(tph/ft2

Concentrate 
Rate 

(tph/ft) 2) 
1 13.03 1.0615 6.82 1.36 0.837 0.011 

2 10.27 1.0478 7.43 9.02 0.651 0.059 

3 8.54 1.0394 7.64 13.94 0.537 0.075 

4 7.15 1.0328 7.76 17.02 0.447 0.076 

5 6.32 1.0289 7.82 19.39 0.394 0.076 

6 4.66 1.0211 8.13 25.27 0.288 0.073 

7 3.51 1.0159 10.07 31.57 0.216 0.068 

8 2.41 1.0108 13.33 41.83 0.147 0.062 
 
 
Plant Trials with the Falcon Concentrator  
 
Plant Set-Up 
 
The Turris coal preparation plant treats approximately 750 tons/hour of coal from the 
Illinois No. 5 seam.  The coarse coal is cleaned using dense medium baths (+1/2”) and 
cyclones (-1/2” x 16 mesh), while the –16 x 100 mesh fraction is treated using spirals and 
the minus 100 mesh fraction is discarded.  Table 9 provides a size-by-size analysis of the 
spiral feed.  As can be seen, the theoretical –16 mesh division between the spiral and 
cyclone feed does not occur in practice. 
 
       Table 9. Size-by-size analysis of the spiral feed of Turris coal preparation plant.   
 

Size Fraction 
(mesh) 

Weight 
(%) 

Ash Content 
(%) 

Total Sulfur 
(%) 

+16 8.91 19.62 4.85 
16 x 28 23.61 19.86 4.33 
28 x 48 38.98 17.53 5.73 
48 x 65 16.93 17.37 4.87 
65 x 100 11.58 26.15 5.21 

Total 100.00 20.40 5.11 
 
The Falcon concentrator, installed on a trailer along with the air compressor and Sweco 
screen, was setup on the ground floor of the coal preparation plant (Figure 13). Feed from 
a spiral, which was situated on 3rd floor of the coal preparation plant, was diverted to the 
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Falcon using a 2” pipe. The Sweco was used to prevent any large particles from entering 
the Falcon.  (In the Falcon, large and heavy particles are discharged through small 
orifices in the side of the bowl which remove material from the bottom of a stratified bed 
that is set up on the basis of weight and size.  Very coarse particles will plug these 
orifices).  The spiral feed contained about 40 to 45% solids.  Each of eight ports had a 
flow rate of 40 gallons per minute and was used to feed a bank of spirals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. The Falcon concentrator set up at the Turris coal preparation plant. 
 
Several concerns were immediately apparent as preparations for testing began.  The high 
percent feed solids was well above the concentrations for which the Falcon has been 
previously optimized.  The feed rate was high for a C10 Falcon, particularly when the 
feeds solids is considered.  Secondly, the feed contained large amounts of coarse material 
(large amounts of plus 8 mesh, 9% plus 16 mesh and 32% plus 28 mesh).  The plus 8 
mesh material in a 16 by 100 mesh feed stream caused plugging problems for the Falcon 
that would not be foresee from the plant design, or the way the plant operators believed 
the plant was running.   
 
To attempt to deal with these problems a reducer was placed in the feed splitter box to 
reduce the flow to 30 gpm.  The Sweco was placed in line to prevent the entry of plus 16 
mesh particles. 
 
Operations soon encountered two additional problems.  The large number of plus 16 
mesh particles, magnified by the high solids concentration soon exceeded the capacity of 
the Sweco.  Additionally, the plant trial soon proved that high flows of 45% solids 
containing large amounts of near 16 mesh material would still plug the Falcon orifices. 
 

Sweco 

Spiral  feed 

The Falcon 
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To deal with these problems the Sweco was fitted with an 8 mesh screen so that it would 
only be rejecting the plus 8 mesh material as opposed to the plus 16 mesh.  This action 
relieved the capacity limitation on the Sweco but created the problem of allowing 8 to 16 
mesh particles to go to the C10 which had previously been demonstrated only to handle 
up to 16 mesh particles.  Since the C10 orifice is big enough to handle 8 mesh particles as 
long as too many do not reach the opening at any one time, it was decided to dilute the 
feed into the Falcon to 15 to 20% and to reduce the flow rate to 20 to 25 gpm.  It should 
be understood that these parameters were set to maintain flow of coarse particles, rather 
than to optimize the operation of the Falcon. 
 
