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DEVELOPMENT OF METHO DS TO AID IN FLOTATI ON 

CIRCUIT EVALUATIONS AND DRIP PAN DESIGN 
 

Michael James Kiser 

ABSTRACT 

 Field assessments were performed to establish the performance capabilities of a new 

flotation technology for fine coal upgrading, known as StackCell flotation. Flotation release 

analysis was performed on all samples to determine the amount of hydrophilic material present 

in the streams around the flotation cell. Data from this work supported recommendations from 

the equipment manufacturer that the wash water distribution system should be changed to a drip 

pan and that the design of the slurry-air distributor from the mixing chamber should be altered. 

The experimental data showed that as froth depth, rotor speed, and wash water rate changed, the 

performance of the cell followed expected trends with respect to product quality, but diverged 

from expected trends with respect to carbon recovery and yield. Other work performed includes 

the development of a new carbon partitioning test, which uses a blender to provide a high shear 

environment and uses oil to partition the slurry into a carbon rich oil phase and an ash rich pulp 

phase. This test is capable of producing results comparable to those of a traditional release 

analysis. Lastly, a spreadsheet program was developed that can aid users in designing drip pans. 

This program is capable of producing custom designs or unit cell designs. A study of the effect 

that plate thickness has on flow rate was performed in order to develop a model for flow through 

an orifice plate. The results of this work showed that plate thickness has little to no effect on the 

flow rate. 
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1.0   INTRODUCTION  

 Background 1.1

 In 2010, the United State produced approximately 1,085,000,000 tons of coal (U.S. 

Energy Informaiton Administration 2011b). This coal was produced from both surface and 

underground operations. Once coal is removed from the earth it is usually cleaned to remove 

impurities. This cleaning occurs at preparation plants located all over the country. These plants 

break and segregate the feed coal coming into the plant into different size classes. These size 

classes are handled by different circuits within the plant. The smallest size class, generally less 

than 100 mesh (150 µm), is often cleaned by froth flotation. 

 Froth flotation is employed by roughly half of all the preparation plants in the United 

States (Leonard 1991). Two types of machines designs are commonly used in the coal industry, 

mechanical and column. Usually, several mechanical cells are arranged in series. This 

combination is often referred to as a bank of flotation cells (see Figure 1.1).  

Column cells (see Figure 1.2) are much larger than mechanical cells, but generally produce a 

cleaner product due to the use of froth washing which reduces nonselective hydraulic 

entrainment of ultrafine mineral matter.  

 Roughly 10% of the feed that enters a preparation plant is handled by the flotation circuit 

(Leonard 1991). In a plant with 900 tons per hour (TPH) of dry feed solids, this results in 90 

TPH of feed to the flotation circuit. For this example, a one percentage point increase in flotation 

yield, while still meeting contract specifications, results in an increase of 0.9 TPH of clean 

product. This results in an extra 5,400 tons per year, assuming a 6,000 hr/year operating time. 

The metallurgical coal price as of June 2011 was approximately $184/ton (U.S. Energy 
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Informaiton Administration 2011a). Using this price, the preparation plant used in this example 

would produce an extra $993,600 in revenue for a one percent increase in yield of their flotation 

circuit. As a result of this financial incentive, new technology is constantly being added to the 

coal preparation industry in order to increase the overall yield of clean coal from the plant.  

 

Figure 1.1: Bank of mechanical flotation machines. 

 

Figure 1.2: Series of column flotation cells. 
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  Objectives 1.2

 Eriez Manufacturing recently introduced a new flotation technology, called the StackCell 

system, to the coal preparation industry. This technology has the potential to provide the superior 

separation performance of a column flotation machine within the compact footprint of a 

mechanical flotation cell. One objective of this study was to conduct a field assessment of the 

separation performance of this new technology for coal applications. This goal was 

accomplished through two series of field testing programs. The test data suggested areas of 

interest for improving cell performance. The major recommended changes involved (i) 

upgrading the wash water system from a piping network to a drip pan and (ii) modifying the air-

slurry mixture distributor from the mixing chamber into the flotation tank. Other work 

accomplished during the project included (i) the development of a carbon partitioning test that 

can be performed with inexpensive and non-specialized equipment and (ii) the development of a 

spreadsheet-based computer program that can be used to aid in the design of wash water drip 

pans. 
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2.0   LITERATURE REVIEW  

  History of Flotation  2.1

 Coal flotation was born from the groundwork laid by the mineral industries in the early 

1900ôs. Although flotation was developed in 1902, the coal industry did not consider it for use 

until 1920.  In fact during the early days of flotation it was believed that the process could only 

be used to separate sulfide or metallic minerals (Zimmerman 1948). The coal industry still 

resisted the process even after it was proven that flotation could be an effective method in 

separating coal (Ashmead 1921).  

