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ABSTRACT 
 
The Motorless-Rotorless Froth Flotation Cell (MRC) was developed at the Illinois State 
Geological Survey (ISGS) with funding provided by the Illinois Clean Coal Institute 
(ICCI) and the Department of Commerce and Economic Opportunity (DCEO).  The 
initial design concept of the MRC revolved around creating a low production cost, low 
maintenance cost, low operating cost froth flotation cell that could favorably compete 
with existing cells on the market.  This lower cost cell would enable implementation of 
froth flotation circuits at coal processing plants that had previously deemed such 
technology impractical. 
 
During concept development, field demonstrations showed the MRC capable of 
processing fine coal on a commercial basis.  However, fluid dynamics and optimum 
design were never fully studied.  Hence, Dynamic Separations (DSI) conducted this in-
depth study of the fluid dynamics operating within the cell with the goal of optimizing 
coal recovery and grade produced by the cell.  During this project, DSI constructed 
several test cells to determine optimum shape and froth removal configuration.  Particle 
Image Velocimetry (PIV) measurements were made on various eductor and flotation 
contactor configurations to determine flow and mixing characteristics.  An automated 
system was designed and implemented to accurately control the cell based on the froth-
water interface level. 
 
Researchers tested prototype cells with coal from three Illinois mines.  This testing 
indicated that combustible recovery and ash rejection rates of the cell are not sensitive to 
changes in froth depth, quality of feed material, or internal baffling.   
 
 



 

EXECUTIVE SUMMARY 
 
The Motorless-Rotorless Froth Flotation Cell (MRC) was developed at the Illinois State 
Geological Survey (ISGS) with funding provided by the Illinois Clean Coal Institute 
(ICCI) and the Department of Commerce and Economic Opportunity (DCEO).  The 
initial design concept of the MRC revolved around creating a low production cost, low 
maintenance cost, low operating cost froth flotation cell that could favorably compete 
with existing cells on the market.  This lower cost cell would enable implementation of 
froth flotation circuits at coal processing plants that had previously deemed such 
technology impractical. 
 
The MRC is a high-throughput, pneumatic cell without moving parts.  It generates 
mixing action by internal flotation contactors.  These contactors are comprised of a 
nozzle and inline static mixer.  The nozzle creates bubbles with diameters in the range of 
200-400 microns.  The static mixer creates a high turbulence mixing action that provides 
the initial opportunity for attachment of particles to bubbles.  Flotation contactors are 
arrayed vertically at the bottom of the flotation cell.  This arrangement provides an 
unobstructed path for the downstream flow from the contactor.  The cell is of sufficient 
height to dissipate most of the turbulent energy before the froth zone.   
 
During this project, the mixing mechanism of jet mixing eductors within the cell was 
studied using particle image velocimetry (PIV).  These measurements showed that 
relatively little mixing of feed slurry and re-entrained slurry was taking place inside the 
eductor.  They also showed that the eductor was producing a high velocity stream directly 
from the nozzle that persisted for a great distance downstream.  Based on these 
measurements, researchers designed the flotation contactor to replace off-the-shelf 
eductors.   
 
Using clear acrylic test cells of various height-to-width configurations, the movement of 
fluid at different locations was studied in order to determine adjustments that would 
maximize flotation efficiency.  These tests used a red dye injected into the cell at various 
points.  Researchers recorded dye flow with a digital video camera.  By examining the 
video at slow speeds, it was determined that there is a zone within the cell where fluid 
flowing upwards from contactors mixed with fluid flowing downward toward the cell 
drain.  Researchers postulated that this zone would create the potential for feed material 
to short circuit to the drain.  To counter this, they designed and installed a vertical shroud 
to act as a barrier between opposite flowing zones.  Dye testing both with and without the 
shroud in place showed that feed material was not mixing within the central zone of the 
cell but was traveling upward in a narrowly defined region.  This upward flow was at a 
relatively high speed and did not provide much time for possible contact between air 
bubbles and coal particles.  To promote fuller use of the upward flowing region at a lower 
speed, a horizontal baffle was installed at the top of the shroud.  This baffle, consisting of 
½-inch holes covering 40% of the surface area of the baffle, served to slow the upward 
flow and promote mixing within the shrouded region. 
 
During this project, researchers designed a steel test cell that was fabricated at a local 
machine shop.  This cell contained a conical froth crowder at the top of the cylindrical 
cell.  The height of the froth crowder was easily adjustable.  Tests with the froth crowder 



 

in place showed that it allowed the cell to run with a greater froth depth than was possible 
without the crowder.   
 
Previous attempts to control the cell were based on the measurement of static pressure 
above a point in the cell.  The reasoning was that the static pressure at any point was 
directly proportional to the level of fluid above it.  This proved to be untrue, as both air 
bubbles and solids content are capable of causing large variations in pressure above a 
designated point.  To provide a means of continuous control in the cell, an ultrasonic 
sensor was installed above the cell, with a ball float and offset target mounted in the cell.  
The ball float allowed the measurement of the actual water-froth interface, while the 
offset target provided a clear measurement point for the sensor.  Using this sensor and an 
off-the-shelf controller, researchers were able to control the level in the cell closely. 
 
Overall, this project revealed that the most efficient design for the Motorless-Rotorless 
Cell utilizes flotation contactors oriented vertically at the bottom of the cell and a conical 
froth crowder at the top of the cell, but does not include a vertical shroud or horizontal 
baffle.  The cell height-to-diameter ratio should be approximately 2:1.  The use of wash 
water can be used to increase the ash rejection rate but would be expected to cause a 
reduction in cell efficiency.  The cell should be controlled with an ultrasonic sensor 
aimed at a target vertically offset from a ball float sized to follow the froth-slurry 
interface.  Using the steel test cell, equipped with an automation control system and froth 
crowder, DSI was able to achieve greater than 93% ash reduction at greater than 75% 
recovery.  The use of flotation contactors and possibly wash water on this cell should 
further improve performance. 
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 OBJECTIVES 
 
This project set forth to obtain the knowledge necessary to bring the Motorless-Rotorless 
Cell (MRC) from the prototype stage to commercial production.   At the beginning of this 
project, flow dynamics of both the eductors and the bulk fluid within the cell were 
unknown.  The optimal shape of the cell was unknown as well as sizing of the cell for a 
given feed stream.  An adequate fluid level control system did not exist.   
 
The goals of this project were broken down as follows: 
 
1) Determine flow dynamics of tank-mixing eductors used in the MRC.  
 
In development and field demonstration projects, the MRC used off-the-shelf eductors 
sold for mixing fluids inside storage tanks.  The manufacturer of the eductor claimed that 
for each gallon of fluid pumped through the primary nozzle, four additional gallons of 
surrounding fluid would be drawn in and mixed in the secondary nozzle.  One goal was 
to verify this re-entrainment, and additionally, to determine the size range of air bubbles 
created by shear forces as the air/slurry mixture was pumped through the eductor. 
 
2) Determine bulk fluid flow dynamics within the cell. 
 
The MRC used for field demonstrations had four rows of four eductors feeding the cell 
tangentially, creating a rotation within the cell.  It was presumed that this configuration 
would have the benefit of assisting the separation of bubbles from clay containing slurry, 
but these dynamics were not tested or evaluated. Given that almost all flotation cells 
contain some zone where fluid flow is non-turbulent and froth drains with minimal 
detaching forces, the determination was made that the MRC should have such a zone if 
flotation recovery were to be maximized.   
 
3) Determine the optimum shape of the cell. 
 
