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ABSTRACT 
 
The goal of this research project was to evaluate a new device for the recovery of coal 
fines.  The device was invented by Molecular Separation Technology (MST).  It 
combines the principles of high velocity swirling flows that result in tornado-like 
centrifugal force fields and the well-known phenomena of retrograde flow fields within 
swirling flows in a manner that allows heavy species to be separated from the lightest 
species.  All of this takes place in a compact piece of equipment with no moving parts by 
creating a force equivalent to 2.5 million times normal gravitational force (G) in vapor 
systems and 100,000 G in liquid systems.   
 
GTI built a separator test rig and tested coal slurry samples obtained from an Illinois coal 
preparation plant.  A Plackett-Burmen factorial experimental design was utilized to 
identify key process parameters affecting dewatering performance for fine coal.  Solids 
recovery (91%) and water recovery (69%) approached commercially achievable 
performance (95% and 70% respectively) during separate runs.  Throat length of the 
separator device appears to be the most important process parameters for all three 
responses.  
 
For size classification, the effective separation sizes of nearly 150-micron and 20-micron 
compare very well with the separation size commonly achieved by primary and 
secondary raw coal classifying cyclones in a coal preparation plant. However, the 
separation efficiency measured is rarely achieved by conventional cyclones.  This level of 
performance indicates that the MST Separator could replace classifying cyclones at coal 
preparation plants as well as perform in concert with enhanced gravity separators 
especially on + 20- to 40-micron size particles. 
 
For coal cleaning, conventional technologies achieve over 85% of combustible recovery 
while rejecting nearly 80% of the ash bearing minerals from fine coal.  During the testing 
being reported, the best combustion recovery achieved was 82% and the best ash 
rejection was 62% in separate non-optimized runs.   
 
Data obtained supports further testing of the MST Separator at a coal preparation plant.  
Utilizing results from the factorial design and what was learned in the current work, 
performance can be optimized for improved coal preparation.  Sufficient data will be 
obtained to determine the economic advantages of this novel separator. 



 EXECUTIVE SUMMARY 
 
Objectives and Tasks 
 
The overall objective of this research program is identifying the operating and design 
parameters needed for the MST Separator to achieve greater than 98% coal fines 
recovery with a moisture level of less than 10%.  Representative feeds from the fine coal 
circuit of a coal preparation plant and from a slurry pond were to be tested.   
 
Tasks that were scheduled to meet the objectives were as follows: 
 
TASK 1. Experimental Set Up 
All of the equipment required for the test program was assembled including purchase of 
several water tanks, renting the pump, and installing all interconnecting pipes, fittings, 
and instruments.   
 
TASKS 2 and 3. Coal Preparation Slurry Testing and Slurry Pond Testing 
The original intent was to test fresh coal from an active Illinois coal preparation plant and 
discarded coal from an older slurry pond.  In the end, only coal from an active operation 
was tested.  Testing included mixing coal samples with water in two large water storage 
tanks and feeding the resultant slurry to the MST Separator via a high pressure pump.  
The system was run in full recirculation mode until steady-state was reached.  Cycling a 
few valves put the system in operational mode and samples of the feed and two effluent 
streams were collected.  These samples were analyzed to determine particle size 
distributions and moisture content. 
 
TASK 4. Economics 
Economics of the MST Separator were to be assessed but after completing Task 2, it was 
determined that there was not sufficient data at this stage of development to conduct a 
meaningful economic analysis.   
 
TASK 5. Reporting 
GTI completed all required reporting as set forth in the ICCI Principal Investigator 
Guidelines.   
 
Introduction and Background 
 
Almost all coal processing requires the addition of water to form a slurry.  This allows for 
easy transportation within the preparation plant. It also allows for certain processes, such 
as flotation, to beneficiate the coal depending on certain properties of that coal, such as 
specific gravity.  After coal has been upgraded, it is dewatered prior to transportation.  A 
variety of equipment is used to dewater fine (<100-micron) coal.  In Illinois, this 
equipment includes screen-bowl centrifuges, vacuum-disk filters, horizontal belt filters, 
and plate-and-frame filter presses.   
 



One of the most difficult and costly steps in coal preparation is removing moisture from 
the surfaces of fine coal particles.  Although thermal dryers can effectively reduce 
moisture, these units require large capital expenditures and stringent air quality standards 
making it impossible to obtain new operating permits.  As a result, coal producers resort 
to mechanical systems for fine coal dewatering.  Unfortunately, the performance of 
mechanical dewatering equipment diminishes sharply for particles finer than 0.1-mm. 
 
The unacceptably high moisture content associated with this fraction forces the majority 
of coal producers to discard their coal fines to waste impoundments.  In the U.S. alone, 
approximately 2 billion tons of fine coal has been discarded in abandoned ponds and 500 
to 800 million tons in active ponds.  On a yearly basis, U.S. coal producers discard 
approximately 30 to 40 million tons of fresh coal fines into ponds.  This represents a loss 
of valuable natural resources, loss of profit for coal producers, and creation of significant 
environmental concerns.  Treatment of ponds requires the separation of not only coal 
fines and water, but also clays, muds, and other materials that are extracted from them. 
 
The MST Separator tested under this grant is a device for separating the species 
constituting any fluid (gases, liquids, solid slurries, or mixtures thereof) by molecular 
weight (patent pending).  This device combines the principles of high velocity swirling 
flows that result in tornado-like centrifugal force fields (US Patent #4,245,961 Bunting & 
Simon) and the well-known phenomena of retrograde flow fields within swirling flows 
(Lewellan, W.S.: A Review of Confined Vortex Flows, NASA-CR-1772, 1971).  The 
unique feature of the MST Separator is in combining these two concepts in a manner that 
allows all heavy molecular weight species as a group to be separated from the lightest 
species.  Centrifugal forces of the order 2.5 million G operate on components within a 
vapor mixture or 100,000 G within a liquids mixture and create the resulting separation 
with heavy species being enriched in one exit stream and light species being enriched in 
the other exit stream. 
   
In summary, the MST Separator: 
• Is a compact device (approximately 6” in diameter and 18” long), 
• Has no moving parts, 
• Converts fluid pressure to kinetic energy, 
• Operates at any orientation, and 
• Can be optimized for a variety of applications. 
 
