
1 
 

FINAL TECHNICAL REPORT 

March 1, 2013, through June 30, 2014 
 

Project Title: A NEW AIR-TABLE AND FLIP-FLOW SCREEN FOR DRY 

SEPARATION OF ILLINOIS FINE COAL  

 
ICCI Project Number:  13/4B-2 
Principal Investigator:  M. K. Mohanty, Southern Illinois University (SIU) 
Other Investigators:  A. Esmaeeli, H. Akbari, and L.A. Ackah, SIU   
Project Manager:  Joseph C. Hirschi, ICCI 
 

ABSTRACT 
 
Dry coal cleaning has generated renewed interest in the scientific and coal mining 
communities alike due to water scarcity in many parts of the world and negative 
environmental impacts of traditional wet coal preparation methods. Commercially 
available dry separation technologies, such as air tables and air jigs, are effective in 
cleaning only the coarser (+¼ inch or +6.35 mm) size fraction as both coal and reject 
material in the fine (-¼ inch or -6.35 mm) size fraction report to the product stream. Toward 
overcoming this obstacle, a new fine coal air-table (FCA) was designed and fabricated to 
dry clean the finer size fractions of run-of-mine coal. The main goal of this study was to 
conduct a thorough evaluation of the FCA and make necessary modifications to its design 
features to obtain optimum cleaning performance. A secondary goal was to evaluate the 
dry screening performance of the Liwell flip-flow screen to achieve efficient size 
separations at 1- and 2-mm cut sizes. 
 
A computational fluid dynamics based model was developed to simulate specific design 
and operating features of the FCA. Simulation results showed some heterogeneity on the 
deck specifically around riffle bars, which was addressed during fabrication of the FCA 
deck and fluidization air inlets. Optimization of FCA operating variables showed that 
critical parameters affecting separation performance were deck vibration frequency, 
longitudinal angle, and vibration direction angle. Partition data obtained for Coal A showed 
a specific gravity of separation (SG50) of 2.01 and a probable error (Ep) of 0.25 when 
processing the 6.35×3.36-mm size fraction. SG50 and Ep values were 1.70 and 0.36, 
respectively when processing the 6.35×1-mm size fraction. This indicates that widening 
the particle size range being processed increases the misplacement of low-density particles 
in the reject stream and high-density particles in the product stream; however, the SG50 
improved significantly for the finer particle size range. A similar trend was observed for 
Coal B. In terms of ash cleaning performance, Coal A with 34.3% feed ash was separated 
into product and tailings streams with ash contents of 13.8% and 59.7%, respectively. 
Likewise, Coal B with 33.9% feed ash yielded clean coal and tailings ash of 13.1% and 
52.2%, respectively. Screening results for the Liwell flip-flow screen showed 5.6% bypass 
and 88.7% efficiency at an average cut size (d50) of 1.2 mm for 1-mm panels. For 2-mm 
panels, bypass was 1.3% and efficiency was 85.1% at a d50 of 2.5 mm.  Fine screening 
costs for the Liwell flip-flow application were estimated to be $0.42/ton. 

Pages 5-7 and 13 contain proprietary information. 
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EXECUTIVE SUMMARY 
 
The current practice of wet coal cleaning has resulted in numerous tailings ponds, not only 
in Illinois, but all over the country. Although dense medium wet cleaning of coarse coal is 
highly efficient, wet fine coal cleaning and dewatering continue to pose challenges to coal 
operators. Due to relatively higher costs for fine coal cleaning and dewatering, many plant 
operators directly discard their ultrafine (-150 micron) coal to slurry ponds, which creates 
environmental issues in one form or another. In addition, direct rejection of fine coal results 
in loss of recoverable clean coal and revenue.   
 
Dry coal processing has been used not only to remove the bulk of out-of-seam dilution, but 
also to clean run-of-mine coal to a saleable product without using any conventional wet 
processing methods. Air tables and air jigs are two dry processing methods that have been 
widely applied throughout the coal industry during the past century. Studies conducted by 
Stotts et al. (1987), Weinstein and Snoby (2007), Honaker et al. (2007), Mohanty (2010), 
and many other researchers have shown the high separation performance achievable with 
air tables and air jigs in cleaning the +¼-inch size fraction of run-of-mine coal. However, 
the -¼-inch size fraction has been considered difficult to clean by these dry separators. Dry 
dense medium separators have the ability to clean this size of coal; however, due to a 
number of operational difficulties, these types of separators are rarely, if ever, used 
commercially. Patil and Parekh (2011) have reported dry fine coal separation test results 
obtained from Bratney’s Air Table, which is commonly used in the food processing 
industry. Although, they reported excellent fine coal cleaning performance, there are some 
inconsistencies in their test results. 
 
In a previous ICCI-funded study (Mohanty, 2012), the idea for developing a new type of 
air table suitable for fine (-¼ inch or -6.35 mm) coal cleaning applications was conceived 
as part of an effort to develop a complete dry separation plant flowsheet for Illinois coal. 
These findings resulted in the design and fabrication of a new fine coal air-table (FCA) for 
efficient cleaning of fine coal. The prototype FCA consists of a perforated separating deck, 
multiple air chambers, and a vibrating mechanism. It provides sufficient flexibility for 
adjusting the shape, size, and inclination of the table; vibration frequency, amplitude, and 
direction; and airflow to the deck.  
 