The cell shape for previous projects was based on arbitrarily picking a commercially 
available plastic tank with a 45-degree conical bottom.  It was unknown whether the cell 
should be taller or wider, or if the arbitrarily chosen shape was at or near optimum.  This 
project conducted tests using different cell profiles to determine which would float coal 
most effectively. 
 
4) Determine the best method of froth collection. 
 
The MRC used in previous projects collected froth via the Inclined Froth Washer, a 
device developed at the ISGS for rectangular subaeration flotation cells.  An inclined 
slope protruding out the top of the closed cell with a narrow rectangle discharge port that 
received high-speed flow across one half of the port, and no flow at all across the other 
half of the port.  This resulted in slurry surging out of one side and froth stalling in the 
other side, an unacceptable arrangement.  Two obvious choices for replacement were an 
external circumferential weir or an internal weir that removed froth down the center of 
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the cell.  This project tested these two weir types to determine which was better at 
removing froth from the cell. 
 
5) Find a method for sizing the cell for a given feed stream. 
 
The MRC used in previous projects had an arbitrarily assigned residence time of one 
minute.  The capacity of a flotation cell to recover product is generally found as a 
function of cell diameter and gas-holdup.  The maximum gas-holdup of the MRC was 
unknown.  Researchers planed to determine the maximum gas-holdup of the MRC along 
with what feed rate resulted in the highest performance efficiency. 
 
6) Find a reliable method for controlling the level of fluid within the flotation cell. 
 
In the version of the MRC tested at Freeman Crown III mine and at Phoenix Coal’s 
Providence mine, the fluid level in the cell was controlled by measuring the static 
pressure above a transducer.   This measured level was maintained by opening and 
closing a valve on the reject line.  This method of measuring the level was problematic as 
it failed to take into account the changing nature of the feed to the cell.  The slurry would 
change density depending on the solids content (and the makeup of the solids portion).  
The amount of air in the tank would also change the density of the fluid, and this could 
vary as the air compressor cycled.  The final goal of this project was to find a more 
accurate method for maintaining a set level within the flotation cell. 
 

INTRODUCTION AND BACKGROUND 
 
The Motorless-Rotorless Froth Flotation Cell (MRC) was developed at the Illinois State 
Geological Survey (ISGS) with funding provided by the Illinois Clean Coal Institute 
(ICCI) and the Department of Economic Opportunity (DCEO).  It was originally 
developed under ICCI Project 02-1/4.1B-1, “Design, Fabrication and Testing of an 
Automated Motorless/Rotorless (M-R) Cell for Use with the ISGS Washer”. 
 
In 2005, under subcontract to the ISGS, DSI successfully designed, built, installed and 
tested a 1000-gallon MRC at Freeman Energy’s Crown III Mine in Farmersville, Illinois 
to advance ICCI Project 04-1/2.1A-2, “Pathway to Commercialization of the Motorless-
Rotorless Cell.”  The installed cell was constructed by modifying a 1000-gallon, off-the-
shelf, high–density, polyethylene, storage tank.  While this project provided performance 
data for the MRC as constructed, it was unknown if the shape of the cell and placement 
and orientation of the eductors was anywhere close to optimal.  This project sought to 
examine different configurations of the MRC and determine what shape best provided for 
fine coal recovery.   
 
Prior to physical laboratory work, the project team conducted a review of the literature on 
both turbulent flotation and column flotation.  From this, a white paper was prepared 
which attempts to describe the flotation processes at work within the MRC.  (This paper 
is attached as an appendix.) 
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From this review work, several assumptions were made regarding requirements for the 
best MRC model.  These assumptions included: 
 

1) A high-turbulence mixing zone in the cell is necessary to provide for 
attachment of coal particles to air bubbles. 

2) A low-turbulence zone is necessary to allow for froth drainage without 
dislodging the coal particles from their attached air bubbles. 

3) The speed at which air bubbles rise in the cell must be greater than the speed 
at which water travels downward towards the reject port. 

 
  

EXPERIMENTAL PROCEDURES 
 
Laboratory Layout 
 
Because the testing plan called for use of both a rectangular test tank in PIV testing and 
subsequent testing of various configurations of pilot scale flotation cells, the decision was 
made to design the test area so that as much equipment as possible could be shared 
between cells.  A centrifugal pump was set up to provide feed for all test systems.  The 
pump was able to provide up to 250 gallons per minute of fluid at over 60 PSI.  Because 
this was well above the actual requirements of 50-60 gallons/minute, a recirculation loop, 
manual control valves, a flow meter, and a pressure gauge were added to provide flow 
control.  A 3000-gallon bulk storage tank fed this pump.  In the middle of the project, a 
tee was added to the recirculation loop to feed two tank mixing eductors mounted at the 
bottom of the bulk storage tank.  These helped keep coal in the tank suspended by 
sweeping the bottom.   
 
The rectangular acrylic test cell was setup with a tee to provide introduction of 
compressed air, followed by an inline static mixer.  A bulkhead fitting was placed in the 
wall of the test cell.  Researchers mounted eductors and flotation contactors to the 
bulkhead fitting.  Water was returned to the bulk storage tank via a sump pump. 
 
A support stand was constructed for the round acrylic test cells.  The stand was designed 
so that any of the three acrylic cells or the steel test cell could be mounted to it with 
minimal replacement time.  An elevated platform allowed for gravity drainage to the 
rectangular test cell where slurry returned to the bulk storage tank by way of a sump 
pump. 
 
Each cylindrical test cell had four bulkhead fittings in the conical section at the bottom of 
the cell to feed  eductors or flotation contactors.  A manifold was build to split the flow 
from the feed pump into four streams leading to these bulkhead fittings.  Researchers 
installed valves on each of the four manifold ports to regulate flow to each contactor 
individually.  They installed a tee fitting with an additional valve on each line 
downstream of the manifold to provide for controlled injection of air.   
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Particle Image Velocimetry 
 
Because the flow fields in and downstream of the eductors that were used in previous 
iterations of the Motorless-Rotorless Cell had never been studied by the investigators, 
their suitability for use in the MRC was unknown.  DSI subcontracted with the Professor 
Ken Christensen of the University of Illinois to perform Particle Image Velocimetry 
(PIV) tests to map out flow patterns related to the eductors. 
 
In PIV, neutrally buoyant small particles (about 10 microns) are mixed with the fluid 
(water).  A high intensity light sheet is generated by a pair of neodymium-doped yttrium 
aluminum garnet (Nd:YAG) lasers.  A frame-straddle charged-coupled device (CCD) 
camera is focused on the light sheet.  The camera is linked to the laser power source with 
a timing synchronizer.  Using the linked laser and camera, two images are captured 
within a short time interval (Figure 1).  These two images are then analyzed by a 
computer program that looks for matching particles in each of the two images.  From the 
distance each particle moves, a map of velocity vectors across the entire field of view can 
be created (Figure 2). 
 
If this process is repeated a great number of times (in practice, roughly 1000 pairs of 
images are used), then fluctuations of the velocity vectors can be used to generate a map 
of the turbulence field.  Turbulence is the fluctuation between the instantaneous velocity 
and the mean velocity in a field. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 1.  Two CCD camera images of the same field of view prior to analysis by PIV 

software. 
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Figure 2.  Velocity field obtained from PIV after computer analysis. 

 
 
Bubble Size Measurements 
 
For a given amount of air in a flotation system, the size of bubbles determines how many 
bubbles are present.  The bubble size and number of bubbles in the system govern the 
rate at which particles collide with and attach to bubbles.  Because the MRC uses shear 
stress through the primary nozzle as the chief way of creating small bubbles, it was 
important to know if this process was creating bubbles of appropriate size. 
 