 The necessity of coal flotation began to be apparent as coal processing shifted from dry to 

wet based processes. The waste water from these wet processes contained large amounts of fines. 

This loss of fines represented lost revenue for the companies, caused deterioration in the quality 

of the coal produced, and more importantly these fines polluted the local waterways. The fine 

coal issue was more pronounced in Europe where thin seams were being mined using 

mechanized techniques, which resulted in a large amount of fines being produced. During this 

time, mines in North America were still mining thick seams, which produced a much smaller 

amount of fine material (Lynch et al., 2010). 

 Although the fines per ton mined in the United States was relatively low, the overall 

amount was fairly high. In 1916, 600 million tons of coal was produced in the United States. A 

flotation chemicals group at Mellon University and a second group at the University of 

Washington both made attempts to solve the fines problem. Mellon University created a process 

where the coal was crushed to less than 0.3 mm and 1.0-1.5 pounds per ton (lb/ton) of pine oil 

was added to the slurry. The fines were then floated using a Callow cell. This process, while 

effective, was seen as too costly with respect to the value of the coal being recovered (Lynch et 
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al., 2010). The University of Washington group was partnered with the United States Bureau of 

Mines. This collaboration ran from 1918 to 1940 and became the authority on coal flotation 

(Aplan 1999). As the amount of fines produced in the United States increased the coal companies 

slowly began to recognize flotationôs potential, and flotation would become a crucial process in 

recovering high grade coal fines by the end of the 1920ôs (Lynch et al., 2010).  

 The first large scale testing of coal flotation was performed in 1920 at Skinningrove Iron 

Company in the United Kingdom. The goal of this testing program was to improve the coke 

made for use in the iron furnaces by floating coal and rejecting ash. The program succeeded in 

obtaining a high coal recovery and producing a coking product with a higher strength (Lynch et 

al., 2010). The process made quite an impression as indicated in the quote: 

 ñThe extraordinary flexibility of the flotation method of washing coal, which permits the 

treatment of all grades of fuel down to the smallest dust, will, in our opinion, become an asset of 

national importance. There is no pit heap containing coal, or washery heap, or fine dust, or 

other colliery waste, from which the coal cannot be completely recovered by this method of 

treatment(Bury et al., 1920-21).ò 

 The year 1920 also saw the installation of froth flotation plants in in France and Spain. 

Just a few short years later, in 1922, England would install a plant, and the next year Germany 

followed suit by installing its first plant as well. By 1925, flotation was cleaning approximately 

one million tons of coal per year in Europe (Chapman and Mott 1928).  

 Many of the flotation cells used during these early days of coal flotation were simply 

adapted mineral flotation cells. Arguably, the most important of these adapted cells was the 

Standard Minerals Separation cell. This was the cell used at the Skinningrove trials. This design 
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used strong agitation to beat air into the pulp. The aerated pulp was then discharged into a 

spitzkasten, where the froth and pulp phase separated.  

 Other early flotation cells included the Elmore Vacuum cell, and the Callow flotation 

Cell. The Elmore cell was met with limited success in the minerals industry, but it was widely 

used in England to process coal for several years. The Elmore cell had several benefits such as a 

low power requirement, an easily dewatered product, and the ability to float particles up to 4.8 

mm.  

 The Callow cell created bubbles by forcing air through the bottom of the cell, which was 

made of canvas. The resulting bubbles would then rise to the froth collecting particles on their 

way. The Callow cell was capable of collecting large particles due to its quiescent contacting 

zone, but struggled in obtaining high mass recovery values.  

 The Ekof flotation cell was the first cell to be built in Germany, and was designed 

specifically for coal flotation. The Ekof cell used compressed air, which was directly injected 

into the pulp. This served to both agitate and aerate the pulp.  The Ekof cell wasnôt the only 

German invention of its time. The Humbolt cell, like the Ekof cell, used compressed air for 

mixing and aeration. In the Humbolt cell the compressed air impacted a plate upon entering the 

cell. This provided agitation for the slurry before entering the frothing chamber where the 

concentrate was removed from the cell. 