Illinois No. 6 coal from two different plants (referred to as Coal A and Coal B) were 
collected for use in this project. A computational fluid dynamics (CFD) model, developed 
using ANSYS FLUENT, was used to simulate and finalize some of the key design features 
of the FCA. Simulation results showed that the deck area between the feeding point and 
the first riffle bar and also areas surrounding each riffle bar had the most heterogeneity 
with respect to the distribution of fluidization air. Moreover, it was found that partitioning 
the deck area into several regions and controlling each region individually would result in 
more homogeneous distribution of the fluidization air throughout the deck area. In addition, 
particle trajectories in CFD model simulations demonstrated the misplacement of high-
density particles in the light particle stream and low-density particles in heavy particle 
streams as a result of the non-uniform fluidization bed. One source causing the non-
uniformity in air distribution was identified as the shape of riffle bars. This was corrected 
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by changing the cross-section of riffle bars to decrease their footprint on the deck from 
6.3% to less than 1% of the surface area.  
 
Finally, after fine tuning design parameters, FCA operating variables were optimized using 
statistically designed experimental programs. Optimization test results showed that both 
the deck vibration frequency and vibration direction (angle in the horizontal plane) had the 
most significant effect on combustible recovery and product ash content. The deck 
vibration frequency was the main variable affecting ash and sulfur rejection performances. 
The separation efficiency for Coal A can be described for individual size fractions as 
follows: specific gravity of separation (SG50) was 2.01, 1.97, and 1.70 and probable error 
(Ep) was 0.25, 0.29, and 0.36 for the 6.35×3.36-mm, 6.35×2-mm, and 6.35×1-mm size 
fractions, respectively. Similar SG50 and Ep values obtained from FCA cleaning of Coal B 
were 2.20, 0.26; 2.12, 0.37; and 1.89, 0.65 for the same size fractions, respectively. In 
general, better separation efficiency was obtained for Coal A than for Coal B. A common 
trend observed for both coals was better SG50 values, but higher misplacement values for 
finer coals. Better liberation characteristics with finer coal would result in lower SG50 
values for the FCA, which is a density-based separator; however, as the particle size gets 
finer, a density-based process becomes increasingly more ineffective, resulting in higher 
misplacement values.  Sample analysis of final product and tailings showed ash contents 
of 13.8% and 59.7%, respectively, obtained from FCA cleaning of Coal A with feed ash 
content of 34.3%. FCA cleaning of Coal B with feed ash content of 33.9% resulted in 
product and tailings ash contents of 13.1% and 52.2%, respectively.   
 
A detailed evaluation of the dry screening performance of the Liwell flip-flow screen was 
conducted at 1- and 2-mm cut sizes.  These cut sizes are much smaller than current 
commercial applications at cut sizes close to ¼-inch. Excellent size separation results were 
obtained for both panels used in this study. For the 1-mm panel, 96.1% of +1-mm particles 
were recovered to the overflow stream and 92.3% of -1-mm particles were recovered to the 
underflow stream. For the 2-mm panel, 86.2% of the +2-mm size coal reported to the screen 
overflow and 98.7% of -2-mm size coal reported to the screen underflow stream. 
 
Future testing of the FCA prototype will focus on semi-continuous operation with the 
objective of establishing its throughput capacity.  This is necessary for determining the 
commercial viability of the FCA system. 

 

 

 

 

Pages 5-7 and 13 contain proprietary information. 
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OBJECTIVES 
 
With an overarching goal of developing an effective dry separation plant flowsheet for 
Illinois coal, the main objectives of this study were: 
  To optimize the design and operating variables of the FCA for cleaning fine coal in 

the 6x1-mm particle size range. 
  To evaluate the dry screening performance of the Liwell flip-flow screen to achieve 

efficient size separations at both one and two millimeters (mm). 
 

INTRODUCTION AND BACKGROUND 
 
Previous Work 
 
This was a follow-up study conducted to improve upon the completely dry separation plant 
flowsheet shown in Figure 1 and developed in a previous ICCI funded study (Mohanty, 
2012).  The focus was to make the dry separation plan flowsheet more effective for fine (-
¼ inch or -6.35 mm) coal cleaning. 
 

 
Figure 1: Dry separation plant flowsheet (P=product, M=middling, T=tailings). 

 
In this study, it was found that the FGX dry separator provided excellent cleaning for coarse 
(+5 mm) coal; however, separations achieved for finer coal, even after optimizing some 
process variables, were not satisfactory. Experiments conducted on a laboratory-scale 
fluidized bed reactor for measuring the fluidization air velocity required for fine coal 
indicated that the upward air velocity on the FGX deck was too high to maintain a fluidized 
environment instead of a bubbling environment for the fine coal bed on the deck. 

Plant Clean 

Coal Product

R-O-M Coal

-3 inch Product

MP

Plant

Tailings

TMP

Intermediate 

Crushing

Coarse Clean Coal

- 4 mesh 

+ 4 mesh 

T

T

Fine Clean Coal

New 

Air Table



8 
 

results, shown in Table 1, used to define four groups based on mean specific gravity (SG)  

for injection into the digital air table.   

 

Table 1: Washability test results for Coal A used to define CFD model particles. 

Specific Gravity (SG) Weight 
(%) 

Ash 
(%) Float Sink Mean 

1.24 1.4 1.32 50.8 7.8 

1.4 1.7 1.55 17.0 25.7 

1.7 2 1.85 10.7 48.0 

2 2.7 2.35 21.5 78.5 

Total 100.0 30.3 

 

“Non-spherical” feed particles were injected into the computational domain using four 
injection groups having SG values of 1.32, 1.55, 1.85, and 2.35. These simulation results 

helped in understanding the behavior of different parameters and identifying inefficiencies 

that could occur due to improperly designing the FCA. 