Using the same camera and laser that are used for PIV measurement, bubbles at the light 
sheet can be imaged and then measured.  By knowing the size of the field of view and the 
resolution of the camera, it is possible to measure the size of the bubble.  Routines were 
written in MATLAB programming to automatically process images by first adjusting the 
contrast of the image, and then to count and measure the size of bubbles in each image. 

     
Clear Water Testing 
 
Three clear acrylic cells were designed and fabricated.  The cells were sized so that they 
had aspect ratios (ratio of the height of the cell to the diameter of the cell) of 2.5:1, 1:1 
and 0.75:1.  Further, the cells were sized so that all three had similar volume – 
approximately 100 gallons.  The researchers were limited in size selection to what was 
commercially available in clear acrylic cylinders.  Available cylinder diameters were 24, 
32.6, and 36 inches.   The investigators selected heights of 60, 32.6 and 27 inches.  This 
provided each cell with a volume of approximately 120 gallons in the cylindrical section 
(Table 1). 
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Table 1. Sizing of clear acrylic flotation cells. 
 

Aspect 
Ratio Diameter Height Volume 

(ht:dia) (inches) (inches) (gallons)
2.5:1 24 60 117.5 
1:1 32.6 32.6 117.8 

0.75:1 36 27 119.0 
 
Investigators marked each cell at 1-inch increments vertically and around the 
circumference to aid in placement of the dye injection.  They fitted a 10 cubic centimeter 
syringe with a 36-inch long 0.05-inch stainless steel tube.  This modified syringe allowed 
the researchers to inject dye into the cell, at any location, with minimal disturbance to 
surrounding flow.  Researchers then mapped the flow dynamics of each cell by injecting 
streams of red dye at various locations.  They captured these dye injections on video and 
used them to assemble a map of the flow pattern within the cell.   
 
Coal Slurry Testing 
 
DSI obtained raw coal samples from three Illinois coal mines.  They comminuted each of 
these samples via a ball mill.  The output from the ball mill was screened at ¼ inch, with 
oversize material being discarded under the assumption that it would consist primarily of 
harder to grind rock. 
 
A test float using a laboratory scale D-12 Denver cell was performed on each of the 
samples to qualitatively determine which showed better frothing characteristics.  The best 
sample was loaded into the bulk storage tank and conditioned using diesel fuel and 
frother at dosages of 1000 g/ton and 200 g/ton respectively.   
 
Upon introduction of the conditioned slurry to the MRC test cell, clogging occurred 
almost immediately.  It was determined that the ¼-inch screening still allowed material 
larger than both the valve fittings and the primary nozzle into the system.  The valves 
were replaced with larger components, and the four 3/8-inch flotation contactors in the 
test cell were replaced with a single 1-1/2 inch contactor.  This allowed the system to 
carry approximately the same flow at the same system pressure, while preventing 
clogging from the larger material. 
 
Next, researchers constructed a wash water delivery system from two concentric rings of 
copper tubing perforated with 1/8-inch holes.  They suspended this device 3-4 inches 
below the lip of the cell.  The test system was run at 25-psi system pressure with an 
airflow rate of 3.5 scfm.  Samples were taken both with and without the addition of wash 
water.  Some disturbance was noticed at the water-froth interface.   
 
In follow-up testing, system pressure was lowered to 20-psi to reduce this disturbance at 
the interface.  This testing took place one day later and the frother appeared to have lost 
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some effectiveness.  Additional frother was added to reestablished froth production in the 
test cell, and samples were taken at the reduced 20-psi pressure and at the original 25-psi 
pressure.   
 
The vertical shroud was re-installed in the test cell and further testing conducted.  The 
disturbance at the water-froth interface was much more apparent even at the reduced 20-
psi pressure.  Samples were collected with and without wash water addition. 
 
To reduce the disturbance at the water-froth interface, the previously fabricated baffle 
was installed in the cell.  On testing, the disturbance at the top of the cell appeared to be 
attenuated by the baffle.  Samples were taken with and without wash water addition. 
 
System Automation 
 
One problem that continually plagued previous incarnations of the MRC was the inability 
of the control system to maintain a constant fluid level in the cell.  Previously, the fluid 
level in the cell was measured by obtaining a static pressure measurement with a sensor 
mounted near or at the bottom of the cell.  The assumption was made that the static 
pressure would correlate directly to the height of the fluid above it.  This proved to be 
untrue as fluctuations in both the solids and air fed to the cell significantly affects the 
density of the resident fluid, which in turn affects the pressure measurement. 
 
To obtain a true measurement of the height of the fluid-froth interface, and thus control 
the cell based on this measurement, the project team implemented a design proposed 
during DSI’s sponsorship of a University of Illinois senior project in the Mechanical 
Engineering department.  This design used a ball float connected via a vertical rod to a 
target.  An ultrasonic sensor mounted above the cell measured the distance to the target.  
Because the sensor was reading the distance to the target and not the distance to the top 
of the froth, an accurate measurement of the water height could be obtained. 
 
The Motorless-Rotorless cell installation at the Phoenix Coal Providence Kentucky pond 
recovery operation used a pneumatic pinch valve to control the rate at which fluid drained 
from the cell.  The pinch valve was not able to adjust quickly enough to changes in fluid 
level, and fluid height varied to an undesirable degree.  This project used a pneumatically 
operated ball valve to control the drain rate.  This valve reacted faster to signals from the 
controller and was able to maintain a set level in the cell. 
 
The system automation, as tested consisted of a Siemens Probe LU Level Transmitter 
providing a 4-20mA signal to a Honeywell UDC 2500 Controller (Figure 3).  The 
Honeywell Controller provided a 4-20mA output signal to a Bellofram I/P Series 1000 
Transducer.  This transducer converted the 4-20mA electrical current to a 3-15-psi 
pneumatic control signal, which was sent to a Warren Controls model 3800 pneumatic 
control valve with actuator.  The control valve was setup to fail to the open position so 
that if for some reason the control system lost power, the MRC would empty to the drain 
rather than overflow to the concentrate.  
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Figure 3.  Siemens LU level transmitter probe reading distance to offset target. 

 
 
Froth Removal 
 
In the earliest versions of the Motorless-Rotorless Cell, froth was removed via an inclined 
duct.  This was as an attempt to adapt the Inclined Froth Washer designed at the Illinois 
State Geological Survey for use in the cell.  This was a sub-optimal method of removing 
froth as it relied on maintaining level in a closed-top cell where the previously described 
ball-float method would have been unusable.  A closed-top cell also precluded the use of 
wash water to remove clay entrained in the upward flowing froth concentrate.  Further, in 
these early MRCs, feed was introduced to the cell tangentially.  The rotational movement 
of the fluid in the cell meant that an inclined duct positioned across the top of the cell 
would receive fast moving fluid across half of the duct, and no fluid across the other half, 
leading to the concentrate drying out on one side of the duct, while surging occurred on 
the other side. 
 
At the beginning of this project, the plan was to remove froth down through the center of 
the cell, as the rotation of the fluid caused the froth to generally aggregate in the center of 
the cell.  However, early in this project, the idea of causing the bulk fluid to rotate by 
means of a tangential feed was reexamined.  Given that the MRC is feeding three-phase 
(solid, liquid and air) material into the cell with the intention of creating a mixing action 
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that will bring particles and bubbles into contact, it was felt that any early application of a 
separating force such as that created by the rotation of the bulk fluid would be 
detrimental.  The tangential feed was replaced with an upwardly directed feed located at 
the bottom center of the cell.  With this arrangement, the three-phase fluid in the cell 
would be moving countercurrent to any falling particles that had either detached from the 
froth at the top, or had not yet attached to bubbles, thus giving additional opportunities 
for attachment. 
 