Experimental Procedures 
 
Testing was performed with coal slurry collected by Southern Illinois University (SIU) 
from an Illinois coal preparation plant.  This coal slurry was fed from a 1000-gallon tank 
to the MST Separator using a high-pressure pump at flow rates up to 100 gpm and 500 
psig.  The two effluent streams, denoted as high molecular weight (HMW) and low 
molecular weight (LMW), could be directed to either return to the 1000-gallon tank or to 
the 300-gallon measurement tank.  Samples were taken from the 1000-gallon tank or the 
flowing effluent streams and analyzed for solids content, fines size distribution, and, in 



some cases, ash content.  A Plackett-Burmen factorial experimental design was utilized to 
identify key process parameters affecting dewatering performance.   
 
A test rig was constructed and all needed parts and equipment were acquired to conduct 
the testing.  MST provided the MST Separator for the duration of testing.  Twenty-three 
tests were conducted in which up to 12 independent variables were varied according to 
the test plan.   
 
Conclusions and Recommendations 
 
To study the solid-liquid separation capability of the MST Separator, three process 
responses were determined for each experiment: moisture reduction ratio (MRR), High 
Molecular Weight (HMW) fraction solids recovery and Low Molecular Weight (LMW) 
fraction water recovery.  The MRR achieved (~1) was too low to be of commercial 
interest (target ~3), however, the HMW solids recovery (91%) and LMW water recovery 
(69%) results achieved approached commercially achievable performance levels (95% 
and 70% respectively) during separate runs.   
 
Based on the initial Plackett-Burmen factorial design results, key factors affecting MRR 
in decreasing order of significance are throat length and feed solids content. Plenum 
pressure and back pressure appear to have significant interaction effect on MRR.  
Similarly, key factors affecting HMW solids recovery in decreasing order of significance 
are throat length, plenum pressure, gap setting and back pressure. Key factors affecting 
LMW water recovery in decreasing order of significance are throat length, plenum 
pressure and gap setting. Gap setting and number of nozzles appear to have a significant 
interaction effect on LMW.  
 
Throat length appears to be the most important process parameter for all three responses. 
The other key process parameters include plenum pressure, back pressure and gap setting. 
The number of nozzles and nozzle size do not appear to play any significant role in 
affecting the performance of the MST Separator. Another important point to note from 
the data is the positive and negative effect of throat length on moisture reduction ratio 
and HMW solids recovery, respectively. For efficient dewatering, both these performance 
indicators need to be maximized. Therefore, there would be an optimum throat length to 
provide satisfactory performance for both moisture reduction and solids recovery.  
 
A very good imperfection (a measure of inefficiency) of 0.28 was achieved at a coarse 
size separation of nearly 135-micron with negligible ultra-fine bypass during one run. 
This level of performance could help the MST Separator replace primary raw coal 
classifying cyclones at coal preparation plants. 
 
Excellent size separation efficiency (imperfection of 0.06) at a much finer particle size of 
separation (17-micron) with negligible particle bypass was achieved during another run. 
This level of performance could help the MST Separator replace secondary raw coal 
classifying cyclones at coal preparation plants. More importantly, this level of size-
separation efficiency potentially opens the market for enhanced gravity separators that 



have not been commercialized in the coal industry due to lack of available technology for 
achieving a high efficiency size separation performance, especially at the level of 20 to 
40 microns in particle size. 
 
To study the coal cleaning capability of the MST Separator, two process responses were 
determined for several experiments: combustible recovery and ash rejection.  The 
combustion recovery (82%) and ash rejection (62%) results achieved during separate runs 
approach commercially achievable performance levels (85% and 80% respectively).  
These are too low to be of commercial interest at this time, but further testing should look 
at cleaning at various size fractions, especially in smaller material. 
  
While test results from using the MST Separator did not achieve the objective of greater 
than 98% coal fines recovery with a moisture level of less than 10%, they did indicate 
that the device can achieve high efficiency size separation performance that may make a 
significant impact on the utilization of Illinois coals.  The next stage of development 
would be to test the device at a coal preparation plant.  GTI, MST, and PM International 
would team with a host site to provide longer testing of the high efficiency size 
separation performance and establish the field-derived economics of the device.  This 
program would also examine the use of flocculants to increase solids removal efficiency 
and the positioning the MST Separator vertically to minimize plugging.  
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OBJECTIVES 
 
The overall objective of this research program was to identify the operating and design 
parameters of the MST Separator needed to achieve greater than 98% coal fines recovery 
with a moisture level of less than 10%.  
 
Tasks scheduled to meet the objective were as follows: 
 
TASK 1. Experimental Set Up 
All of the equipment required for the test program was assembled including purchase of 
several water tanks, renting the pump, and installing all interconnecting pipes, fittings, 
and instruments.   
 
TASKS 2 and 3. Coal Preparation Slurry Testing and Slurry Pond Testing 
The original intent was to test fresh coal from an active Illinois coal preparation plant and 
discarded coal from an older slurry pond.  In the end, only coal from an active operation 
was tested.  Testing included mixing coal samples with water in two large water storage 
tanks and feeding the resultant slurry to the MST Separator via a high pressure pump.  
The system was run in full recirculation mode until steady-state was reached.  Cycling a 
few valves put the system in operational mode and samples of the feed and two effluent 
streams were collected.  These samples were analyzed to determine particle size 
distributions and moisture content. 
 
TASK 4. Economics 
Economics of the MST Separator were to be assessed but after completing Task 2, it was 
determined that there was not sufficient data at this stage of development to conduct a 
meaningful economic analysis.   
 
TASK 5. Reporting 
GTI completed all required reporting as set forth in the ICCI Principal Investigator 
Guidelines.    
 

INTRODUCTION AND BACKGROUND 
 
Almost all coal processing requires the addition of water to form a slurry.  This allows for 
easy transportation within the preparation plant. It also allows for certain processes, such 
as flotation, to beneficiate the coal depending on certain properties of that coal, such as 
specific gravity.  After coal has been upgraded, it is dewatered for a number of reasons.  
Transportation costs are usually based on the weight of material moved, while value is 
based on energy content.  Water adds weight with no heating value and, in fact, costs the 
power plant the heat of vaporization, effectively degrading coal value.  Dewatering also 
minimizes difficulties that arise from handling wet material, especially as fines become 
smaller.  In most instances, the drier the product is, the easier it is to handle especially in 
cases where freezing conditions are encountered during transport.   
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One of the most difficult and costly steps in coal preparation is removing moisture from 
the surfaces of fine coal particles.  Although thermal dryers can effectively reduce 
moisture, these units require large capital expenditures and stringent air quality standards 
making it impossible to obtain new operating permits.  As a result, coal producers resort 
to mechanical systems for fine coal dewatering.  Unfortunately, the performance of 
mechanical dewatering equipment diminishes sharply for particles finer than 0.1-mm. 
 