 

Liwell Flip-flow Dry Screening Technology 

  

Flip-flow or trampoline-type screens were designed and developed to efficiently screen the 

smaller size fractions of coal. The innovative flip-flow dry screening technology was 

developed by the Hein Lehmann company at the end of the 1960s (Meinel, 2010). Run-of-

mine coal typically contains about 3 to 10% free moisture; however, the percent moisture 

increases with decreasing particle size so dry screening efficiency achieved with 

conventional screens decreases sharply when the screening cut point goes below six 

millimeters. Dry screening of fine coal at apertures smaller than this is considered difficult 

due to possible blinding and clogging of the screen surface by moist and sticky material. 

Polyurethanes have been widely used to maintain a desired screening surface that 

efficiently passes this wet material. They have good wear characteristics (soft, flexible, and 

pliable) that can be unlimitedly stretched and released without losing their original shape 

(Short, 2011).  

 

The flip-flow principle combines the flexible polyurethane-type screen with a new 

vibrating system that results in up to 50 times more force of acceleration on particles riding 

on the screen surface. A schematic of the flip-flow principle used in the Liwell screen is 

shown in Figure 6. The screen is made of two side frames that move against each other 

with a phase shift of 180 degrees in a linear motion driven from a single crank shaft 

mechanism. The polyurethane screen mats are mounted on the cross beams and the cross 

beams are alternately connected to the two side frames. The opposing direction of 

movement of the side frames causes simultaneous tensioning of some individual screen 

mats and relaxing of others. During any complete revolution, the distance between cross 

beams changes up to ±24 mm causing a trampoline-type movement of the screening 

surface, which results in collapsing and breaking apart any plugged and blinded holes in 

the screen panel.  

 



9 
 

 

Figure 6: Schematic of flip-flow principle used in the Liwell screen 

(http://www.heinlehmann.ca). 

 

The Liwell screen has several advantages over other dry screens, such as: 

   Less cleaning required while ensuring maximum open screening area.   More uniform screening operation.   Higher screening capacity and efficiency.   Very high acceleration forces (up to 50 G) on material being screened providing 

better separation while increasing screen durability due to low acceleration forces 

(2-3 G) on the machine body.   Less energy consumption,  Wear resistant polyurethane screen panels. 

 

The Liwell screen has been used in dry screening operations for black, brown, and lignite 

coal. It can be used to dry screen coals with surface moisture as high as 15% achieving cut 

points as small as one millimeter (Short, 2011). Evaluation of the Liwell flip-flow screen 

in this project was conducted on a unit with a 0.5×2.52-m screening surface as shown in 

Figure 7. It has an approximate capacity of five tons per hour (tph). 

 

  

Figure 7: Liwell flip-flow pilot-scale test screen and a polyurethane screen panel. 
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EXPERIMENTAL PROCEDURES 

 

Two coal samples used in this study were collected from different mines operating in the 

Illinois No. 6 coal seam. Coal A was prepared by screening the mine’s rotary breaker 
product at ¼ inch. Coal B was prepared by crushing run-of-mine coal to -¼ inch in size.  

 

The cleaning performance of the FCA was evaluated on a size-by-size basis to identify the 

size range of the FCA’s efficient cleaning ability. A prototype FCA unit with a 2×4-ft deck 

was designed and fabricated specifically for this study. After optimizing some of the key 

design features based on CFD simulation results, statistically designed experiments were 

conducted to optimize its operating variables. Both ash and sulfur cleaning performance 

were closely examined. The Plackett-Burman experimental design was used to identify 

critical process variables followed by the Central Composite Design experimental design 

to do a parametric study and develop empirical models for some of the key response 

variables of the FCA. 

 

A pilot-scale Liwell flip-flow screen supplied by Hein, Lehmann US LLC was used to 

evaluate dry screening requirements in fine particle size ranges that would be required for 

successful operation of the FAC. The Liwell screen, with a 2.5×0.5-m surface area, was 

separately optimized to achieve high screening efficiency at 1- and 2-mm cut sizes.  

 

RESULTS AND DISCUSSIONS 

 

Task 1: Sample Collection and Characterization 

 

To develop a new air table that effectively cleans all types of fine (6.35×1-mm size) coal, 

a difficult to clean fine coal sample was selected for the experimental aspect of this study. 

In an air-based density separator, fluidization and vibration are the two main mechanisms 

used to segregate rocks from coal particles. In fluidization, heavy rock particles sink into 

the bed and light coal particles “float” to the top of the bed. Vibration force moves rocks 

in the bed and in contact with the screen deck towards the tailings collection zone and coal 

particles on top of the bed towards the product collection zone. Therefore, flat-shaped rocks 

in the fine coal feed sample have difficulty sinking in the fluidization bed, which 

consequently decreases the efficiency of the separation.  

 

Coal A, as shown in Figure 8, consists of coal and rocks that were mostly flat-shaped shale. 

A simple float/sink analysis for Coals A and B, shown in Table 2, indicates that coal-

cleaning indices (the ratio of 1.3 float and 1.6 float) are 0.5 and 0.6, respectively. These 

low cleaning indices indicate relatively difficult cleaning characteristics.  This was 

subsequently born out in the cleaning performance obtained by the FCA separator. Size-

by-size weight distribution of both coal samples are illustrated in Figure 9. The d80 size for 

both coals was similar (5 mm for Coal A; 6 mm for Coal B); however, Coal A had 

negligible amounts of -1-mm size particles, whereas Coal B had nearly 15% -1-mm size 

particles. 
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Figure 8: Flat shales (FS) constitute the main rock impurities in Coal A. 