Two means of removing froth concentrate from the Motorless-Rotorless Cell were tested 
during the course of this project.   The first method of removing froth was to simply 
allow it to overflow to a froth collection weir.  The second method was to insert a conical 
crowder into the top of the cell, reducing the surface area available for froth collection.     
If the assumption is made that the cell produces a given volume of froth per unit of time, 
the reduced surface area for collection of this froth should translate into a deeper froth of 
the same volume at the same production rate. 
 
Sampling 
 
Valves and piping were installed on the feed line so that the full flow could be diverted to 
a sample collection point.  The drain line and concentrate both emptied into their own 
reservoirs so that full flow samples could be taken of them as well.  Downstream of these 
reservoirs, the concentrate line emptied into the same reservoir as the reject line in order 
to recycle clean coal back into the system, but this did not affect the ability to take a full 
flow sample. 
 
For each test, a ½-gallon sample bucket was filled with flow from each of the reject and 
concentrate lines.  Once these samples were taken, feed was diverted to the sample point 
and a sample bucket was filled with this material.  These buckets were labeled and 
sealed.   
 
After each series of tests, these samples were vacuum filtered and dried.  The dry samples 
were sent to SGS Laboratories in Henderson, Kentucky for short proximate analysis 
(determination of ash, sulfur and heat energy content). 
 
In order to measure MRC performance, flotation release analyses were conducted on 
each of the coal samples provided by three Illinois mines. Flotation release analysis is the 
means for determining the ultimate recovery-grade relationship for the treatment of a 
given coal.  Release analysis is most suitable for measuring the performance of flotation 
devices as it is based on the surface properties of the material.  Comparing test results for 
a particular method of fine particle recovery with the flotation release curve for that 
material provides an indication of the efficacy of the method used.   
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Calculation Methods 
 
Definition of Symbols 
 
C = total mass of concentrate 
c = fraction of concentrate that is of the specie being examined 
F = total mass of feed 
f = fraction of feed that is of the specie being examined 
T = total mass of tailings 
t = fraction of tailings that is of the specie being examined  
Recovery = the fraction of the specie that reports to the product 
Rejection = the fraction of the specie that reports to the reject 
Yield = the fraction of total feed material that reports to the product 
 
Two-Product Formula 
 
The two-product formula is a method commonly used to provide an approximation of 
yield and recovery for species within a stream.  The basic starting equations are: 
 

 Yield = 
F
C         (1) 

 

 Recovery = 
Ff
Cc        (2) 

 
 F = C + T        (3) 
 
For the specie we are examining: 
 
 Ff = Cc + Tt        (4) 
 
where f, c, and t are the assay of the specie in each stream.  To factor out T, both sides of 
Equation (3) are multiplied by t: 
 
 Ft = Ct + Tt        (5) 
 
Subtracting Equation (5) from Equation (4): 
 
 F(f-t) = C(c-t)        (6) 
 
Solving for C/F: 
 

 
)(
)(

tc
tf

F
C

−
−

=         (7) 
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provides yield: 
 

 Yield = 
)(
)(

tc
tf

−
−        (8) 

 
Using Equation (7) to replace C/F in Equation (2) provides: 
 

 Recovery = 
)(
)(

tcf
tfc

−
−        (9) 

 
Because short proximate analysis provides an assay of the ash in a sample, combustible 
content of a sample is calculated as the portion of the sample that is not ash. 
 
 Combustible Fraction = 100% - Ash Fraction   (10) 
 
Correspondingly, combustible recovery is given as: 
 

 Combustible Recovery = Yield
)1(
)1(

Ash

Ash

f
c

−
−

×     (11) 

 
Ash rejection rate, as used in this report, is defined as the percentage of ash that reports to 
the reject.  It is determined as the complement to the ash recovery rate: 
 

 Ash Rejection = 1 - Yield
Ash

Ash

f
c

×      (12) 

 
 

RESULTS AND DISCUSSION 
 

Particle Image Velocimetry 
 
The first set of PIV experiments examined the tank-mixing eductor to determine the flow 
pattern and turbulence generated by it.  It was determined that the jet from the primary 
nozzle had very little mixing before exiting from the secondary nozzle.  At the point that 
the jet exited from the secondary nozzle, its half-width was only 18% of the diameter of 
the secondary nozzle.  The half-width is the distance from the centerline of the jet to the 
point at which its mean velocity is half of the centerline velocity.   
 
The researchers hypothesized that the secondary nozzle itself was preventing the spread 
of the primary jet.  To test this hypothesis, they removed the secondary nozzle from the 
eductor and measured the jet half-width.  The jet half-width increased to 25% of the 
secondary nozzle diameter at the same distance from the outlet of the primary nozzle. 
 
The researchers had been working on the assumption that there was a high degree of 
entrainment of fluid drawn into the eductor through venturi action.  To test this 
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assumption, they performed an additional experiment to measure the velocity of the fluid 
between the primary and secondary nozzles.  The researchers confirmed that the velocity 
of the entrained fluid was only about 10% of the jet exit velocity from the primary 
nozzle. 
 
To improve mixing, a crosspiece was inserted into the secondary nozzle.  PIV 
experiments were performed at the downstream end of the secondary nozzle (the same 
location as the first sets of experiments) and it was found that the crosspiece increased 
turbulence (and thus mixing).  Results of the experiments under the three configurations 
are shown in Table 2.  In the table the terms '' 11 uu  and '' 22 uu  refer to the normalized 
Reynolds Normal Stresses (a measure of turbulence) in the streamwise (along the stream) 
and radial (outward from the center) directions, respectively. 
 

Table 2. Comparison of mixing and turbulence with three eductor configurations. 

 Jet Half-Width 
2/1r  (r/d) 

'' 11 uu  
peak value 

'' 22 uu  
peak value 

Original Eductor 0.18 0.042 0.021 

Eductor w/ mixing 
tube shaved off 

0.25 0.063 0.029 

Eductor w/ cross 
piece 

- 0.14 0.068 

 
After finding that the assumed performance of the commercial eductor did not provide 
either high entrainment of surrounding fluid or efficient mixing, the project team set out 
to design what they called a “flotation contactor” (Figure 4).  This was comprised of a jet 
nozzle feeding directly to a static mixing tube. The idea behind this design was that the 
jet nozzle would create a high shear zone - where the injected air would be broken up into 
small bubbles - and a well-defined mixing zone where the air bubbles and coal slurry 
would have many opportunities to come into contact.  The mixing zone would also serve 
to slow the exit velocity of the fluid so that post contactor mixing (mixing occurring 
outside of the flotation contactor) with the bulk fluid in the flotation cell could occur.  A 
flow straightener was located at the downstream end of the static mixing portion of the 
flotation contactor to reduce any swirling motion that would serve to separate the air-
slurry mixture by centrifugal action. 
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Figure 4. Flotation contactor in rectangular test tank with clear water and frother. 
 
 
Bubble Sizes 
 
Bubble sizes were measured under various configurations.  Using the 3/8 inch eductor, 
bubble size was measured with and without the secondary nozzle attached.  With the 1½-
inch eductor, the investigators measured bubbles with and without a static mixer 
upstream.  Finally, they measured bubbles produced by the DSI-designed flotation 
contactor.  Bubble measurements are summarized in Table 3.  Measurements are given in 
streamwise (dPx) and radial (dPy) directions. 
 
For column flotation, Finch (1995) noted bubble sizes in the range of 620-1500 microns, 
depending on frother concentration.  In flotation, smaller bubble sizes are generally 
desirable as they increase the number density of bubbles (number of bubbles per unit 
volume) and accordingly increase the rate at which bubble-particle impacts occur.  The 
bubble sizes seen in all of the MRC configurations are smaller than those noted by Finch 
(1995).  Thus, the shearing action of the primary nozzle creates bubbles small enough for 
the flotation process. 
 