Initial Falcon Tests 
 
After solving initial set-up problems, the first runs conducted with the Falcon were to 
optimize the Falcon variables and settings for the feed conditions that had been 
established.  Tests results with  Jader refuse and composite feed to cyclone revealed that 
underflow rate is the most important parameter, which significantly affects product ash 
and combustible recovery.  The feed flow rate and pulp density will also affect product 
quality and quantity, however it was difficult to maintain these variables at a constant 
level.  Hence, it was decided to allow them to vary according to plant conditions to study 
their effect on the Falcon performance.  Thus, during the initial runs underflow rate and 
bowl speed were varied to find out the near optimum conditions. The maximum 
underflow rate that can be maintained was around 3 lpm. A higher underflow could not 
be achieved without the destruction of the particle bed inside the bowl. This is mainly due 
to the absence of fine particles (-100 mesh), which help to form a stable bed.  Since the 
Falcon feed was made up of mostly +100 mesh particles, a higher underflow rate 
destabilizes the particle bed formed inside the bowl. The formation of a bed is necessary 
for better particle separation. 
 
The need to operate the Falcon under sub-optimum conditions to prevent coarse particles 
from plugging the orifices has been discussed.  Even beyond this, however, the presence 
of +16 mesh particle will affect the separation. The higher centrifugal force provided by 
the Falcon helps to separate fine particles by accelerating their settling characteristics. 
However, because of the higher centrifugal force the coarser particles will force 
themselves towards the wall of rotating bowl, and thus will report to tailings. Hence, 
during the tests, efforts were made to run the Falcon at lower speed to improve the 
recovery of coarser particles to concentrate. The reduction of bowl speed to 20 Hz from 
30 Hz resulted in frequent plugging of the nozzles. The main reason for the plugging is 
the lack of acceleration to force the coarser particles through the nozzles. To cope with 
this it was found necessary to keep the nozzles opened for sufficient time to facilitate the 
transport of coarser particles. After making these adjustments the Falcon was run 
continuously for 12 hours. The samples were collected for every hour. There were no 
other operational difficulties posed by the Falcon concentrator.  The samples collected 
were subjected to screening over a 100-mesh screen to separate the fines fraction. 
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Continuous Operation Tests 
 
The feed coal samples to the spirals and the Falcon were collected separately. Figure 14 
shows the variation of ash contents of feeds to spirals and the Falcon. The feed to Falcon 
contains a slightly higher ash content than the spirals.  The Falcon concentrator was 
installed on the ground floor, where as the spirals were situated at 3rd

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Variation of the feed ash content to spiral and the Falcon concentrator at the 

Turris coal preparation plant. 
 
     
 
The product ash versus weight yield results from the samples collected during plant trials 
from the existing spiral circuit and the Falcon concentrator are presented in Figure 15. 
These results indicate that weight yields ranging from approximately 66-77% can be 
obtained at corresponding product ash contents of 10-14% for the Falcon concentrator,  
where as the spiral concentrator yields 70-81% coal at about 10-14% ash, providing 
better separation than the Falcon concentrator. However, Figure 16 shows that the Falcon 
concentrator provides better sulfur rejection (3.07-4.14%) than the spiral concentrator 
(3.57-4.66%).  A photo included in the Appendix shows visible enrichment of pyrite in 
the Falcon tailings.  
 