 

Table 2: Washability data from float/sink analyses of -6-mm samples used in study. 

Specific Gravity 
Mean 

Density 

Feed (Coal Type A) Feed (Coal Type B) 

Float Sink 
Weight Ash Sulfur Weight Ash Sulfur 

% % % % % % 
- 1.3 1.28 32.9 5.34 2.45 37.00 4.64 2.40 

1.3 1.4 1.35 20.1 8.45 2.36 16.41 9.54 2.88 

1.4 1.6 1.50 12.3 18.26 2.98 6.25 23.32 3.04 

1.6 1.8 1.70 3.6 37.15 3.45 1.37 38.28 3.57 

1.8 2.0 1.90 2.5 54.15 3.76 1.48 48.13 3.46 

2.0 2.2 2.10 1.5 70.63 4.16 0.54 60.33 4.03 

2.2 - 2.45 27.2 79.39 4.58 36.95 80.49 4.48 

Total Total 100 31.05 3.17 100 36.04 3.33 

 

 

Figure 9: Particle size distribution of coal samples tested in this study. 
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Task 2:  Preliminary FCA Testing 

 

After constructing the FCA, several preliminary tests were conducted to debug the system. 

The first set of tests showed no separation on the deck. After completing some 

modifications and doing another set of preliminary tests, a reasonable amount of separation 

between rock and coal was observed; however, more modifications needed to be made in 

the vibration, sample collection, and cable and springs suspension systems. Figure 10 

depicts results of the satisfactory preliminary tests showing ash rejection between 41.8 to 

56.5% achievable at a combustible recovery of 92.8% to 75.8%.  

 

 

Figure 10: Preliminary FCA test data. 

 

Task 3: Detailed FCA Experimentation 

 

Task 3.1 – CFD Model Validation and Computer Simulations: A CFD model was used 

to better understand fluidized bed characteristics of fine coal particles and appropriately 

modify FCA design parameters. The unsteady-state simulation was first run without 

injecting any solid particles to solve mass and momentum conservation equations for air. 

Subsequent simulations included injection of solid particles onto the deck and the 

determination of particle trajectories using governing equations along with updating mass 

and momentum conservation equations for air.  

 

Figures 11 and 12 show airflow velocity vectors and particle trajectories on the deck. In 

Figures 11(a) and 11(b), velocity vectors display obstructions in the direction of airflow 

mostly in the area close to the right wall and also around riffle bars, confirming visual 

observations of the fluidization bed in these areas. Figure 12 illustrates particle trajectories 
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Figure 14: Comparative analysis (predicted versus actual) of separation performance. 
 
The significant difference between model prediction and experimental data is the result of 
many factors, one of which is using discrete element method (DEM). DEM simulates 
moving particles as moving mass points. Thus, the weight, shape, and volume of particles 
are used as abstractions. Also, details of flow around actual particles such as boundary 
layers, flow separation, and vortex shading are ignored. In addition, there are three collision 
force laws used in DEM (Spring, Spring–dashpot, and Friction) and using any of these laws 
might give slightly different results.  Also, in DEM, as the computational cost and time for 
tracking all individual particles is very high, particles are grouped into parcels. Each parcel 
might include several individual particles. The mass and position of all particles in a parcel 
is tracked by a single representative particle; however, the representative particle accounts 
for the mass of the entire parcel, not just the particle itself.  Moreover, the volume of the 
parcel is calculated based on total parcel mass and the density of all particles. These 
inevitable assumptions cause some fluctuations from actual experimental conditions 
(ANSYS, Inc., 2012).   
 
The type of turbulence model used is also another important factor in CFD simulation. In 
this study, the K-Epsilon model was used to simulate airflow through the air table; 
however, other turbulence models such as the RSM model could be used to compare results 
with the applied K-Epsilon model.   
 
Other factors are iterative convergence and computer round-off errors. All calculations in 
the CFD model are based on final defined values for residuals to be converged. Decreasing 
acceptable values for residuals increases computational costs rapidly. Thus, there is an 
optimum threshold for residuals that should be met in order to achieve convergence in 
calculations; however, the difference between final and actual solutions increases after 
several iterations. Round-off errors refer to the difference between the actual mathematical 
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value of a number and its approximation value based on a finite number of digits to 
represent the real number, which could actually be an infinite number of digits. This error 
accumulates after several sequences of calculations causing differences between actual and 
simulated results. 
 
Finally, all of the fundamental equations used in CFD modeling have several constant 
parameters that are defaulted based on previous experience. The fact is that actual values 
for these parameters may be slightly different in any set up causing discrepancies in final 
calculations and consequently simulation results. 
 
Task 3.2 – Identification of FCA’s Critical Process Variables: After obtaining 
satisfactory results from preliminary testing, a parametric study was performed to explore 
the effect of various individual parameters of interest on separation efficiency. Six process 
parameters influence the separation performance of the FCA. They are airflow frequency, 
deck longitudinal and lateral directions angles, baffle plate height, vibration direction 
angle, and deck vibration frequency. A statistically designed Plackett-Burman 
experimental program was conducted to identify the most critical process variables having 
a significant effect on response parameters such as ash rejection, combustible recovery, 
and separation efficiency. Then, a superset of these critical variables were selected to be 
further investigated in the optimization test program. Table 4 lists the experimental 
conditions of the Plackett-Burman test program.  
 

Table 4: The experimental conditions utilized for the Plackett-Burman test program. 

Test 
No. 