Bubble size was measured with and without the addition of frother to the system.  No 
appreciable change in bubble size was observed.  However, it was observed that without 
frother, bubbles coalesced a short distance downstream of the eductor or flotation 
contactor, while the frother acted to prevent coalescence. 
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Table 3. Bubble sizes under various eductor configurations. 
 

Configuration ( )xdP mμ  Standard 
Deviation 

)( mμ  

( )ydP mμ  Standard 
Deviation 

)( mμ  
Large Eductor with static 

mixer upstream 
142 15 229 12 

Large Eductor with no 
static mixer upstream 

187 18 264 14 

Small Eductor (3/8”) 316 11 329 14 

Small Eductor (3/8”) 
without mixing tube 

417 17 423 12 

New modified 
Eductor/Contactor 

448 19 331 13 

 
 
 
Clear Water Testing 
 
In the 1:1 aspect ratio test cell, fluid in the center, above the flotation contactors moved at 
high speed to the top of the cell.  The researchers observed that fluid at the top of the cell 
appeared very turbulent and that there was a significant amount of roiling.  This fluid at 
the top of the cell would move outward from the center of the cell towards the walls.  
Within 1-2 inches of the walls, fluid moved generally downward.  Fluid in the zone 
between 8 inches from the center and 2 inches from the walls of the cell moved either 
axially (rotating in place) or non-directionally.  The investigators observed that fluid 
directly below the flotation contactors moved non-directionally.  Fluid along the sides of 
the bottom cone moved generally towards the reject port. Figure 5(a) depicts the flow 
lines for this cell. 
 
From observations of the 1:1 aspect ratio cell, it was hypothesized that the axial flow in 
the region outside of the flotation contactor jet and away from the walls would lead to 
short-circuiting of feed material to reject ports.  To reduce the possibility of short-
circuiting, a cylindrical shroud was proposed.  When a shroud was installed in the 1:1 
cell, flow patterns differed in that axial flow could be seen both within and outside of the 
shrouded region, and some fluid from outside of the shrouded region could be seen being 
drawn down along the inside walls of the shroud.  A region of non-directional flow was 
observed between the shroud and the outside wall of the cell. Figure 5(b) depicts flow 
lines for the cell containing a shroud. 
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                                    (a)                (b) 

  
 
 Figure 5.  Flow map for the 1:1 aspect ratio cell. 
 (a) Without shroud 
 (b) With shroud 

 
The flow patterns in the 0.75:1 aspect ratio test cell appeared very similar to those in the 
1:1 aspect ratio test cell.  An upward flowing region directly above the flotation 
contactors was observed, as well as a standing wave at the top of the cell.  Fluid traveled 
downward in the region within 1-2 inches of the walls of the cell.  There was a non-
directional or axial flow region observed between the upward and downward flowing 
zones.  Because of the similarity in flow patterns between the 0.75:1 and 1:1 test cells, it 
was determined that it would not be worthwhile proceed with further testing in this cell. 
Figure 6 depicts the flow-lines in a 0.75:1 aspect ratio cell. 
 
In the 2.5:1 aspect ratio test cell, flow patterns showed some similarity to those in the 1:1 
cell. It was observed that roiling at the surface was eliminated in this taller cell.  Axial 
flow was observed in the region between the upward flowing fluid above the eductors 
and the downward flowing fluid near the wall.  Figure 7 shows the flow-lines in the 2.5:1 
aspect ratio cell. 
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Figure 6.  Flow map for the 0.75:1 aspect ratio cell (without shroud). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Flow map for the 2.5:1 aspect ratio cell (with shroud). 
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The researcher team tested various other configurations in the course of this project.  For 
example, they mounted the vertical shroud to the cell by a horizontal sheet of plastic that 
acted as a floor to the shrouded region. They drilled large holes in this floor outside of the 
shrouded region to allow bulk fluid to move to the drain.  The number of these holes was 
varied to see if there was any significant or beneficial change to the flow characteristics.  
The cell was also tested with and without a floor in place inside of the shrouded region.  
A horizontal baffle at the top of the shrouded region was also tested to see if it would 
distribute the upward flow more evenly across the entire shrouded cross section and 
promote better mixing (with more opportunities for bubbles and particles to collide) 
within the shrouded region.  
 
Of the configurations tested with dye injection, it was determined that the best overall 
configuration was achieved using the 2.5:1 aspect ratio cell with a vertical shroud in 
place and a baffle atop the shroud.  The advantages of this configuration were minimal 
surface disturbance from the inlet flow, the best flow pattern through the shrouded area, 
and the most even flow within each of the shrouded, froth collection and drainage regions 
of the flotation cell. 
 
Coal Slurry Testing 
 
It was noted after analyses of the first coal mine sample from Springfield Coal samples 
were complete that over the course of testing with that sample, the ash content of the feed 
gradually increased.  This appeared to be the result of removing concentrate from the 
system while recycling reject back to the feed storage tank.  As the cell removes 
concentrate from the system, the coal remaining in the feed material becomes harder to 
float.  These changing feed characteristic were considered when evaluating analysis 
results.  It was more useful to compare results of tests conducted near each other in the 
test sequence because increasing ash content in the feed and the increased difficulty in 
separating coal from ash became more pronounced in the farther tests were separated in 
the sequence. 
 
In contrast, testing of the Galatia Mine coal sample  was conducted over a much shorter 
run time, and ash content of the feed had a much smaller associated change. By the time 
the Knight Hawk coal samples were tested, the investigators had noted the changing feed 
characteristics and changed the system to recycle concentrate back into the main feed 
storage tank.  This change eliminated the gradual degradation of the feed.  The feed ash 
analyses for all three sample sets are shown in Figure 8. 
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Figure 8.  Feed sample ash content variance for tested coals. 

 
 
Wash Water 
 
Testing included running the cell with and without the addition of wash water.  Results of 
these test runs are summarized in Table 4 and Figure 9.  Results indicate there was very 
little improvement in cleaning when using wash water.  This could be due to disturbance 
at the top of the feed associated with use of the 1½-inch nozzle in place of flotation 
contactors, or the shallow froth depth in the cell. 
 
 
Table 4.  Sample results showing effect of wash water application on MRC performance. 

(Springfield coal sample used) 
 

Test 
Feed 
Ash 

Conc. 
Ash Rej. Ash Yield Recovery Ash Rej.

S1 - w/Wash 27.9% 8.8% 49.3% 52.9% 66.8% 83.4% 
S2 - w/Wash 35.8% 12.8% 51.6% 40.9% 55.5% 85.4% 
S3 - w/Wash 31.3% 7.8% 40.4% 28.1% 37.7% 93.0% 

S4 - wo/Wash 38.6% 13.1% 51.9% 34.2% 48.5% 88.4% 
S5 - wo/Wash 31.2% 9.1% 40.6% 30.0% 39.6% 91.2% 
S6 - wo/Wash 39.0% 14.2% 51.5% 33.5% 47.1% 87.8% 
S1-S3 Avg - 

w/Wash 31.6% 9.8% 47.1% 40.6% 53.3% 87.3% 
S4-S6 Avg - 

wo/Wash 36.3% 12.1% 48.0% 32.6% 45.1% 89.1% 
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Effect of Wash Water on MRC Performance
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Figure 9. Effect of wash water on MRC performance. 