 Like modern day flotation, early coal flotation used reagents to aid in recovering coal. 

Unfortunately, early coal flotation economics did not encourage research into reagents. Any 

reagents that were used were culled from existing flotation chemicals. Cresol or creosote oil was 

a common frother, while kerosene, paraffin oil, gas oil, and tar oils were commonly used as 

collectors (Chapman and Mott 1928).  
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 The cresol oil that was used was an impure byproduct of the coke making process. This 

frother had several issues. It adsorbed onto coal which lowered the concentration of frother in the 

flotation cell. Thus, large amounts of cresol had to be used to achieve the desired result. Cresol 

can also have a highly variable collecting power. Lastly, cresol can cause health and 

environmental problems (Leonard 1991). 

 The 1930ôs brought about a huge growth in flotation in Europe (Ralston 1937). The 

Dutch were influential in coal flotation gaining momentum during this era, and the Dutch State 

Mines were said to operate the three largest coal flotation plants in the world at the time. Due to 

the success of these three plants, all Dutch State Mine coal operations were required to use 

flotation on their washery wastes. This growth continued into the 1940ôs, when flotation was 

established in England by the National Coal Board. Lastly, Germany was operating 43 coal 

flotation plants by 1962 (Lynch et al., 2010). 

 During this time period major coal flotation work was being performed in the United 

States by the Pittsburgh Coal Company (Davis 1948). The weakness of the coal market 

following World War I forced the company to improve their production systems. The company 

began adding flotation systems to their plants in 1932. These flotation circuits were used to treat 

minus 300 mesh material, and proved that this material could be treated with flotation (Lynch et 

al., 2010). 

 When the basis for reagents choice switched from price based to quality based the 

common frothers and collectors, cresol and pine oil, were replaced by methyl isobutyl carbinol 

(MIBC) and diesel fuel oil. During this same time period a wide range of machines disappeared, 

and the sub aeration flotation machine became the dominant machine used in the industry by the 

1960ôs (Lynch et al., 2010).   
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 The 1960ôs signaled the peak of coal flotation in Europe where it would continue to 

decline over the next 40 years. During this period coal flotation in America saw a large growth. 

The growth seen in the United States was due to environmental awareness becoming a major 

issue. Sub-aeration flotation machines continued to be the dominant design during this time 

period. Although many different types of impeller and tank designs were introduced (Lynch et 

al., 2010).  

 Coal flotation benefitted from the oil crisis and an upswing in coal prices seen in the 

1970ôs. This combination resulted in a surge of funding for coal flotation research. This research 

tended to focus on developing more efficient flotation machines. Early results included adapting 

the Canadian Column for use in coal and the Flotaire Column. The dominance of mechanical 

flotation cells in the industry was challenged by the arrival of the Jameson cell, Microcel, Ekof 

cell, and XPM cell in the 1990ôs (Lynch et al., 2010).  

 One of the largest changes occurred in Australia. Mechanically agitated sub aeration cells 

dominated the Australian coal industry before 1988. The introduction of the Jameson cell 1989 

began a shift in Australia. The Jameson cell, Micocel, Centrifloat, Trubofloat, and Ekof Cells 

were all tested in Australia (Lynch et al., 2010). The Australian coal industryôs shift to column 

flotation can be seen in Table 2.1. 

 Overall coal flotation has come a long way since its inception. Companies have gone 

from actively resisting the method to implementing it into a large portion of their preparation 

Table 2.1: Changing percentage of installed capacity during 1980 to 2005 (Lynch et al., 2010). 

Reprinted with the permission of The Australasian Institute of Mining and Metallurgy. 

 1980 1985 1990 1995 2000 2005 

Mechanical 100 96 94 60 42 50 

Column  1 1 20 27 27 

Jameson  3 5 20 31 23 
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facilities. In 1995, a total of 345 coal preparation plants were operating in the United States. Of 

these, 110 used flotation, roughly 32%, a far cry from the origins of the process (Aplan 1999). 

  How Flotation Works 2.2

 Wills (2006) states that ñFlotation is the most important and versatile mineral processing 

technique.ò In the coal industry, flotation is generally used to treat material finer than 100 mesh, 

or less than 150 µm, but it can also be used to recover material finer than 200 mesh, or 74 µm. 