Deck 
Vibration 

Frequency 
(Hz) 

Airflow 
Frequency 

(Hz) 

Deck 
Longitudinal 

Angle  
(˚) 

Deck 
Lateral 
Angle 

(˚) 

Baffle 
Plate 

Height 
(cm) 

Vibration 
Direction 

Angle  
(˚) 

1 50 40 -1 11 3 75 

2 50 20 -1 11 5 60 

3 30 40 1 11 5 75 

4 50 40 -1 13 5 75 

5 30 40 1 13 3 60 

6 30 20 1 11 5 75 

7 30 40 -1 13 5 60 

8 50 20 1 13 5 60 

9 30 20 -1 11 3 60 

10 30 20 -1 13 3 75 

11 50 20 1 13 3 75 

12 50 40 1 11 3 60 

 
Half-normal probability plots shown in Figures 15-17 were statistically developed to 
identify critical parameters affecting response variables of interest. Deck vibration 
frequency and longitudinal angle were the most critical parameters impacting combustible 
recovery and ash rejection and thus, the separation efficiency. Deck vibration frequency, 
longitudinal angle, and vibration direction angle had the most significant effect on product 
ash response. Based on these findings, these three process variables were selected for 
further consideration in the optimization testing program.  
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Figure 15: Plot showing critical process variables affecting combustible recovery. 
 

 

Figure 16: Plot showing critical process variables affecting ash rejection. 
 

 

Figure 17: Plot showing critical process variables affecting product ash. 
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Task 3.3 – Optimization Test Program:  A Central Composite Design (CCD) 
experimental program was utilized to further optimize the three key process parameters 
impacting the performance of the FCA. Operating conditions utilized for and test results 
obtained from 18 CCD tests are listed in Table 5. Perturbation plots showing the influence 
of each individual parameter on key performance responses were statistically developed 
and are shown in Figures 18-21. 
 

Table 5: Operating conditions for and results of CCD experimental program  
(A=vibration direction angle, B=deck vibration frequency, C=deck longitudinal angle). 
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1 60 40 -0.5 23.8 16.6 20.7 43.2 88.4 28.4 20.1 

2 75 35 0 35.7 26.6 - 37.0 14.2 90.8 90.4 

3 67.5 45 -0.5 27.4 18.0 24.4 35.2 69.6 43.7 36.1 

4 75 40 -0.5 25.6 16.0 25.9 61.5 96.3 17.3 14.5 

5 67.5 40 -0.5 25.0 22.1 24.6 41.3 94.6 11.5 11.7 

6 60 35 0 22.5 21.1 23.1 61.1 99.6 2.0 1.1 

7 67.5 40 -0.5 28.3 21.1 30.3 48.2 98.9 2.6 1.8 

8 75 45 -1 23.8 9.2 16.8 32.8 57.8 65.8 48.0 

9 67.5 40 0 31.0 28.9 31.4 53.4 96.7 8.3 16.5 

10 60 45 -1 20.0 12.7 16.8 25.9 60.5 55.2 53.8 

11 75 45 0 22.6 11.8 15.7 33.9 63.3 64.6 60.8 

12 67.5 40 -1 28.0 19.4 25.0 44.7 86.0 29.1 25.9 

13 60 45 0 24.1 9.9 18.8 39.0 76.6 47.1 38.8 

14 67.5 35 -0.5 25.8 23.4 26.6 35.9 93.3 10.8 10.5 

15 60 35 -1 20.7 17.2 20.0 49.1 95.7 15.7 14.4 

16 67.5 40 -0.5 23.5 17.4 21.4 44.5 93.4 17.2 13.4 

17 75 35 -1 24.0 13.8 30.4 57.8 98.9 4.6 3.2 

18 67.5 40 -0.5 23.4 19.9 23.8 58.4 99.4 2.5 2.2 

 
As exhibited in Figures 18 and 20, both vibration direction angle and deck vibration 
frequency affect combustible recovery and product ash responses. As exhibited in Figures 
19 and 21, deck vibration frequency was the only factor impacting ash and sulfur rejection 
responses.  
 
The stepwise regression technique was used to develop empirical models for response 
variables as a function of the three key process variables and their interactions. Models for 
combustible recovery, ash rejection, product ash, and sulfur rejection responses are 
described in Equations 1-4. 
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Figure 18: Combustible recovery 
perturbation plot. 

 

 

Figure 19: Ash rejection             
perturbation plot. 

 

 

Figure 20: Product ash perturbation plot. 
 

 

Figure 21: Sulfur rejection perturbation plot. 
  � = . − . − . + . − . 2 (1) ℎ = . + . B + . AC + . 2 (2) �  ℎ = . − . B − . AB − . 2 (3)  = . + . B + . AC + . 2 (4) 

where A, B, and C are coded values for vibration direction angle, deck vibration frequency, 
and deck longitudinal angle, respectively.  
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Equation 1 reveals that combustible recovery is affected mainly by the deck vibration 
frequency and vibration direction angle. Interactions between the longitudinal angle and 
these parameters also influenced the combustible recovery response. In addition, deck 
vibration frequency is a second order term meaning that there is an optimum value for this 
variable in which the combustible recovery could reach its highest peak. Equations 2 and 
4 indicate that deck vibration frequency is the main parameter impacting ash and sulfur 
rejection performance. An increase in the deck vibration frequency results in faster 
movement of particles on the deck towards the tailings end. Therefore, more high-density 
particles report to the tailings stream resulting in improved ash and sulfur rejection. 
Equation 3 suggests that vibration direction angle has maximum influence on product ash 
content. This equation reveals that to lower the product ash content, both deck vibration 
frequency and direction angle should be increased. This results in faster movement of high-
density particles towards the tailings discharge preventing dilution of product with high-
density rocks. These empirical models were used to predict FCA performance for different 
variable conditions by developing response surface contours as shown in Figures 22-25, 
which validate the empirical models.  
 