The unacceptably high moisture content associated with this fraction forces the majority 
of coal producers to discard their coal fines to waste impoundments.  In the U.S. alone, 
approximately 2 billion tons of fine coal has been discarded in abandoned ponds and 500 
to 800 million tons in active ponds.  On a yearly basis, U.S. coal producers discard 
approximately 30 to 40 million tons of fresh coal fines into ponds.  This represents a loss 
of valuable natural resources, loss of profit for coal producers, and creation of significant 
environmental concerns.  Treatment of ponds requires the separation of not only coal 
fines and water, but also clays, muds, and other materials that are extracted from them. 
 
There is a variety of equipment in use today to dewater fine coal. Fine coal in this 
instance is considered to be less than 100 microns in size.  In Illinois, this equipment 
includes screen-bowl centrifuges, vacuum-disk filters, horizontal belt filters, and plate-
and-frame filter presses.  The most commonly used today is the screen-bowl centrifuge.  
Increased gravitational forces caused by centrifugal forces within the centrifuge increase 
the pressure drop across the filter cake squeezing more moisture out of the coal.  The 
screen-bowl centrifuge has become the most popular drying mechanism because of its 
ability to produce a product with low moisture content, its relative ease of operation and 
maintenance, its high throughput capacity and relatively low operating and capital costs.  
However, the disadvantage of the screen-bowl centrifuge is that a significant amount of 
valuable ultra-fine (<45-micron) clean coal is either lost to the main effluent or 
continuously recirculated in the screen-bowl centrifuge.  Filtration dewatering processes, 
especially the vacuum disc filter, are typically selected over the screen-bowl centrifuge in 
the presence of a relatively large proportion of ultra-fines to achieve high solids recovery 
at reasonably low product moisture content.  However, capital and operating costs of disc 
filters are significantly higher than that of screen-bowl centrifuges having the same 
throughput capacity.  Plate-and-frame filter presses are used mostly in cases of extremely 
fine size coal or tailings materials.  However, extremely high capital and operating cost 
requirements often render this process cost-prohibitive for steam coal applications.  Belt 
filter presses are used with limited success in coal preparation plants for dewatering fine 
tailing material.  High product moisture content, relatively high solids content in the 
filtrate and mechanical complexities are some of the problems associated with belt filter 
presses.   
 
The MST Separator is a device for separating the species constituting any fluid (gases, 
liquids, solid slurries, or mixtures thereof) by molecular weight (patent pending).  This 
device combines the principles of high velocity swirling flows that result in tornado-like 
centrifugal force fields (US Patent #4,245,961 Bunting & Simon) and the well-known 
phenomena of retrograde flow fields within swirling flows (Lewellan, W.S.: A Review of 
Confined Vortex Flows, NASA-CR-1772, 1971).  The unique feature of the MST 
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Separator is in combining these two concepts in a manner that allows all heavy molecular 
weight species as a group to be separated from the lightest species.   
 
The MST Separator, schematic seen in Figure 1 and photo in Figure 2, is an axisymetric 
device that provides a convergent confined conical flow path for a mixture (gas, liquid, or 
slurry) that is introduced at high entrance velocities.  Well-known two-dimensional 
aerodynamic nozzles create the high entrance velocity.  The fluid velocity within the 
device is limited by the pressure differential, which is limited by the vapor pressure of the 
liquid.  Within the entrance convergent flow path, the angular velocity of the spiraling 
mixture increases such that heavier molecular species are segregated from lighter 
molecular species.  Centrifugal forces of the order 100,000 G operate on components 
within the mixture and create the resulting separation with the heavy species adjacent to 
the outer wall.  This convergent flow path transitions into a substantially uniform flow 
path where the spiraling mixture maintains a nearly uniform velocity, thus providing 
additional time to further promote the separation of each contained species into a separate 
zone within the swirling flow field.  The uniform flow path then transitions to a divergent 
conical exhaust flow path where the heavier molecular species are exhausted from the 
MST Separator into a receiving tank.  Within the uniform flow path, a retrograde flow of 
the lighter species is created and exhausted along the longitudinal axis of the MST 
Separator near the inlet chamber. 

 

 
Figure 1.  Schematic of the Molecular Separation 

Technology Device 

 
Figure 2.  MST Separator with Inlet and Light 

Exit on Right, Heavy Exit on Left 

 
In summary, the MST Separator: 
 
• Is a compact device (approximately 6” in diameter and 18” long), 
• Has no moving parts, 
• Converts fluid pressure to kinetic energy, 
• Operates at any orientation, and  
• Can be optimized for a variety of applications. 
 
The MST Separator differs from other dewatering technologies in several important ways 
described below. 
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1. The degree of centrifugal forces generated in the MST Separator is many orders of 
magnitude greater than that obtained from screen-bowl centrifuges and 
hydrocyclones.  The MST Separator generates 100,000 G-forces with liquids while 
the screen-bowl centrifuge generates only 400 to 600 G-forces.  

  
2. The MST Separator has no moving parts, unlike screen-bowl centrifuges that require 

a precision mechanical drive system with corresponding maintenance requirements.  
The MST Separator is machined to produce converging and diverging sections and 
the inlet flow circulation pathway necessary to produce high gravitational forces.   

 
3. Similar to the screen-bowl centrifuge, the MST Separator requires a slurry pump but 

it must be a high-pressure pump, with much greater horsepower requirement than that 
needed for the screen-bowl centrifuge.  These pumps are used in other industries, 
including oil and gas, and require only normal pump maintenance.  

 
4. The cost of the MST Separator should be significantly less than that of a screen-bowl 

centrifuge.  Operating costs will only be operating costs for the pump and do not 
include centrifuge-related costs such as belt replacement, rollers, bearings, and 
electrical power.  The need for flocculants will be determined as part of further 
experimentation, but it is assumed to be lower than that for the centrifuge.   