 
 
 

 floor of the 
washery. A pipe 100 foot long was used to bring down the feed to the Falcon. Hence, 
variations in the feed ash content may be due to the gravity force, which may have drawn 
more coarse ash forming minerals. 
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Figure 15. Product ash versus weight yield for in plant testing of the Falcon 

concentrator and existing spirals at Turris coal preparation plant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure   16. Total sulfur rejection to the tailings for in plant testing of the Falcon 

concentrator and existing spirals at Turris coal preparation plant 
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The effect of particle size on separation is negligible while trying to achieve separation 
based on the density. However, separations using water-only as a medium are quite 
sensitive to variation in particle size. Also, the effect of centrifugal force enhances the 
particle size effect while treating a feed containing a wide particle size distribution. 
Hence, to find out the particle size dependence on the separation process of the Falcon 
and spirals, the products were subjected to particle size-by-size analysis. The 
classification plots based on the fraction of feed reporting to tailings is plotted in Figure 
17.  Approximately 67% of the feed having an average size of 12 mesh reports to tailings 
of the Falcon concentrator and at about 22 mesh it is around 45%.  For spirals at about 
the same sizes, only 13% of the feed reports to the tailings.  However, at an average size 
of 82 mesh, around 5% and 38% of the feed reports to tailings respectively for the Falcon 
and spirals. Hence, the observed reduction in the Falcon yield is mainly due to the loss of 
the coarser coal particles to the tailings. The Falcon concentrator provides better 
separation at finer sizes than the spiral. The Falcon concentrator being a fine particle-
processing unit provides better separation at finer sizes, where conventional methods fail 
to provide adequate separation. However, treating a feed having a wide particle size 
distribution in the Falcon concentrator, particularly when a large part of that size 
distribution is greater than the design limit of the Falcon, greatly enhances the particle 
size effect for coarser size fraction, thus reducing the chances of their recovery. 
 
 
 
 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. Classification curves for the performance of the Falcon concentrator and 

spirals. 
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Technical & Economical Benefit of Using Advanced Fine Coal Cleaning in The 
Turris Preparation Plant 
 
Analysis was conducted for the following three scenarios involving the;  

• Optimization of the existing plant operation,  
• Use of column flotation to treat thickener underflow,  
• Use of the Falcon Concentrator and the Jameson cell for the treatment of the –48 

mesh size fraction. 
 

The methodology for this work is discussed in detail in the Appendix.  Capital costs for 
equipment were amortized over 10 years at a 12% required return.   Costs were based on 
earlier ICCI studies and models.  The optimization was done based on a cost per million 
BTU for fuel considering the cost of added fine coal cleaning circuitry and the potential 
savings on sulfur credit costs.  This analysis does not consider costs or savings from 
reduced ash or transportation costs but does attempt to consider dewatering and tailing 
disposal.  It should also be understood that many coal contracts are written for a certain 
price per ton subject to certain contract performance minimums.  Coal mines may not 
always see additional earnings for incremental improvements, while they might see 
incremental additional cost.  Obviously without some adjustment a coal mine would be 
unlikely to make such an improvement, even if the over-all societal cost of the coal 
converted to electricity were improved.   
 
Existing Circuit 
 
Turris Coal Company’s Elkhart mine produced 2.4 million tons of coal in 1998.  The 
Turris preparation plant has an installed capacity of 750 tph.  The preparation plant 
operates one 14 hour shift/day for about 250 days an year producing approximately 1.6 
million tons of clean coal product an year. 
 
The preparation plant produces a product with 11.5% ash, 3.8% sulfur and 12,400 Btu/lb 
calorific value at a mass yield of 63%.  The detailed material balance flowsheet of the 
Turris preparation plant is presented in Figure 18.  The fines stream currently being 
rejected by Turris plant is about 50% ash, 6000 Btu/lb calorific value and 4% sulfur. 
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Figure 18.  Material balance flowsheet for the existing Turris preparation plant. 
 
 
The heavy media circuit produces a 14.4% ash product at an incremental ash content of 
72%.  The heavy media cyclone circuit produces a 10.48% ash product at an incremental 
ash content of 63% while the spirals produce a 9.38% ash content product at an 
incremental ash content of 66%.  The entire –100-mesh size fraction is rejected which 
corresponds to an incremental ash content of 0%. 
 
Standardizing with a 100 tph feed rate to the coal preparation plant the current practice 
yields 1572.5 MBTU/hr at  6.06 lbs SO2/MBTU and a cost of 94.63 cents/MBTU.  The 
hourly revenue is $1488.  The calculations supporting these values are found in the 
Appendix.  
 