 

Figure 22: Response surface contours for 
combustible recovery. 

 

 

 Figure 23: Response surface contours for 
ash rejection. 

 

 

Figure 24: Response surface contours for 
product ash. 

 

Figure 25: Response surface contours for 
sulfur rejection. 
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Figure 22 shows an optimum deck vibration frequency that maximizes combustible 
recovery.  Moreover, it reveals that vibration direction angle has a reverse relationship with 
combustible recovery. Figure 23 indicates that vibration direction angle (in the range 
tested) does not have any effect on ash rejection. In addition, increasing the deck vibration 
frequency raises ash rejection. As seen in Figure 24, product ash content reaches its 
minimum when the vibration direction angle is set at its maximum value. Moreover, 
increasing the deck vibration frequency moves more high-density particles towards the 
tailings end resulting in a cleaner product. Figure 25 shows the impact of vibration 
frequency and direction angle on sulfur rejection when the deck longitudinal angle is at its 
middle value. It is clear that maximizing vibration frequency increases sulfur rejection by 
sending more heavy particles towards the tailings end.  
 
Finally, optimized FCA performance was compared with preliminary results as shown in 
Figures 26 and 27. For Coal A, separation efficiency, described by ash rejection, was 49% 
with a combustible recovery of 88%. The corresponding sulfur rejection at this combustible 
recovery was only 27%. Total sulfur content was reduced from 3.09% in the feed to 2.69% 
in the product stream. For Coal B, combustible recovery of 75% resulted at an ash rejection 
of 72% with a corresponding sulfur rejection of 55%. Total sulfur content was reduced 
from 3.47% in the feed to 2.80% in the product stream. 
 

  

Figure 26: FCA ash and sulfur cleaning performance for Coal A. 
 

 

Figure 27: FCA ash and sulfur cleaning performance for Coal B. 
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Partition Data: Float/sink analyses performed on product, middling, and tailings streams 
for both coal samples were used to evaluate the separation efficiency of the FCA on a size-
by-size basis.  Table 6 lists float/sink analyses data for Coal A showing ash content of 
31.0%, 13.8%, and 59.7% for feed, product, and tailings, respectively. Table 7 lists 
float/sink analyses data for Coal B showing ash content of 36.0%, 14.5%, and 52.9%, for 
feed, product, and tailings, respectively. Based on the target product specifications, the 
middling stream for both coals could be mixed with either product or tailings streams; 
however, a close comparison of feed and middling washability characteristics suggests that 
the middling stream for both coals should be recycled for further cleaning.  
 

Table 6: FCA float/sink data for Coal A (size distribution is 6.35×1 mm). 

Specific 
Gravity 

Feed  Product  Middling  Reject 

Float Sink 
Weight 

% 
Ash 
% 

Weight 
% 

Ash 
% 

Weight 
% 

Ash 
% 

Weight 
% 

Ash 
% 

- 1.3 32.9 5.34 10.46 5.75 18.72 5.1 3.68 5.3 

1.3 1.4 20.1 8.45 3.02 11.38 15.89 7.8 1.18 10.0 

1.4 1.6 12.3 18.26 2.64 20.01 8.66 17.5 0.95 20.2 

1.6 1.8 3.6 37.15 0.44 43.15 2.68 37.0 0.44 32.1 

1.8 2.0 2.5 54.15 0.23 59.30 1.91 54.2 0.38 50.5 

2.0 2.2 1.5 70.63 0.13 72.55 1.00 72.2 0.35 65.5 

2.2 - 27.2 79.39 0.67 77.70 11.99 77.6 14.57 81.0 

Total 100 31.05 17.60 13.76 60.84 25.9 21.56 59.7 

 
Table 7: FCA float/sink data for Coal B (size distribution is 6.35×1 mm). 

Specific 
Gravity 

Feed  Product  Middling  Reject 

Float Sink 
Weight 

% 
Ash 
% 

Weight 
% 

Ash 
% 

Weight 
% 

Ash 
% 

Weight 
% 

Ash 
% 

- 1.3 37.00 4.64 18.11 4.58 5.00 4.6 13.92 4.8 

1.3 1.4 16.41 9.54 11.97 9.08 2.59 10.6 1.89 11.1 

1.4 1.6 6.25 23.32 2.87 26.32 0.69 25.2 2.70 19.7 

1.6 1.8 1.37 38.28 0.40 38.66 0.21 44.4 0.76 36.4 

1.8 2.0 1.48 48.13 0.44 42.56 0.33 53.4 0.71 49.1 

2.0 2.2 0.54 60.33 0.11 56.68 0.12 62.6 0.31 60.7 

2.2 - 36.95 80.49 2.82 80.00 2.92 84.2 31.14 80.2 

Total 100.00 36.04 36.73 14.53 11.86 29.4 51.41 52.9 

 
Partition data were generated for different size fractions of fine coal sample including 
6.35×3.36 mm, 6.35×2 mm, and 6.35×1 mm. Figures 28 and 29 show partition curves 
developed for different size fractions of both coals. These partition curves were used to 
obtain the specific gravity of separation (SG50) and probable error (Ep) for different size 
fractions of each coal as shown in Table 8.  
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Figure 28: Partition curves for different size fractions of Coal A. 
 