 
5. The MST Separator is a compact device, approximately 6 inches in diameter and 18 

inches long.  It can be set in a vertical or horizontal configuration.  The entire system 
can be skid-mounted for easy deployment within the coal preparation plant or at a 
coal slurry pond. 

 
6. The MST Separator may be competitive in a number of coal-related applications, as 

will be determined during the course of the experimental program.  It will be tested 
for potential replacement of the screen-bowl centrifuge, recovering carbon from the 
centrifuge effluent, separating clays and muds from coal fines and water from slurry 
ponds as a one-stage or two-stage system.  The one-stage system would be preferred 
if the coal fines could be produced with a low moisture content.  A two-stage system 
would separate muds from water and fines in the first stage and then recover fines 
from water in the second stage.  This two stage system may also be useful at coal 
preparation plants in filter press plants where the filter cake contains fines and muds. 

 
EXPERIMENTAL PROCEDURES 

 
The planned test system P&ID is shown in Figure 3 and the equipment layout is shown in 
Figure 4.  The design called for flexible hoses to be used wherever practical to minimize 
installation costs and provide experimental ease.  Coal fines were obtained by Southern 
Illinois University and sent to GTI.  They were charged into the 1000-gallon tank.  
General procedures called for the coal slurry to be mixed within the 1000-gallon tank 
using a submersible pump (ITT FLYGT Model CS 3085, 460V, 3-phase, 3HP, 3-inch 
discharge) to circulate the slurry within the tank.  The force of the water discharging from 
the pump through an elbow in the tangent discharge caused the pump to spin in place and 
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twist the power cord and removal chain while not mixing the water.  So the elbow was 
replaced with a tee.  When reinstalled, the water force moved the pump close to the tank 
wall and it found a steady position resulting in two eddies to circulate and mix the water.  
As the slurry was mixing, it was drawn out of the tank by a two-stage, diesel, Detroit 
Perkins pump (Power Associates International (Houston) Model 100) delivering 155 HP 
at 2200RPM, and directed into the test skid.  The inlet slurry flow could be directed back 
to the 1000-gallon tank or to the MST Separator.  Within the MST Separator, solids and 
heavier materials would be forced to the outside walls and out through the HMW exit.  
Lighter materials would exit through the LMW exit.  These streams could be recycled to 
the 1000-gallon tank or directed to the 300-gallon tank to measure flow rates.  The HMW 
stream could also be directed to the catch pot to measure lower flow rates.  A second 
submersible pump (ITT FLYGT Ready 8, 1.1HP, 115V, 1-phase) transferred slurry from 
the 300-gallon tank back to the 1000-gallon tank.  Feed flow rate is controlled by 
recycling part of the inlet stream to the 1000-gallon tank.  The split between the HMW 
and LMW streams is controlled by the gap spacing in the HMW exhaust cone and the 
HMW discharge stream valve.    
 

 
Figure 3.  Fines Removal P&ID 
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Figure 4.  Fines Removal Layout 

 
 
 

 
The feed and two effluent streams were sampled.  The feed stream sample was obtained 
by lowering a pail into the circulating 1000-gallon tank and then pouring the collected 
sample into a sample bottle.  The effluent stream samples were taken from the flowing 
streams in the test rig.  Particle size distributions were determined using GTI’s 
MALVERN Mastersizer 2000 Laser Particle Analyzer as seen in Figure 5.  The analyzer 
is capable of particle size measurements in the range of 0.05-µm to 2000-µm with a 
special tool to analyze particle distribution in emulsions and suspensions.  Moisture 
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content was determined by weighing samples before and after drying in a 100-110°C 
drying oven for at least 6 hours.  Ash content was determined by heating dried coal 
samples to 750°C. 
 
A preliminary experimental plan was prepared by MST.  The original configuration of 
the device had a 60° plenum inlet and HMW exhaust cones and a 3-inch throat length.  
The HMW gap was set at 0.5, 0.25, and 0.125 turns and the plenum pressure was set at 
100, 200, 300, 400, and 500 psig.  Samples were taken at the LMW and HMW exits for 
each gas/pressure combination to determine the effect of parameters on solids separation.   
 
 

 
Figure 5.  Malvern Mastersizer Particle Size Analyzer 

 
A Plackett-Burmen factorial design was then prepared by PM International to identify 
key process parameters affecting dewatering performance achieved by the MST 
Separator for fine coal in the particle size range of 0 to 150-micron.  Seven controllable 
parameters, listed in Table 1, were taken into consideration while developing a test 
matrix consisting of twelve experimental runs.  High and low levels for each parameter, 
listed in Table 2, were decided based on actual observation during preliminary 
exploratory tests.  High and low levels of solids content in the feed slurry correspond to 
20% and 10%, respectively.  Solids content and particle size distribution were determined 
for each of the twelve runs.  Ash content of samples was measured for at least two of the 
most promising runs to study coal cleaning applicability. 
 

Table 1.  Controllable Variables 
Controllable Parameters Description 
Plenum Pressure Set by pump discharge pressure 
Gap Setting Set by wheel at HMW end (see Figure 6) 
Back Pressure Set HMW return valve 
Feed Solids Content Add or decant water in 1000-gallon tank 
Throat Length Change throat (see Figure 7) 
Nozzle Size Change spiral plate of different thickness 

(see Figure 8) 
Number of Nozzles Add or remove plugs into spiral plate 
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Figure 6.  Gap Control Wheel 

 
Figure 7.  Throat 

 
Figure 8.  Spiral Plate 

 
Table 2.  Experimental Conditions Utilized for the Plackett-Burmen Experiments 

Test Plenum Gap Setting Back Feed Solid Throat Nozzle No. of
Run # Pressure (psi) (inch) Pressure Content % Length (inch) Size (inch) Nozzles

1 200 0.125 80 High 24 0.125 8

2 400 0.5 80 High 3 0.25 4

3 400 0.125 120 High 24 0.125 4

4 400 0.5 80 High 3 0.125 8

5 200 0.5 120 High 24 0.25 4

6 200 0.5 120 Low 3 0.125 4

7 200 0.125 120 High 3 0.25 8

8 400 0.5 120 Low 24 0.125 8

9 400 0.125 120 Low 3 0.25 8

10 200 0.125 80 Low 3 0.125 4

11 400 0.125 80 Low 24 0.25 4

12 200 0.5 80 Low 24 0.25 8  
 
 

RESULTS AND DISCUSSION 
 
TASK 1. Experimental Set Up 
The test rig constructed for this effort used an existing frame work.  The rig was designed 
to have all controlling valves on one side of the frame and all connecting flanges on the 
other side.  Piping manifolds were generally on three levels, namely, LMW controlling 
valves and flanges on the top level, HMW in the middle and feed on the bottom.  Figure 9 
shows the flange side of the frame with flexible hosing connecting the rig to the 300 and 
1000-gallon tanks and Figure 10 shows the rig from the valve side.  The MST Separator 
was located on a shelf in the rig, as shown in Figure 11, to allow access for changing the 
throat and spiral plate components during testing.  The high pressure pump, shown in 
Figure 12, was located about 35 feet away from the rig and tanks.  This distance required 
additional high pressure and suction hoses be purchased. 
 