(Springfield Coal sample used) 
 
 
  
Feed Rate 
 
To determine if decreasing the feed rate would improve ash rejection or recovery, tests 
were run comparing the performance of the cell when fed at 56 gallons per minute (25-
psi line pressure) and at a reduced rate of 50 gallons per minute (20-psi line pressure).  
Reduced disturbance at the top of the cell was observed at the lower feed rate and it was 
hypothesized that this would reduce the concentrate ash associated with carried over 
wash water.  Results of this analysis are shown in Table 5 and Figure 10.  Results show 
that ash content of the concentrate increased (and the corresponding ash rejection rate 
dropped) in samples with the higher feed rate.  The disturbance at the top of the cell due 
to flow from the 1½-inch eductor was visibly diminished when using the lower feed rate. 
 
 

Table 5.  Effect of feed rate on MRC performance with samples from Springfield Coal. 
 

 
Feed 
Ash 

Conc. 
Ash Rej. Ash Yield Recovery Ash Rej. 

S7 – 50 gpm 32.1% 8.6% 40.0% 25.1% 33.8% 93.3% 
S8 – 56 gpm 30.8% 10.4% 39.0% 28.8% 37.3% 90.3% 
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Effect of Feed Rate on MRC Performance
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Figure 10.  Effect of feed rate on MRC performance.  

(Springfield Coal sample used) 
 
 
 
Vertical Shroud 
 
With the vertical shroud installed in the test cell, the system was run at the lower 50 gpm 
(20 psi) feed rate.  Two samples were taken to compare performance and results are 
shown in Table 6 and Figure 11.  As seen in these results, one of the two samples taken 
when using the vertical shroud had higher ash content in the concentrate and this caused a 
reduction in the calculated ash rejection for that sample.  The researchers noted that there 
was more surface activity in the cell when using the shroud and considered the possibility 
that the shroud was channeling feed to the top of the cell.  This led to the hypothesis that 
using a horizontal baffle would slow the feed and distribute it throughout the cross 
sectional area of the vertical shroud as had been seen during dye testing. 
 
 

Table 6. Effect of vertical shroud on MRC performance. 
 

 
Feed 
Ash 

Conc. 
Ash Rej. Ash Yield Recovery Ash Rej. 

S7 - 50 gpm 32.1% 8.6% 40.0% 25.1% 33.8% 93.3% 
S10 - 

w/Shroud 35.2% 12.0% 44.2% 27.9% 37.9% 90.5% 
S11 - 

w/Shroud 32.8% 8.5% 38.9% 20.0% 27.3% 94.8% 
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Effect of Vertical Shroud on MRC Performance
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Figure 11.  Effect of vertical shroud on MRC performance. 

(Springfield Coal sample used) 
 
   
 
Horizontal Baffle 
 
To test the effect of the horizontal baffle, four samples were taken – two with wash water 
added to the top of the cell and two with no wash water.  The results from these tests and 
their subsequent analyses are shown in Table 7 and Figure 12.  From the analyses, there 
was no clear indication that the use of the horizontal baffle led to a decrease in 
concentrate ash, while the yield from the cell dropped because of the use of the baffle. 
 
 

Table 7.  Effect of the horizontal baffle on MRC performance. 
 

 
Feed 
Ash 

Conc. 
Ash Rej. Ash Yield Recovery Ash Rej. 

S10 - w/Shroud 35.2% 12.0% 44.2% 27.9% 37.9% 90.5% 
S11 - w/Shroud 32.8% 8.5% 38.9% 20.0% 27.3% 94.8% 

S12 - w/Baffle and Wash 31.8% 7.7% 36.5% 16.4% 22.2% 96.0% 
S13 - w/Baffle and Wash 39.7% 12.2% 46.4% 19.5% 28.3% 94.0% 
S14 - w/Baffle no Wash 41.5% 13.2% 48.6% 20.0% 29.6% 93.6% 
S15 - w/Baffle no Wash 40.3% 15.1% 45.9% 18.4% 26.1% 93.1% 
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Effect of Horizontal Baffle on MRC Performance
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Figure 12.  Effect of horizontal baffle on MRC performance. 

 
 
Galatia Samples 
 
The researchers conducted a comparison test sequence using the sample of coal from the 
Galatia Mine.  At the time they performed this sequence, the automation system had been 
installed in the acrylic cell and the researchers noted that the control of the froth-slurry 
interface was much better maintained.  In this test set, the researchers took samples with 
and without the vertical shroud, the horizontal baffle and wash water.  Results of these 
tests are summarized in Table 8. 
 
 

Table 8.  Galatia Mine sample test results. 
 

Test 
Feed 
Ash 

Conc. 
Ash 

Reject 
Ash Yield Recovery

Ash 
Rej. Shroud Baffle Wash

G1 48.4% 8.8% 67.7% 32.6% 57.8% 94.1% Shroud Baffle  
G2 48.5% 8.6% 68.5% 33.4% 59.2% 94.1% Shroud Baffle  
G3 51.8% 8.6% 68.8% 28.3% 53.7% 95.3% Shroud Baffle Wash
G4 55.0% 8.7% 70.0% 24.6% 49.8% 96.1% Shroud Baffle Wash
G5 51.6% 9.3% 73.3% 33.9% 63.5% 93.9% Shroud   
G6 54.7% 8.9% 73.0% 28.6% 57.5% 95.4% Shroud   
G7 55.9% 8.8% 73.4% 27.1% 56.0% 95.8% Shroud  Wash
G8 54.7% 9.6% 74.2% 30.2% 60.2% 94.7% Shroud  Wash
G9 52.5% 8.5% 73.6% 32.4% 62.4% 94.7%    
G10 53.2% 9.1% 74.6% 32.7% 63.6% 94.4%    
G11 50.3% 8.8% 71.4% 33.7% 61.9% 94.1%   Wash
G12 55.9% 9.5% 74.1% 28.1% 57.7% 95.2%   Wash

 
ASTM D5114 presents the Efficiency Index (EI) as a quantitative means of comparing 
flotation performance.  It defines the Efficiency Index as: 
 
 EI = Yield x Tailings Ash / Concentrate Ash 



 23

 
Sorting the Galatia sample results by Efficiency Index shows which of the listed 
configurations was more efficient at flotation.  Results, shown in Table 9, indicate that 
the most efficient configuration is the plain cell without either the shroud or baffle.  In 
this configuration, the ash rejection rate is lower, but the yield is greater.   
 
 

Table 9.  Galatia sample test results sorted by Efficiency Index. 
 

Test 
Feed 
Ash 

Conc 
Ash 

Reject 
Ash Yield 

Comb. 
Rec. 

Ash 
Rej. Shroud Baffle Wash 

Eff. 
Index

G9 52.5% 8.5% 73.6% 32.4% 62.4% 94.7%    2.80 
G11 50.3% 8.8% 71.4% 33.7% 61.9% 94.1%   Wash 2.74 
G10 53.2% 9.1% 74.6% 32.7% 63.6% 94.4%    2.70 
G5 51.6% 9.3% 73.3% 33.9% 63.5% 93.9% Shroud   2.66 
G2 48.5% 8.6% 68.5% 33.4% 59.2% 94.1% Shroud Baffle  2.65 
G1 48.4% 8.8% 67.7% 32.6% 57.8% 94.1% Shroud Baffle  2.52 
G8 54.7% 9.6% 74.2% 30.2% 60.2% 94.7% Shroud  Wash 2.34 
G6 54.7% 8.9% 73.0% 28.6% 57.5% 95.4% Shroud   2.34 
G3 51.8% 8.6% 68.8% 28.3% 53.7% 95.3% Shroud Baffle Wash 2.27 
G7 55.9% 8.8% 73.4% 27.1% 56.0% 95.8% Shroud  Wash 2.27 

G12 55.9% 9.5% 74.1% 28.1% 57.7% 95.2%   Wash 2.19 
G4 55.0% 8.7% 70.0% 24.6% 49.8% 96.1% Shroud Baffle Wash 1.98 

 
 
Steel Test Cell 
 
The steel Motorless-Rotorless Cell was tested using a coal sample from one of Knight 
Hawk Coal’s mines.  In the first set of tests, two froth depths (1.5 and 4 inches from the 
top lip of the cell) and two froth crowder heights (2.25 and 3.5 inches from the top lip of 
the cell) were used.  Two samples were collected at each of the four possible 
configurations.  Data from the sample analysis is shown in Table 10. 
 