 

Figure 29: Partition curves for different size fractions of Coal B. 
 

Table 8: Size-by-size SG50 and Ep values for FCA. 

Size Fraction 
(mm) 

Coal A Coal B 
SG50 Ep SG50 Ep 

6.35×3.36 2.01 0.25 2.20 0.26 

6×2 1.97 0.29 2.12 0.37 

6×1 1.70 0.36 1.89 0.65 
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For Coal A, SG50 for the 6.35×3.36-mm size fraction had the highest value of 2.01 with the 
lowest Ep of 0.25. Corresponding SG50 and Ep values for 6.35×2-mm and 6.35×1-mm size 
fractions were 1.97 and 0.29 and 1.70 and 0.36, respectively. For Coal B, SG50 for the 
6.35×3.36-mm size fraction was 2.20 with the lowest Ep of 0.26. Corresponding SG50 and 
Ep values for 6.35×2-mm and 6.35x1-mm size fractions were 2.12 and 0.37 and 1.89 and 
0.65, respectively. On a relative basis, better separation efficiency was obtained with the 
FCA cleaning Coal A versus Coal B. A common trend observed for both coals was better 
SG50 values, but higher misplacement (probable error) values for finer coals. Better 
liberation characteristics with finer coal would result in lower SG50 from the FCA, which 
is a density-based separator; however, as the particle size gets finer, such a density-based 
process becomes increasingly more ineffective, resulting in higher misplacement values. 
 
The cleaning efficiency of the FCA for both coals was further examined by analyzing clean 
coal (1.6 SG float) loss to the FCA tailings stream and undesired recovery of high-density 
rock (2.0 SG sink) in the product stream. As indicated in Table 9, for Coal A, about 8.9% 
of the total clean coal in the 6.35x1-mm size range reported to the tailings stream. This was 
mostly due to high (26.1%) losses of the finest (2x1-mm size) clean coal to the tailings 
stream. For coarser 6.35×2-mm and 6.35×3.36-mm size fractions, clean coal loss to the 
tailings stream was only 4.5% and 2.0%, respectively. Table 9 data also indicates that the 
recovery of high-density rock to the product stream was relatively low for all size fractions 
of Coal A. As stated earlier, Table 9 also shows that the FCA cleaning performance for 
Coal B was quite a bit inferior to that for Coal A. 
 

Table 9: Size-by-size FCA separation efficiency data for both coals. 

Size Fraction 
(mm) 

Feed 
(Weight %) 

1.6 Float in Tailings 
(Weight %) 

2.0 Sink in Clean Coal 
(Weight %) 

Coal A 

6.35 x 3.36 36.7 2.0 2.0 

3.36 x 2 36.9 4.5 3.5 

2 x 1 26.4 26.1 2.7 

6.35 x 1 100.0 8.9 2.8 

Coal B 

6.35 x 3.36 59.8 7.0 8.6 

3.36 x 2 21.7 28.0 5.9 

2 x 1 18.5 71.0 0.8 

6.35 x 1 100 27.8 7.3 

 
Task 4:  Evaluation of a Liwell Flip-flow Screen 
 
Sample Preparation: Coal B was further crushed to increase its finer size fraction so that 
it could be used as a good feed material for examining the screening efficiency of the Liwell 
pilot-scale unit at 1- and 2-mm cut sizes. The particle size distribution of the screen feed is 
shown in Figure 30. The feed sample contains 30% -1-mm size particles and 42% -2-mm 
size particles.  
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Figure 30: Particle size distribution of the Liwell screen feed. 
 

Evaluation of 1-mm Polyurethane Panels: The measured dimension of rectangular 

openings on each 1-mm panel was 0.76×16.8 mm. Experimental testing was conducted at 
different feed rates. As shown by partition curves in Figure 31, the d50 got finer and 
misplacement increased with increasing feed rate. At higher feed rates, the retention time 
of solid material on the screen is reduced resulting in slightly inferior size separation 
performance. At a feed rate of 2.32 tph, partition data indicates 5.59% undersize bypass, 
cut size (d50) of 1.2 mm, and probable error (Ep) of 0.15.  Excellent recovery of 96.1% +1-
mm particles to the overflow stream and 92.3% -1-mm particles to the underflow stream 
was achieved. 
 

 

Figure 31: Partition curves for the Liwell screen using 1-mm panels. 
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Evaluation of 2-mm Polyurethane Panels:  Preliminary test results on the FCA indicated 
good separation efficiency down to the 2-mm particle size range renewing interest in 
evaluation of the Liwell screen at the 2-mm cut size. The measured dimension of 

rectangular openings on each 2-mm panel was 2.08×16.8 mm. Again, experimental testing 
was conducted at different feed rates ranging from 2.3 to 6.8 tph. Figure 32 shows partition 
curves generated from 2-mm panel tests. Results for the lowest feed rate show 1.3% 
undersize bypass, d50 of 2.5 mm, imperfection of 0.11, and Ep of 0.28. Recovery of +2-mm 
particles to the overflow stream was 86.2% and recovery of -2-mm particles to underflow 
stream was 98.7%.  
 

 

Figure 32: Partition curves for the Liwell screen using 2-mm panels. 
 
Results revealed a coarser cut size (d50) than the screen aperture size for both panel opening 
sizes. This observation explains the influence of stretching and contraction that the flip-
flow screen panels go through with continuous changing of the opening size. The 
observation could also be attributed to the rectangular dimensions of each opening. 
 