Southern Illinois University (SIU) collected 1000 gallons of fine coal slurry from a coal 
preparation facility.  They allowed the fines to settle and decanted off the water.  They 
packaged the wet slurry concentrate into four 42-gallon barrels and shipped them to GTI.  
They also sent a 5-gallon bucket of the original slurry to be used as a guide in reslurrying 
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the test slurry.  The size distribution was sufficient that this material could represent both 
the fine circuit in coal preparation plants and material from slurry ponds.   
   

 
Figure 9.  Test Rig with Flex Hose Returns to 300- 

and 1000-Gallon Tanks 
 

 
Figure 10.  Test Rig from Valve Connection 

Side 
 

 
Figure 11.  MST Separator with Multiple Takeoff 

Throat 
 

 
Figure 12.  High Pressure, High Head Rental 

Pump 
 

Samples from the 5-gallon bucket of original slurry were tested to determine slurry 
density and solids concentration. The coal slurry was initially stirred with a portable 
stirrer until all of the suspended fined particles appeared to be equally distributed within 
the expanse of the solution. Next, with a small beaker, a sample of the slurry was 
measured into a 500-mL graduated glass cylinder of measured mass until the lower point 
of the concave meniscus was level with the targeted mark. Then the mass of the solution 
together with the graduated cylinder was measured and recorded along with the volume.  
This procedure was repeated five times.  The solids content of the slurry was calculated 
by filtering about 20-mL of slurry through 40 to 42-μm filter paper.  The weight of dried 
fines on the filter was divided by the weight of slurry.  The coal slurry density was 
1.06±0.03 g/mL with 12.7±0.1% fines in the slurry by weight.   
 
The particle size distribution of the slurry was studied using GTI’s Malvern Mastersizer 
2000 Laser Particle Analyzer (LPA).  The procedure for measuring particle size requires 
the bucket of slurry to be sampled, that sample diluted, and then an aliquot of the diluted 
sample introduced into the LPA. 
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Each of these steps was duplicated to study error propagation.  The bucket was mixed 
with a portable stirrer until all suspended fine particles appeared to be equally distributed 
within the expanse of the solution. Next, with a small beaker, samples were taken from 
the top, middle and bottom of the bucket.  It was found that the sample needed to be 
mixed using a magnetic stirrer to keep all particles slurried and a fresh sample taken from 
the beaker each time solution is added to the dilution beaker.  It was also found that all 
three samples had to be diluted by about one drop in 200-mL of water to have sufficient 
obscuration for the LPA to distinguish particle size.  The mean sizes (D50) of the top, 
middle and bottom samples were 140±15-μm, 225±25-μm, and 160±25-μm, respectively.  
The overall average mean size was 175±45-μm.  A plot of the size distribution for the 
three samples is shown in Figure 13.  The plot indicates that the major source of error is 
in the original sample collection.  If the sample was well mixed within the bucket, there 
would not be a distinction between the three sets.  The collection method used during the 
testing will be to take grab samples of the flowing fluid, which is expected to be well 
mixed, unlike the samples within the bucket.   
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Figure 13.  Size Distribution of Test Slurry 

 
A series of tests were conducted during the shake down testing of the system to study 
dissolved heavy metal components from waste waters.  Ferrous chloride was used as a 
model heavy metal.  By keeping the water solution acidic, iron would not be oxidized to 
insoluble ferric chloride.  This ensured that any observed separation of iron would be on 
the basis of separating iron ions and not particulate material. Seven runs were conducted 
using the preliminary test plan given previously. Samples from Runs 3014 and 3015 were 
analyzed for iron by GTI’s Analytical Department.  Samples were acidified with 
hydrochloric acid to dissolve any precipitated iron prior to analysis.  The total iron 
content did not vary greater than 2% in the HMW or LMW from the feed iron content of 
approximately 1000 mg/L. 
 
TASKS 2 and 3. Coal Preparation Slurry Testing and Slurry Pond Testing 
The system was then charged with coal fines.  Initially, two of the four barrels of coal 
fines were transferred into the 1000 gallon tank using the ITT FLYGT Ready 8 
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submersible pump.  Water was added to bring the solids content to approximately 10% 
solids by weight.  During later testing, the remaining coal fines were added to the tank.  
Solids content was reduced by adding more water into the tank.  To increase solids 
content, the mixing pump was turned off and solids allowed to settle for at least four 
hours.  The Ready 8 pump was then lowered into the water phase and the clean water was 
pumped out.  Based on the coal fines size distribution, it was decided that sufficient data 
could be obtained from the existing coal preparation plant material for both applications 
and that it would not be cost effective to collect, ship, and test slurry pond samples. 
 
A preliminary experimental plan was followed during Runs 3018-3028.  When the HMW 
flow rate was reduced, a solids plug would form and stop all HMW flow.  Plugs formed 
within the HMW cone, in the throat, and in downstream HMW piping.  If the operator 
noticed a plug forming, it could be broken by reversing flow or by rodding through the 
LMW line.  However, some plugs required disassembling the MST Separator.  By 
keeping the flow relatively high, no plugs formed.  It has been postulated that reduced 
flows and resulting higher solids content could be achieved by turning the MST Separator 
vertically with the HMW at the bottom and by keeping the gap opening greater than 
0.125 inches.   
  
Results from the preliminary experimental plan are shown in Table 3.  Table 4 through 6 
show data obtained from Runs 3029-3041 using the factorial design experimental plan.   
 