 

Table 10.  Test conditions and sample data for steel MRC test cell. 
(Knight Hawk Coal sample used) 

 

Test 
Feed 
Ash 

Conc. 
Ash 

Rej. 
Ash Yield 

Comb. 
Rec. 

Ash 
Rej. 

Froth 
Depth 

Crowder 
Depth 

Eff. 
Index 

K1 36.2% 7.0% 67.6% 51.8% 75.6% 90.0% 1.5" 2.25" 5.0 
K2 40.1% 7.4% 58.4% 35.9% 55.4% 93.3% 1.5" 2.25" 2.8 
K3 44.5% 6.8% 67.1% 37.6% 63.0% 94.3% 4" 2.25" 3.7 
K4 41.7% 7.1% 67.2% 42.4% 67.6% 92.8% 4" 2.25" 4.0 
K5 42.0% 6.7% 68.9% 43.3% 69.6% 93.1% 4" 3.5" 4.4 
K6 43.8% 6.8% 68.6% 40.2% 66.7% 93.7% 4" 3.5" 4.1 
K7 43.8% 7.2% 70.8% 42.5% 70.1% 93.0% 1.5" 3.5" 4.2 
K8 46.3% 7.2% 75.6% 42.8% 74.0% 93.3% 1.5" 3.5" 4.5 
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From the efficiency indices, with the exception of sample K2, the shallower froth depth 
was associated with greater cell efficiency, while the deeper froth depth provided greater 
ash rejection with less ash in the froth concentrate.  The higher froth crowder setting 
(meaning less of the froth crowder is submerged into the froth and slurry) was generally 
associated with higher efficiency in the cell, while the lower crowder height was 
associated with a higher concentrate ash.  
 
The researchers noted that the use of the froth crowder had the effect of keeping the froth 
more mobile, which allowed it to overflow into the collection weir at a more regular rate.  
They also noted that the crowder significantly increased the maximum froth depth that 
could be maintained in the MRC.  Follow-up testing comparing the presence and absence 
of the crowder was conducted to see if the difference in performance would be more 
pronounced than the comparison between the 2.25 and 3.5-inch crowder settings.  Results 
of that analysis are shown in Table 11. 
 
 

Table 11. Effect of the use of a froth crowder on MRC performance. 
 

Test 
Feed 
Ash 

Conc. 
Ash 

Rej. 
Ash Yield 

Comb. 
Rec. Ash Rej. 

Interface 
Level 

Crowder 
Depth 

Eff. 
Index 

K9 40.3% 7.2% 65.4% 43.2% 67.1% 92.3% 4 3.5” 3.9 
K10 40.2% 7.1% 68.9% 46.4% 72.1% 91.9% 4 3.5” 4.5 
K11 44.4% 6.4% 71.3% 41.5% 69.8% 94.0% 1.5 NA 4.6 
K12 51.0% 10.8% 73.7% 36.0% 65.6% 92.4% 1.5 NA 2.5 

 
 
Without the froth crowder, the deepest froth depth that could be maintained in the MRC 
was 1.5 inches.  From the analyses, tests performed using the froth crowder had higher 
yields, but rejected less ash.  The researchers hypothesized that the lower ash rejection 
rate could be because the froth was still very wet at the time that it overflowed into the 
collection weir and the test setup in the steel MRC precluded the use of the wash water 
ring.   

 
CONCLUSIONS AND RECOMMENDATIONS 

 
Initial MRC research presumed that off-the-shelf tank mixing eductors were well suited 
for use in flotation, creating small bubbles and a strong mixing action while re-entraining 
bulk fluid from the cell.  PIV testing conducted as part of this project showed eductors 
create suitably small bubbles but very little mixing of re-entrained fluid occurs within 
eductors and the re-entrainment rate is much smaller than previously assumed.  Because 
of these findings, a flotation contactor was designed using a nozzle similar to the primary 
nozzle of the eductor coupled with a downstream static mixer to force mixing.   
 
This research developed a method for automatically controlling fluid level within the cell.  
The actual froth-slurry interface level is measured by means of an ultrasonic sensor 
directed to a target vertically offset from a ball float.  The device enables control of the 
cell with no operator interaction once initial startup is accomplished. 
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While clear water testing appeared to indicate that the use of a vertical shroud and baffle 
would create flow conditions better suited for flotation of coal, actual test results with 
coal showed that this setup actually resulted in lower efficiency with no distinct 
advantage in either ash rejection or combustible recovery.   
 
The use of the conical froth crowder clearly increased froth mobility and froth depth, 
which improved the efficiency of the MRC.  
 
Overall, this project revealed that the most efficient design for the Motorless-Rotorless 
Cell utilizes flotation contactors oriented vertically at the bottom of the cell and a conical 
froth crowder at the top of the cell, but does not include a vertical shroud or horizontal 
baffle.  The cell height-to-diameter ratio should be approximately 2:1.  The use of wash 
water can be used to increase the ash rejection rate but would be expected to cause a 
reduction in cell efficiency.  The cell should be controlled with an ultrasonic sensor 
aimed at a target vertically offset from a ball float sized to follow the froth-slurry 
interface.  Using the steel test cell, equipped with an automation control system and froth 
crowder, DSI was able to achieve greater than 93% ash reduction at greater than 75% 
recovery.  The use of flotation contactors and possibly wash water on this cell should 
further improve performance. 
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RAW DATA



 1

 

Sample 
ID 

 
 
Total 
Moisture 
(As 
Rcvd.) 

 
Ash  
(As 
Rcvd.) 

 
Sulfur 
(As-
Rcvd.) 

 
Energy 
Content  
(As-Rcvd) 

 
Ash  
(Dry) 

 
Sulfur  
(Dry) 

Energy 
Content  
(Dry) 

Energy 
Content 
(MAF) 