Generally 10% of the feed to preparation plant is treated by flotation (Leonard 1991). For a 

process that is so important in the processing industries, the idea behind it remains fairly simple. 

Flotation exploits the differences between the surface properties of the desired and unwanted 

materials. This means that flotation separates hydrophobic material from hydrophilic material.  

 Flotation consists of two major phases, the pulp phase, containing water and solids, and 

the froth phase, containing the floated material. The primary function of the pulp phase is to keep 

the solids in suspension and provide a favorable environment for bubble-particle collision to 

occur. The primary function of the froth phase is to upgrade the floated product. This is 

accomplished by reducing the recovery of entrained material, while retaining the material 

attached to the bubbles. Three mechanisms govern what is recovered in the froth. 

 1. True Flotation, or selective attachment of hydrophobic particles, 

 2. Entrainment of material in the water that passes from the pulp to the froth, and 

 3. Entrapment of material between particles in the froth attached to air bubbles. 

Of the three mechanisms listed, true flotation is the dominant force driving the recovery of 

material (Wills 2006). Since minerals attach to the air bubbles due to hydrophobicity it is 

important to understand the contact angle of the mineral. 
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Figure 2.1 shows a diagram of the bubble and particle attachment site. The tensile forces in play 

cause an angle to form between the mineral and the air bubble. [2.1] shows the balance of these 

forces at equilibrium, where ɔs/a, ɔs/w, and ɔw/a represent the surface energies between solid and 

air, solid and water, and water and air respectively (Wills 2006). 

 ‎ ‎ ‎ ÃÏÓ— [2.1] 

 The work of adhesion is defined as the force required to break the particle-bubble 

interface. This relationship is shown in [2.2], where Ws/a represents the work required to create 

separate air-water and solid-water interfaces. A combination of these two equations results in 

[2.3]. This equation shows that larger contact angles create a larger work of adhesion. This 

makes the bubble particle aggregate more resilient (Wills 2006). 

 ὡ ‎ ‎ ‎ [2.2] 

 ὡ ‎ ρ ÃÏÓ— [2.3] 

 The recovery of a given species in a slurry is controlled by three major factors. These 

factors are reaction rates, retention time and mixing conditions. The relationship between these 

 

Figure 2.1: Contact angle between a bubble and a particle (Wills 2006) after. 
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factors is represented in [2.4], where R represents the recovery of the species, k is the reaction 

rate, Ű is the retention time, and Pe is the Peclet number.  

 Ὑ θ Ὧ†ὖὩ [2.4] 

The Peclet number is used to represent the amount of axial mixing in the flotation cell. A higher 

value represents more quiescent conditions and thus increases recovery (Levenspiel 1972).  

 The reaction rate, k, can be defined as seen in [2.5], where Vg represents the superficial 

gas rate, Db is the diameter of the bubbles, and P is the probability of attachment.  

 
Ὧ

σὠ

ςὈ
ὖ 

[2.5] 

The probability of attachment is actually a function of other probabilities as show in [2.6] and 

[2.7]. 

 ὖ ὖὖ ρ ὖ  [2.6] 

 
ὖ θ

ὅὈ

Ὀ
 

[2.7] 

In [2.6], Pc represents the probability of collision between a particle and bubble, Pa represents 

the probability of adhesion between the bubble and particle, and Pd is the probability of 

detachment of the particle from the bubble. In [2.7], Ci is concentration of particles in the 

flotation cell and Dp is the diameter of the particle. Generally Pa is a function of chemistry while 

turbulence in the cell is the driving force behind Pd (Yoon et al., 1988).  

 Retention time, Ű in [2.4], is determined by identifying how long the particles remain in 

the flotation cell. Retention time is usually calculated using [2.8] and [2.9], where V is the 
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volume of the flotation cell, Ů is the air hold-up, and Q is the flow rate into the cell. Vg and Db 

still represent the superficial gas rate and bubble diameter respectively (Kohmuench et al., 2008). 

 
†  
ὠρ ‐

ὗ
 

[2.8] 

 
‐ θ

ὠ

Ὀ
 

[2.9] 

 The Peclet number can be calculated using [2.10]. Here, Vl and Vg represent the liquid 

and gas velocities respectively. The column diameter is represented by L, while D is the column 

diameter. The Ů term is the air hold-up in the cell (Mankosa et al., 1992).  