The operating principle behind the MST Separator suggests that a majority of the feed 
water and a minority of the feed solids should report to the LMW stream while a majority 
of the feed solids and a minority of the feed water should report to the HMW stream. To 
study the solid-liquid separation capability of the MST Separator, three process responses 
were determined for each experiment: moisture reduction ratio (MRR), HMW solids 
recovery and LMW water recovery. These terms are defined as follows: 
 
• MRR: A ratio of water content of the feed stream and water content of the HMW 

stream.  The most efficient commercial fine coal dewatering processes typically 
achieve MRRs close to 3.0.  It should be noted that for this study, MRR is a better 
process response to study than product (HMW) moisture content because feed 
moisture content varied significantly from one experiment to another. 

 
• HMW solids recovery: Percentage of solids present in the feed stream that report to 

the HMW stream; greater than 95% is commonly achieved in the industry. 
 
• LMW water recovery: Percentage of feed stream water content that reports to the 

LMW stream; greater than 70% is commonly achieved in the industry. 
 
The MRR, HMW solids recovery, LMW water recovery and the product (HMW) 
moisture content for each test are shown in Table 7.  While the MRR achieved is 
significantly lower than the commercial target (~1 achieved vs. target of 3), the MST 
Separator was able to approach commercial targets for HMW solids recovery (91% vs. 
95%) and LMW water recovery (69% vs. 70%) in separate, non-optimized tests.   
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These test data were statistically analyzed to identify the critical process parameters.  As 
shown in the half-normal probability plots of Figure 14, factors affecting MRR in 
decreasing order of significance are throat length (E) and feed solids content (D).  
Plenum pressure (A) and back pressure (C) appear to have significant interaction effects 
on MRR.  Similarly, factors affecting HMW solids recovery in decreasing order of 
significance are throat length (E), plenum pressure (A), gap setting (B) and back pressure 
(C).  Finally, key factors affecting LMW water recovery in decreasing order of 
significance are throat length (E), plenum pressure (A) and gap setting (B). Gap setting 
(B) and number of nozzles (G) appear to have significant interaction effects on LWR.  
 
The nature (positive or negative) and percentage contribution magnitude of individual 
key process parameters on corresponding process responses are listed in Table 8.  Throat 
length appears to be the most important process parameters for all three responses.  Other 
key process parameters include plenum pressure, back pressure and gap setting. The 
number of nozzles and nozzle size do not appear to play any significant role in affecting 
the performance of the MST Separator. Another important point to note from data 
presented in Table 8 is the positive and negative effect of throat length on moisture 
reduction ratio and HMW solids recovery, respectively. For efficient dewatering, both of 
these performance indicators need to be maximized. Therefore, there would be an 
optimum throat length to provide satisfactory performance for both moisture reduction 
and solids recovery.  
 
Since the operating principle of the MST Separator is somewhat similar to a classifying 
cyclone, it was desired to analyze several test data to investigate the extent of size 
separation achievable from this new technology. As indicated by partition curves 
generated for tests 3036, 3039, and 3029c and shown in Figure 15, highly efficient size 
separation (indicated by an imperfection value as low as 0.05) is achievable from the 
MST Separator over a wide particle size range.  The effective separation sizes of nearly 
150-micron and 20-micron compare very well with the separation size commonly 
achieved by the primary and secondary raw coal classifying cyclones in a coal 
preparation plant. However, the separation efficiency indicated by the sharpness of the 
curves is rarely achieved by conventional cyclones. 
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Table 3.  Results from Preliminary Tests 
Flow Rate, gpm Solids Fraction, % Run 

# 
P 

psig Total Flow HMW LMW LMW/HMW Feed HMW LMW Throat
HMW Gap = 0.50 inch 

3018 380 55 50.0 5.0 0.1 7.5 12.0 7.3 11.0 
3018 380 55 44.0 11.0 0.3 7.5 8.0 8.5 9.7 
3018 380 55 8.6 46.4 5.4 7.5 7.7 8.1 9.7 
3019 380 55 6.3 48.7 7.7 7.0 25.2 6.3 10.8 
3019 380 55 6.2 48.8 7.9 7.0 19.4 4.8 12.3 
3020 280 50 5.2 44.8 8.6 6.7 20.1 5.1 9.9 
3020 280 50 6.7 43.3 6.5 6.7 18.8 4.8 9.9 
3020 280 50 7.6 42.4 5.6 6.7 15.4 4.8 9.0 
3021 200 41.8 4.1 37.7 9.2 6.2 19.7 4.8 9.3 
3021 200 41.8 6.8 35.0 5.1 6.2 14.1 4.5 8.7 
3021 200 41.8 12.5 29.3 2.3 6.2 10.8 4.2 8.2 

HMW Gap = 0.25 inch 
3022 380 60 4.2 55.8 13.3 6.0 22.0 5.0 9.1 
3022 380 60 7.7 52.3 6.8 6.0 16.4 4.3 8.8 
3022 380 60 15.0 45.0 3.0 6.0 10.3 4.3 8.3 
3023 340 55 8.6 46.4 5.4 4.2 10.4 3.3 6.1 
3023 340 55 4.4 50.6 11.5 4.2 15.0 3.2 6.3 
3023 340 55 9.1 45.9 5.0 4.2 11.6 2.8 6.9 
3024 195 40.1 17.1 22.4 1.3 4.4 8.7 3.4 5.8 
3024 195 40.1 20.0 20.1 1.0 4.4 8.6 3.2 5.7 
3024 195 40.1 8.3 31.8 3.8 4.4 11.5 3.4 6.4 

HMW Gap = 0.125 inch 
3025 400 60 6.4 53.6 8.4 4.3 12.8 ? 6.2 
3025 400 60 41.1 18.9 0.5 4.3 13.4 3.1 6.2 
3025 400 60 16.0 44.0 2.8 4.3 6.5 1.7 5.6 
3026 280 50 7.7 42.3 5.5 4.1 9.7 3.2 6.1 
3026 280 50 5.0 45.0 9.0 4.1 12.7 3.2 6.1 
3026 280 50 18.2 31.8 1.7 4.1 6.3 2.8 5.5 
3027 200 40.1 5.9 34.2 5.8 4.3 10.1 3.3 6.0 
3027 200 40.1 9.6 30.5 3.2 4.3 7.4 3.1 5.4 
3027 200 40.1 14.0 26.1 1.9 4.3 6.2 2.9 5.4 
3029 200 40.1 32.9 7.2 0.2 26.1 50.9 19.4 ? 