Optimized Circuit 
 
The optimization of the existing circuit was conducted by the equalization of incremental 
ash methodology.  It was seen that maintaining a 22% incremental ash across the heavy 
media bath, cyclone and spiral circuits provided a much superior overall plant 
performance.  The overall circuit material balance flowsheet is shown in Figure 19.  The 
overall mass yield in this case was reduced to 59.92% at a product ash content of 8.98%, 
total sulfur content of 3.52% and a calorific value of 12,825 Btu/lb.  Assuming earnings 
are based on price per million BTU rather than tonnage, this operation represents a better 
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operation strategy in spite of producing a lower overall mass yield.  This is because the 
combustible recovery of the overall circuit still remains almost the same.   For the 
standard 100 tph feed rate the plant produces 1536.9 MBTU/hr at 5.49 lbs SO2/MBTU.  
With SO2 credits at $150/ton, the reduced sulfur credit cost increases revenue by 
$81/hour.  Considering the slight reduction in BTU recovery, the overall preparation 
plant revenue increases by $47/hr or 47 cents/raw ton of coal feed which is highly 
significant.  The impact of this additional revenue/savings for a 750 tph plant operating 
4000 hours/year is an increase in annual revenue of $1.41 million.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Material balance flowsheet for optimized existing Turris preparation plant    
                 operation. 
 
 
Addition of Column Flotation 
 
The addition of column flotation for treatment and recovery of value from the –100 mesh 
fines fraction (thickener underflow) has been considered.  The laboratory scale 
investigation of the Jameson cell for treating this size fraction reveals that a 13.33% ash 
product can be recovered at a combustible recovery of 72.2%.  However, it was seen that 
the sulfur content of such a product would be rather high (4.71%).  Thus, the positive 
economic impact due to increased recovery of values by implementing column flotation 
are offset, at least to some extent, due to added overall product sulfur content. 
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Addition of column flotation for treating the feed to the thickener in the existing circuit of 
Turris coal preparation plant could increase the overall plant yield to 66.90%.  The 
calorific value and sulfur content of the total plant product produced in this fashion was 
projected at 12,438 Btu/lb and 3.89% sulfur.  The overall circuit material and 
metallurgical balance flowsheet is presented in Figure 20. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20. Material balance flowsheet for existing Turris preparation plant after addition 

of column flotation for the treatment of –100 mesh size fraction of the run-
of-mine coal. 

 
The net increase in yield corresponds to 3 cents on a run-of-mine ton basis.  The overall 
impact of this added revenue/savings for a 750 tph plant operating 4000 hours/year is an 
increase in annual revenue by $90,000. 
 
Further sensitivity analysis of the benefits of column flotation addition reveal that such an 
application would be very risky and very sensitive to the allowance prices of SO2.  Were 
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 allowance increase from the existing $150/ton to $250/ton, the impact 
would be reduction in annual revenue by 2.13 million. 
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Proposed Falcon Concentrator - Column Flotation Circuit 
 
This circuit evaluated the use of Falcon Concentrator and Column flotation in a rougher-
cleaner circuit arrangement to treat the entire –48 mesh size fraction of the run-of-mine 
material with the existing spiral concentrators being employed to treat the 14 x 48 mesh 
size fraction.  The circuit evaluation was conducted for optimized operation of all the 
cleaning units using the incremental ash methodology.  The material and metallurgical 
balance flowsheet for this operation is presented in Figure 21. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. Material and metallurgical balance flowsheet for implementation of proposed 

circuit at the Turris preparation plant and operation under optimal conditions. 
 
 
The benefit of implementing this circuit results from the optimization of plant operation 
and additional recovery of values from the –100 mesh size fraction after reduction in 
sulfur content in the Falcon Concentrator.  Details are found in the Appendix but the net 
increase in revenue from the addition of column flotation to the existing circuit is $71 
($1558-$1488).  This corresponds to 71 cents on a run-of-mine ton basis.  The overall 
impact of this added revenue/savings for a 750 tph plant operating 4000 hours/year is an 
increase in annual revenue by $2.13 million. 
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The increase in SO2

• The underflow rate and percent solids have a pronounced effect on both product 
ash content and combustible recovery. Bowl speed has the least effect on both 
product ash and combustible recovery 

 allowance cost from $150 to $250/ton in this situation would 
increase the benefit of implanting this circuit from $2.13 million to $3.48 million. 
 