 
ὖὩθ

ὠ

ὠ

ὒ

Ὀ

ρ

ρ ‐
 

[2.10] 

 All flotation machines use the relationships presented in the above equations to float a 

product. It should be noted though that changing one parameter to enhance one of the factors 

driving recovery can have a detrimental effect on different factor. 

 Chemicals can be added to aid the flotation process. These chemicals fall into three 

categories collectors, frothers, and regulators. The hydrophobicity of a mineral can be aided 

through the use of collectors. These chemicals will adsorb onto the surface of a mineral and 

make it more hydrophobic. Collectors are generally added to the pulp, and time must be allowed 

for the material to condition (Wills 2006). Theoretically, high rank coals should be floatable 

without the aid of a collector (Leonard 1991).  

 Frothers are used to accomplish several things. First, they are used to stabilize the 

formation of bubbles in the pulp phase. Second, frothers stabilize the froth, which allows 

entrained material to drain back into the pulp rather than be carried over into the concentrate. 
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Some frothers can create such a stable froth that it becomes an issue in further processing or 

transportation. Good frothers should have minimal collecting power, and create a froth just stable 

enough to transfer floated material to the launder (Wills 2006). Some of the most common 

frothers used in the coal industry include cresol, alcohols (MIBC), and polypropylene glycol 

ethers (Leonard 1991). 

 Regulators are used to change the effect of a collector, and can be further classified into 

activators or depressants depending on their function. Activators can be used to affect the surface 

of mineral in order to allow collector to adsorb onto the mineral, thus making it hydrophobic. 

Depressants serve the opposite function, rendering minerals hydrophilic (Wills 2006).  

  Factors Affecting Flotation 2.3

 Several factors can affect the floatability of coal such as the feedôs particle size 

distribution, applied reagent dosages, and operating parameters of the flotation cell itself. 

Changes in all of these factors can negatively or positively change the performance of the 

flotation process ultimately changing the quality of the floated product.  

 It has been shown that hydrophobic particles that are fine tend to be the first particles 

removed from a slurry, while large particles are only floated once the fines have been removed 

(Klassen 1963). The particle size effect can also be dependent on the applied reagents. It was 

shown by Rastogi and Aplan (1985) that in the presence of only frother that the flotation rate of 

coal increases with decreasing particle size, but when a significant amount of collector is added 

to the slurry the different particles sizes float in approximate proportion to their percentage in the 

pulp (Rastogi and Aplan 1985).  

 While it is possible to float material as large as 28 mesh (0.589 mm), the response of 

particles larger than 0.25 mm is mixed and depends on the coal source, Figure 2.2. High reagents 
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dosages and air rates are required to float these larger particles. These conditions while able to 

float larger particles also favor flotation of impurities. Generally, these conditions are seen as 

unfavorable. Due to these hindrances, most flotation occurs below 100 mesh (0.15 mm), while 

spirals or water only cyclones are used to process the plus 100 mesh material (Laskowski et al., 

2007).  

Very fine particles, less than 30 µm, are called slimes. Entrainment allows these particles 

to report to the concentrate. These slimes can coat the surfaces of small particles and effectively 

render what was hydrophobic material hydrophilic. This phenomena can be partly countered by 

using a dispersing agent (Jowett et al., 1956).  

 For mechanical cells impeller speed can have an effect on the product ash and 

combustible recovery. A study performed by Jena et al. (2008) tested this parameter. The results 

of their work are show below in Table 2.2. Both combustible recovery and clean coal yield 

increased with increasing impeller speed. Clean coal ash saw a slight increase, 0.3 percentage 

 
Figure 2.2: Size by size flotation recovery (Laskowski et al., 2007). 

 Reprinted from Froth Flotation: A Century of Innovation,  with permission from smenet.org. 
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points, with increasing impeller speed up 1600 rpm. Here the ash jumped 1.2 percentage points 

higher than it was previously (Jena et al., 2008).  

 These results agree with a study performed by Sonmez et al. (2005) where they too found 

that combustible recovery and product ash both increased as the intensity of the agitation 

increased. Although the changes they observed were much more drastic. At 900 RPM, the 

flotation cell produced product of 15.40% ash with a recovery of 72%. This rose to a product ash 

of 22.68% with a combustible recovery of 90% at 1800 rpm (Sonmez et al., 2005).  A third study 

also produced similar results, finding that increasing the impeller speed lead to an increase in 

water, ash, and coal recoveries (Akdemir and Sonmez 2003). 