HMW Gap = 0.05 inch 
3028 200 40.1 33.0 7.1 0.2 4.2 4.3 4.2 4.9 
3028 200 40.1 28.6 11.5 0.4 4.2 7.1 3.1 5.4 
3028 200 40.1 5.8 34.3 5.9 4.2 9.9 3.2 5.7 

Nozzle size = 0.25 inch with 8 nozzles open      
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Table 4.  Measured Flow Rates and Resulting Solids Content 
Flow Rates, gpm Solids Fraction, % Matrix 

# Run # Feed HMW LMW Feed HMW LMW 
1 3033 20.3 7.3 13.0 16.6 26.3 11.9 
2 3030 29.1 23.6 5.5 27.3 30.3 21.9 
3 3032 20.3 6.7 13.6 17.1 25.2 12.8 
4 3034 26.4 15.6 10.8 16.6 23.5 10.3 
5 3031 29.2 8.2 21.0 16.6 27.7 14.1 
6 3036 13.2 7.5 5.7 10.6 12.4 7.8 
7 3029 40.0 7.2 32.8 26.1 50.9 19.4 
7 3029 40.0 9.0 41.0 26.1 41.2 18.5 
7 3029 40.0 18.2 21.8 26.1 33.2 19.9 
8 3035 25.1 9.4 15.7 11.2 19.9 6.8 
9 3041 67.5 60.0 7.5 10.0 8.1 11.8 

10 3037 13.6 9.8 3.8 12.0 10.5 7.7 
11 3038 60.6 22.1 38.5 10.6 18.0 7.3 
12 3039 47.6 24.2 23.4 10.7 13.0 6.3 
12 3040 61.9 42.8 19.1 9.9 12.0 10.8 

 
 
 

Table 5.  Slurry Density 
 Slurry Density 

PB 
Run 

Order Feed HMW LMW
1 1.08 1.13 1.06 
2 1.14 1.16 1.11 
3 1.08 1.13 1.06 
4 1.08 1.12 1.05 
5 1.08 1.14 1.07 
6 1.05 1.06 1.04 
7 1.13 1.17 1.1 
8 1.05 1.1 1.03 
9 1.05 1.04 1.06 

10 1.06 1.05 1.04 
11 1.05 1.09 1.03 
12 1.05 1.06 1.03 
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Table 6.  Size Distributions 

Feed LMW HMW Matx 
# 

Run 
# D10 D50 D90 D10 D50 D90 D10 D50 D90

1 3033 1.50 78.22 538.84 0.86 3.41 13.01 49.78 142.14 208.16

2 3030 0.94 4.68 37.15 0.84 3.02 11.50 1.23 15.18 206.73

3 3032 1.18 16.28 126.74 0.84 3.14 10.73 1.88 50.62 386.73

4 3034 2.43 129.54 468.56 0.86 3.41 13.01 23.86 244.07 534.74

5 3031 1.12 8.92 192.80 0.92 4.22 36.01 1.42 27.75 349.02

6 3036 1.03 7.36 362.25 0.86 2.96 8.63 73.41 211.59 302.53

7 3029 1.32 19.86 265.28 0.94 4.59 56.11 8.82 272.64 607.05

7 3029 1.32 19.86 265.28 1.01 5.71 176.28 2.63 132.64 505.38

7 3029 1.32 19.86 265.28 0.89 3.45 16.76 172.32 301.50 471.35

8 3035 1.68 88.14 286.38 357.59 708.63 831.49 7.56 238.89 466.43

9 3041 1.15 14.13 418.98 1.00 5.25 39.40 15.33 430.39 681.51

10 3037 0.95 4.80 39.43 0.84 3.10 10.38 3.92 188.49 380.43

11 3038 1.02 6.06 97.63 0.82 2.79 9.72 9.93 236.86 642.99

12 3039 3.47 355.00 721.73 0.79 2.34 7.59 197.07 360.15 721.73

12 3040 2.26 134.19 254.49 0.82 2.87 10.74 60.04 374.45 662.22
 
 

Table 7.  Dewatering Results Obtained from Plackett-Burmen Experiments 
PB Run HMW Moisture HMW Solid LMW Water 
Order Moisture% Reduction Ratio Recovery (%) Recovery (%)
1 73.70 1.13 59.76 59.30
2 69.70 1.04 91.40 11.52
3 74.80 1.11 50.61 69.40
4 76.50 1.09 86.52 23.37
5 72.30 1.15 49.50 61.24
6 87.60 1.02 67.03 46.21
7 66.80 1.11 60.02 56.84
8 80.10 1.11 69.36 52.96
9 91.90 0.98 71.37 23.78
10 89.50 0.98 62.61 61.12
11 82.00 1.09 64.14 53.99
12 87.00 1.03 62.44 66.94  
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Figure 14.  Key Process Parameters of MST Separator Identified by Half Normal Probability Plots 
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Five sets of samples were analyzed by GTI’s Analytical Laboratory for ash, carbon and 
moisture content to assess coal cleaning.  Samples were first air dried and then further 
dried in an oven at 107°C.  Dry samples were heated to 750°C to determine dry ash and 
dry carbon content.  Results of these analyses are shown in Table 9.  Coal cleaning 
parameters of combustible recovery (the portion of the sample that is not ash) and ash 
rejection (the percentage of ash that reports to the HMW) are shown in Table 10 for five 
runs (results from run 3037 appear unusable for this analysis).  Commercial targets for 
coal cleaning are 85% combustible recovery and 80% ash rejection and the best 
performance achieved during this project was 82% combustible recovery and 62% ash 
rejection in separate, non-optimized runs. 
 