 % % % BTU/lb % % BTU/lb BTU/lb 
         

Springfield Coal        
S1C 7.23 8.12 3.87 12051 8.75 4.17 12990 14236
S1F 3.57 26.86 3.62 9461 27.85 3.75 9812 13599
S1R 2.65 47.95 5.03 5364 49.26 5.16 5510 10858
S2C 6.80 7.22 3.72 12231 7.75 3.99 13123 14225
S2F 2.21 30.57 4.13 8852 31.26 4.23 9052 13168
S2R 2.51 39.42 4.65 7221 40.43 4.76 7407 12434
S3C 8.06 7.83 3.40 12032 8.52 3.70 13086 14305
S3F 2.58 31.98 4.49 8518 32.83 4.61 8744 13017
S3R 2.97 37.76 4.73 7409 38.92 4.87 7635 12501
S4C 9.17 7.01 3.43 11924 7.72 3.77 13128 14226
S4F 6.78 29.60 4.27 8265 31.75 4.58 8866 12991
S4R 2.65 35.49 4.77 7890 36.46 4.90 8105 12755
S5C 9.10 7.80 3.49 11836 8.58 3.84 13020 14242
S5F 2.74 31.24 4.09 8693 32.12 4.20 8938 13168
S5R 2.64 38.96 4.48 7289 40.02 4.61 7487 12483
S6C 8.31 8.34 3.81 11796 9.10 4.16 12865 14153
S6F 3.97 29.91 4.10 8749 31.15 4.27 9111 13233
S6R 2.52 39.59 4.88 7207 40.61 5.01 7394 12450
S7C 4.08 9.98 4.07 12196 10.40 4.25 12715 14190
S7F 2.88 29.88 4.07 8850 30.77 4.19 9112 13162
S7R 2.71 37.96 4.01 7507 39.02 4.12 7716 12654
S8C 5.28 12.10 4.40 11638 12.77 4.64 12287 14085
S8F 2.68 34.79 4.29 8677 35.75 4.41 8916 13877
S8R 2.20 50.50 4.92 5189 51.64 5.03 5305 10971
S10C 6.13 11.24 3.98 11680 11.97 4.24 12443 14135
S10F 2.77 34.26 4.09 8726 35.24 4.21 8975 13858
S10R 2.69 43.05 3.95 6594 44.24 4.06 6777 12153
S11C 3.14 13.76 4.63 11685 14.21 4.78 12064 14062
S11F 2.45 38.05 5.19 7805 39.01 5.32 8001 13119
S11R 2.35 50.29 5.09 4948 51.50 5.22 5067 10448
S12C 4.06 12.70 4.41 11747 13.24 4.60 12244 14112
S12F 2.25 40.58 5.14 7861 41.51 5.25 8042 13749
S12R 2.45 47.37 4.98 5706 48.56 5.11 5850 11372
S13C 2.74 11.88 4.48 12070 12.21 4.60 12410 14136
S13F 2.27 38.84 5.17 7711 39.74 5.29 7890 13094
S13R 2.22 45.36 5.18 6010 46.39 5.29 6147 11465
S14C 8.81 13.77 4.51 10918 15.10 4.94 11973 14102
S14F 2.10 39.42 5.01 7724 40.27 5.12 7890 13209
S14R 2.34 44.86 5.02 62223 45.93 5.14 63711 117831
S15C 10.23 11.76 3.91 11009 13.10 4.36 12264 14113
S15F 2.32 37.74 4.76 7818 38.64 4.87 8003 13043
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S15R 2.38 50.70 4.67 5141 51.93 4.79 5266 10955
         
Knighthawk Coal        
KC1 5.06 6.62 2.66 12567 6.97 2.80 13237 14229
KF1 4.25 34.65 2.40 7848 36.19 2.50 8196 12845
KR1 4.19 64.80 1.74 3760 67.63 1.82 3925 12125
KC2 3.52 7.17 2.77 12663 7.43 2.87 13125 14178
KF2 3.47 38.70 2.92 7403 40.09 3.03 7669 12801
KR2 3.91 56.09 1.96 5293 58.37 2.04 5508 13231
KC3 3.26 6.57 2.69 12810 6.79 2.78 13241 14206
KF3 3.65 42.85 2.24 7245 44.47 2.33 7519 13540
KR3 3.86 64.54 1.85 3970 67.13 1.93 4130 12565
KC4 3.34 6.83 2.75 12716 7.06 2.84 13155 14155
KF4 4.02 40.01 2.32 7600 41.69 2.42 7918 13579
KR4 4.03 64.50 2.02 3777 67.20 2.10 3935 11998
KC5 3.49 6.48 2.69 12762 6.72 2.79 13223 14175
KF5 3.87 40.35 2.37 7563 41.97 2.47 7867 13557
KR5 3.92 66.22 1.87 3476 68.92 1.94 3618 11641
KC6 3.34 6.57 2.70 12819 6.80 2.79 13262 14229
KF6 4.08 41.96 2.24 7312 43.75 2.34 7623 13552
KR6 3.89 65.95 1.89 3271 68.62 1.97 3403 10844
KC7 3.55 6.91 2.86 12722 7.17 2.96 13190 14209
KF7 3.84 42.07 2.43 7368 43.75 2.52 7662 13622
KR7 3.83 68.08 1.95 2872 70.79 2.03 2986 10223
KC8 3.46 6.97 2.83 12657 7.22 2.93 13111 14131
KF8 3.92 44.49 2.17 6445 46.30 2.26 6708 12491
KR8 4.07 72.48 1.80 2531 75.55 1.87 2638 10789
         
Galatia Coal        
GC1 2.67 8.53 3.01 12719 8.76 3.09 13068 14323
GF1 2.53 47.21 2.72 6844 48.44 2.79 7021 13618
GR1 2.68 65.86 2.39 3281 67.67 2.46 3372 10429
GC2 2.68 8.40 2.93 12751 8.63 3.01 13102 14339
GF2 3.09 47.00 2.93 6989 48.50 3.02 7211 14003
GR2 2.69 66.63 2.36 3406 68.47 2.42 3500 11099
GC3 3.12 8.31 2.98 12735 8.58 3.07 13145 14379
GF3 3.05 50.19 2.68 6527 51.77 2.76 6733 13960
GR3 2.71 66.98 2.33 3450 68.84 2.40 3546 11380
GC4 2.79 8.47 2.99 12754 8.71 3.07 13121 14373
GF4 3.06 53.27 2.51 6465 54.95 2.59 6669 14804
GR4 2.90 68.00 2.29 3404 70.03 2.36 3506 11699
GC5 2.95 9.05 2.88 12573 9.32 2.97 12953 14285
GF5 4.28 49.43 2.48 5244 51.64 2.59 5478 11328
GR5 2.74 71.30 2.10 2652 73.31 2.16 2727 10217
GC6 7.76 8.21 2.78 12036 8.90 3.01 13049 14324
GF6 2.70 53.22 2.53 5199 54.70 2.60 5344 11796
GR6 2.51 71.19 2.21 2977 73.02 2.26 3054 11320
GC7 2.64 8.52 2.89 12718 8.75 2.97 13064 14316
GF7 2.71 54.34 2.43 5640 55.85 2.50 5797 13130
GR7 3.03 71.14 2.22 2948 73.36 2.29 3040 11411
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GC8 4.21 9.15 2.91 12415 9.55 3.04 12960 14329
GF8 2.54 53.28 2.38 5405 54.67 2.44 5546 12234
GR8 2.88 72.04 2.12 2587 74.18 2.18 2664 10318
GC9 3.14 8.24 2.91 12700 8.51 3.01 13112 14332
GF9 2.80 51.02 2.57 6766 52.49 2.65 6960 14650
GR9 3.21 71.21 2.11 2744 73.57 2.18 2835 10728
GC10 2.66 8.81 2.96 12684 9.05 3.04 13030 14327
GF10 2.88 51.62 2.41 5976 53.15 2.48 6153 13134
GR10 2.80 72.53 2.07 2555 74.62 2.13 2628 10356
GC11 2.71 8.55 2.89 12688 8.78 2.97 13042 14298
GF11 2.90 48.85 2.48 6485 50.31 2.55 6679 13442
GR11 3.34 69.05 2.15 3084 71.43 2.23 3190 11166
GC12 2.95 9.22 2.98 12591 9.50 3.07 12974 14336
GF12 2.97 54.26 2.32 5433 55.92 2.39 5600 12704
GR12 3.29 71.63 2.04 2869 74.07 2.11 2967 11441
GC13 2.72 8.57 2.97 12703 8.81 3.05 13059 14321
GF13 5.61 52.23 2.23 5638 55.34 2.36 5973 13375
GR13 3.22 70.37 2.15 2821 72.71 2.22 2915 10681
GC14 3.08 15.67 2.95 12180 16.17 3.04 12567 14991
GF14 3.10 54.05 2.32 5716 55.78 2.40 5899 13341
GR14 3.15 71.60 2.12 2612 73.93 2.19 2697 10344
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