CONCLUSIONS 
 
Based on the work performed in this investigation, the conclusions can be summarized as 
follows: 
 

 
• The factors according to their importance for product ash and combustible 

recovery for Illinois No. 2+3 refuse can be written as; 
 Underflow rate > Percent solids > Feed flow rate > Bowl speed  

                    Where as for Illinois No. 2+3 composite feed to cyclone; 
 Underflow rate > Percent solids > Feed flow rate > Bowl speed; for product 

ash 
 Underflow rate > Feed flow rate > Percent solids > Bowl speed; for 

combustible recovery. 
 

• It is possible to obtain a clean coal having 8.72% ash and 2.64% total sulfur with 
39.65% mass yield from Illinois No. 2+3 refuse having 47.23% and 7.21% total 
sulfur with a combustible recovery of 60.32%.  

 
• The probable error (Ep) and specific gravity of separation (d50

 

) are 0.12 and 1.45 
respectively for Illinois No. 2+3 refuse. 

• The results from Illinois No. 2+3 composite feed to cyclone show that it is 
possible to obtain a clean coal having 9.41% ash and 2.26% total sulfur with 
71.5% mass yield from a feed coal having 24.50% ash and 5.54% total sulfur.  
The combustible recovery is about 85.79%. 

 
• The release analysis test indicates that the Turris refuse sample is amenable to 

froth flotation treatment and a product ash content of 12.44% can be achieved at 
combustible recovery of 89.39%. 

 
• The maximum yield achieved on the Jameson cell tests was 41.83% with a high 

ash content of 13.33% and a corresponding combustibles recovery of 73.38%.  
Even higher combustible recovery could be achieved if the +65 mesh size 
fraction could be removed from the flotation feed. 

 
• The maximum product throughput capacity of 0.076 tons/ hr-ft2

 

 was obtained at 
a feed solids content of 6.32%. 
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• The plant trials of the C10 Falcon concentrator showed that it could be operated 
continuously without any operational problems. 

 
• For the first time a feed containing minus 8 mesh particles was treated in the 

Falcon concentrator at the Turris coal preparation plant. The results revealed that 
around 65% of the coarse particles contained in the feed would report to the 
tailings. 

 
• The plant results indicate that weight yields ranging from approximately 66-77% 

can be obtained at corresponding product ash contents of 10-14% for the Falcon 
concentrator, where as the spiral concentrator yields 70-84% coal at about same 
ash content. 

 
• The Falcon concentrator provides better sulfur rejection producing a clean coal 

having 3.07-4.14% total sulfur than the spiral concentrator (3.57-4.66%).  
 

• The Falcon concentrator is more efficient in treating a feed containing finer 
sizes. Hence, it is necessary to control the feed size distribution to the Falcon 
concentrator. 

 
• Optimization of the existing Turris coal circuit might increase earnings by 47 

cents per ton. 
 

• Addition of both the Falcon Concentrator and the Jameson cell may increase 
earnings by 71 cents per ton. 

 
• Addition of the Jameson cell alone would provide a minimal increase in revenue 

and a significant risk of loss due to poor sulfur rejection. 
 

RECOMMENDATIONS 
 
Recommendations for future work will include: 
 
• The effect of particle size greatly affects the performance of the Falcon concentrator 

because of the prevailing high centrifugal force. Hence, experiments with the Falcon 
containing a larger bowl may increase the effective particle range. 

 
• The Falcon concentrator is more efficient in treating fine particles, whereas spirals at 

coarser sizes. Hence, a circuit containing the Falcon and spiral, where spiral treating 
the Falcon tailings may provide better separation than the individual unit. 

 
• In plant trials of the Jameson flotation tests would provide valuable information 

regarding the scale up and full-scale operation to effectively recover – 100 mesh 
fraction. 
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