Table 8.  Nature of Effect and Percentage Contribution of Key Process Parameters 
Process Response: Moisture Reduction Ratio
Factors Effect % Contribution
E Positive 37
D Positive 33
AC Negative 23
Process Response: HMW Solid Recovery
Factors Effect % Contribution
E Negative 36
A Positive 25
B Positive 20
C Negative 13
Process Response: LMW Water Recovery
Factors Effect % Contribution
E Positive 49
A Negative 26
B Negative 9
BG Positive 11
C Positive 2  
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Figure 15.  Size Partition Curves Obtained for Selected Tests Conducted with the MST Separator 
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Table 9.  Coal Ash Analysis 
Ash Carbon Moisture Run 

HMW LMW Feed HMW LMW Feed HMW LMW Feed

3029_C 47.09 62.47 52.42 39.88 26.40 36.90 83.19 85.65 83.65

3030 48.03 66.52 52.67 39.47 23.51 36.04 85.66 83.25 86.21

3037 57.94 67.40 55.63 31.85 22.50 33.55 91.88 94.62 91.7

3038 45.86 67.30 57.28 42.16 22.88 32.09 87.97 94.99 92.02

3039 49.03 64.66 55.31 38.57 25.20 33.67 89.85 94.93 90.78

 
 

Table 10.  Coal Cleaning Parameters 
Run Mass Yield 

to HMW %
Combustible 
Recovery %

Ash 
Rejection, %

3029_C 65.34 72.66 41.30
3030 74.91 82.25 31.69
3037 124.42 N/A N/A
3038 46.74 59.23 62.58
3039 59.82 68.23 46.97

 
TASK 4. Economics 
The objective of this task was to evaluate the economics of the MST Separator for 
various coal preparation applications.  It was determined that there was not sufficient 
information at this stage of development to perform such an evaluation.  Additional 
testing is recommended to provide optimized performance data for various applications. 
 
TASK 5. Reporting 
GTI submitted all required reports as per the Principal Investigator Guidelines.  In 
addition to the reports, two meetings were held.  A kick-off meeting was held November 
11, 2005 at the ICCI’s Carterville offices with ICCI, MST, PMI and GTI represented.  
The MST Separator technology was reviewed and clear responsibilities established for 
each party.  Dr. Jack Bunting, MST, presented a history of the technology and previous 
testing performed.  Dr. Manoj Mohanty, PMI, described requirements for various coal 
fractions.  He agreed to arrange for sample collection at the same time his students are 
collecting samples for other projects and at a date closer to the testing time so that 
samples do not age.  The final meeting was held October 24, 2006 at GTI with all parties 
again present to review results from the preliminary experimental plan.  Dr. Mohanty 
prepared the Plackett-Burmen factorial design given in Table 2 using these results.  Mr. 
Joseph Hirschi, ICCI, agreed that there will not be sufficient information at this stage of 
development to justify an economic evaluation.  He also suggested that several samples 
be analyzed for ash content to determine if the MST Separator shows any application for 
coal cleaning.    
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CONCLUSIONS AND RECOMMENDATIONS 

 
The MST Separator has been shown to have unique performance characteristics for 
separating fine materials as found in coal preparation plants and coal slurry ponds.  This 
exploratory program was the first attempt at separations of interest to the coal industry for 
this simple device.   
 
To study the solid-liquid separation capability of the MST Separator, three process 
responses were determined for each experiment: moisture reduction ratio (MRR), High 
Molecular Weight (HMW) fraction solids recovery and Low Molecular Weight (LMW) 
fraction water recovery.  The MRR achieved (~1) was too low to be of commercial 
interest (target ~3); however, the HMW solids recovery (91%) and LMW water recovery 
(69%) approached commercially achievable performance levels (95% and 70%, 
respectively) during separate runs.   
 
Based on the initial Plackett-Burmen factorial design results, key factors affecting MRR 
in decreasing order of significance are throat length and feed solids content. Plenum 
pressure and back pressure appear to have significant interaction effects on MRR.  
Similarly, key factors affecting HMW solids recovery in decreasing order of significance 
are throat length, plenum pressure, gap setting and back pressure. Key factors affecting 
LMW water recovery in decreasing order of significance are throat length, plenum 
pressure and gap setting. Gap setting and number of nozzles appear to have significant 
interaction effects on LWR.  
 
Throat length appears to be the most important process parameters for all three responses. 
Other key process parameters include plenum pressure, back pressure and gap setting. 
The number of nozzles and nozzle size do not appear to play any significant role in 
affecting the performance of the MST Separator. Another important point to note from 
the data is the positive and negative effect of throat length on moisture reduction ratio 
and HMW solids recovery, respectively. For efficient dewatering, both these performance 
indicators need to be maximized. Therefore, there would be an optimum throat length to 
provide satisfactory performance for both moisture reduction and solids recovery.  
 
Based on the initial Plackett-Burmen factorial design results, four additional tests varying 
only the throat length (3, 8, 19 and 24 inches) were planned. However, these tests could 
not be conducted during the current project period because of freezing weather which 
plugged the system with ice. 
 
As indicated by the partition curve for test 3029c, a very good imperfection (a measure of 
inefficiency) of 0.28 is achieved at a coarse size separation of nearly 135-micron with 
negligible ultra-fine bypass. This level of performance suggests that the MST Separator 
could replace primary raw coal classifying cyclones at coal preparation plants. 
  
The partition curve for test 3039 shows excellent size separation efficiency (imperfection 
of 0.06) at a much finer particle size of separation (17-micron) with negligible particle 
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bypass. This level of performance suggests that the MST Separator could replace 
secondary raw coal classifying cyclones at coal preparation plants. More importantly, this 
level of size-separation efficiency potentially opens the market for enhanced gravity 
separators that have not been commercialized in the coal industry due to lack of available 
technology for achieving a high efficiency size separation performance, especially at the 
level of 20 to 40 microns in particle size. 
 
To study the coal cleaning capability of the MST Separator, two process responses were 
determined for several experiments: combustible recovery and ash rejection.  The 
combustion recovery (82%) and ash rejection (62%) results achieved approached 
commercially achievable performance levels (85% and 80% respectively) during separate 
runs.  These are too low to be of commercial interest, but further testing should look at 
cleaning various size fractions, especially smaller material. 
  
While MST Separator test results obtained did not achieve the objective of greater than 
98% coal fines recovery with a moisture level of less than 10%, they did indicate that the 
device can achieve high efficiency size separation performance that may make a 
significant impact on the utilization of Illinois coals.  The next stage of development 
would be to test the device at a coal preparation plant.  GTI, MST, and PM International 
would team with a host site to provide longer testing of the high efficiency size 
separation performance and to establish field-derived economics for the device.  This 
program would also examine the use of flocculants to increase solids removal efficiency 
and positioning the MST Separator vertically to minimize plugging.  
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