Task 5-Economic Analysis: 
 
The FCA was deliberately operated in batch-mode at low feed rates to optimize coal 
cleaning performance. Since its throughput capacity has not been established yet, an 
economic analysis of the process at this point in the development of the technology will 
not provide any useful information. An economic analysis of dry screening with the Liwell 
screen was possible and is described below. 
 
Capital Cost: For 10-15 tph of -¼-inch feed, a Model LF 1.0-2.52/8 ED Liwell screen 
with 8-tph screening capacity will suffice. The capital cost for this unit is $70,000.  
Assuming a 12% rate of return and 15-year life for the equipment, the annualized capital 
cost is $10,276 ($70000*0.1468). 
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Operating Cost: Assuming $0.55 per kW∙hr, annual electricity cost for a 5.5 kW motor 
operating 6,000 hours per year will be $3300 ($0.55*6000).  A new set of screen panels 
costing $2,000 will be required every 2,000 hours.  Thus, annual spare part costs will be 
$6,000 ($2000/2000*6000).  Labor required to change panels will be 20 hours per year.  At 
a labor rate of $40 per hour, labor costs will be $800 ($40*20).  Therefore, total annual 
operating cost is $10,100 ($3300+$6000+$800). 
 
Thus, the total annual capital and operating cost for the Liwell screen operation is estimated 
to be $20,376 ($10276+$10100).  At 8-tph screening capacity, the Liwell screen is 
expected to process 48,000 tons each year (8*6000).  Finally, the dry screening cost using 
a Liwell flip-flow screen is estimated to be $0.42/ton of coal screened ($20376/48000). 
 

CONCLUSIONS AND RECOMMENDATIONS 
 
Conclusions 
 
1. An operational air table for dry cleaning of fine coal was designed, constructed, and 

tested.  Fine tuning of the FCA was accomplished using CFD simulations with the 
primary modification being the design of riffle bars on the deck to reduce their footprint 
to less than 1% of the deck’s surface area. Other characteristics of the perforated deck, 
including perforation diameter and the amount of open area, were also found to be 
critical for establishing uniform air distribution and fluidization across the bed.  

 
2. FCA operating variables were optimized using statistically designed experiments. The 

new air table had six main process variables: airflow rate, deck vibration frequency, 
vibration direction angle, deck longitudinal angle, deck lateral angle, and bed height. 
Using a Plackett-Burman experimental design, it was found that deck vibration 
frequency, vibration direction angle, and deck longitudinal angle were the three key 
process variables that significantly affected response variables that included 
combustible recovery, ash rejection, and product ash content. Empirical models and 
response surface contours were also developed to further predict the effect of process 
variables on separation efficiency 

 
3. Float/sink analyses used to evaluate the efficiency of the FAC in cleaning fine coal 

revealed that separation efficiency was highest for the 6.35×3.36-mm size fraction with 
SG50 of 2.01 and Ep of 0.25. SG50 and Ep for the 6.35×2-mm size fraction were 1.97 
and 0.29.  The wider 6.35×1-mm size fraction yielded SG50 of 1.70 and Ep of 0.36 
suggesting that widening the feed size range reduced efficiency of separation.  

 
4. Feed, product, and tailings ash content were 31.0%, 13.8%, and 59.7%, respectively. 

Size-by-size separation efficiency data showed that loss of clean coal particles to 
tailings for 6.35×3.36-mm and 3.36×2-mm size fractions were 2.0% and 4.5%, 
respectively, whereas 26.1% of clean coal in the 2×1-mm size fraction got misplaced 
to the tailings stream. However, recovery of high-density (>2.0 SG) material to the 
product was relatively low (ranging from 2.0% to 3.5%) for all size fractions. These 
findings indicate that the FCA should excellent results in rejecting rocks from clean 
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coal product for all size fractions.  
 
5. Coal B, with its difficult cleaning characteristics, was utilized to evaluate the cleaning 

potential achievable from the FCA. The best cleaning performance obtained from the 
FCA dry separator processing Coal B is described by SG50 and Ep values of 2.01 and 
0.32, respectively. These process efficiency measures produced a clean coal with ash 
content of 14.5% from a feed coal with ash content of 36.1%. Ash content of tailings 
and middling streams were 52.9% and 29.4%, respectively. Total sulfur content of feed, 
product, middling, and tailings streams were 3.09%, 2.69%, 2.93%, and 3.59%.  

 
6. Evaluation of the Liwell flip-flow screen at 1- and 2-mm cut sizes, showed very good 

size separation performance. Partition data for the 1-mm screen showed 5.59% 
undersize bypass, a cut size (d50) of 1.2 mm, and a calculated efficiency of 88.7% with 
an Ep of 0.15. Partition data for the 2-mm screen showed 1.3% undersize bypass, a cut 
size (d50) of 2.5 mm, and an imperfection value of 0.11. The screen was found to work 
at an efficiency of 85.08% with a probable error of 0.28.  Finally, it can be concluded 
that the Liwell flip-flow screen can be effectively used to screen the FAC clean coal 
product at 1-mm or 2-mm sizes to produce a dry clean coal product.   

 
Recommendations 
 

1. Selecting the proper perforated deck is a function of both the smallest particle size in 
the feed and the strength of the deck. For this study, a perforated deck made of steel 
with 1-mm diameter perforations and 45% open area was the best available option in 
the current market; however, finding a perforated deck with smaller diameter 
perforations and greater open area that is made from more durable material should be 
sought after for future studies. 

 
2. The throughput capacity of the FCA unit should be established by running it in semi-

continuous mode. This may necessitate more changes in the some of the key features 
of the current FCA design. 
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