Wash water flow rate also has an effect on product ash and combustible recovery. A 

study performed on column flotation by Tao et al. (2000) shows the effect of wash water flow 

rate when frother dosage is kept constant. Figure 2.3 shows the results of this test. When frother 

dosage is kept constant the increasing wash water rate caused an initial dramatic reduction in 

water recovery which ultimately levels off. Increasing wash water under these conditions also 

shows a decrease in product ash and product recovery. These findings agree with the results 

published by Jena et al. (2008).  

Table 2.2: Effect of impeller speed on flotation performance (Jena et al., 2008). 

Impeller Speed 

(rpm) 

Clean Coal 

Yield (%) 

Clean Coal 

Ash (%) 

Combustible 

Recovery (%) 

1200 75.0 14.1 85.3 

1300 77.1 14.3 87.4 

1400 77.3 14.3 87.7 

1500 78.0 14.4 88.4 

1600 79.4 15.6 88.7 

 



 

16 

 

The investigators found that a bias rate of greater than 0.2 cm/sec minimized the ash 

content of the product. Bias rate, Vb, is defined in [2.11], where Vw is the wash water flow rate 

and Vwp is the flow rate of water flowing into the froth product. The water flow rate in the feed is 

represented by Vwf, while Rw is the water recovery (Tao et al., 2000).  

 ὠ ὠ ὠ ρ Ὑ ὠ Ὑὠ  [2.11] 

 It is believed that the reduction in water recovery is due to dilution of the frother from the 

addition of the wash water. This dilution can also be linked to the drop in combustible recovery. 

With a lower concentration of frother in the cell large bubbles will form. This will decrease 

bubble surface area and trigger a decrease in recovery (Tao et al., 2000).   

 

Figure 2.3: Results of wash water flow rate testing on constant frother dosage (Tao et al., 2000). 

Reprinted from Internation al Journal of Mineral Processing, Vol. 50, Tao et al., A parametric study of 

froth stability and tis effect on column flotation of fine particles, 2000, with permission from Elsevier. 
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 Froth height was also investigated by Tao et al. (2000). It is generally known that a 

shallow froth depth will increase recovery but decrease grade, while a deep froth depth will 

increase grade, but decrease recovery. Recovery is less sensitive to this change, thus changes in 

depth will affect product ash more than recovery. Figure 2.4 confirms the general rule. As froth 

height increases product ash decrease along with a slight decrease in combustible recovery. 

Combustible recoveryôs lack of sensitivity can be explained through bubble coalescence in the 

deeper froths. As bubble surface area decrease the more hydrophobic particles stay attached to 

the bubbles. The now detached middling particles return to the collection zone for another 

attempt at bubble-particle attachment (Tao et al., 2000). A separate report confirms these 

findings (Hacifazlioglu and Sutcu 2007). 

 

Figure 2.4: Effect of froth height flotation performance (Tao et al., 2000). 

Reprinted from International Journal of Mineral Processing, Vol. 50, Tao et al., A parametric study of 

froth stability and tis effect on column flotation of fine particles, 2000, with permission from Elsevier. 
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 Lastly, Tao et al. (2000) showed that water recovery is the driving factor behind ash 

recovery, entrainment, in the froth. Various operating conditions were tested such as gas flow 

rate, feed solid concentration, and froth height. The results of these tests are shown in  

Figure 2.5. This figure shows a linear dependence between ash recovery, product ash, and water 

recovery (Tao et al., 2000). This finding is in agreement with the findings of Akdemir and 

Sonmez (2003), where they found that gangue entrainment is proportional to the amount of water 

floated. But, the recovery of gangue material exceeded water recovery, which means other 

mechanisms are contributing to the recovery of gangue material. This illustrates the need to 

minimize the entrainment of hydrophilic particles in froth.  

 

Figure 2.5: Ash recovery, product ash, and water recovery (Tao et al., 2000). 

Reprinted from International Journal of Mineral Processing, Vol. 50, Tao et al., A parametric study of 

froth stability and tis effect on column flotation of fine particles, 2000, with permission from Elsevier. 
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  Release Analysis 2.4

 The release analysis is the flotation equivalent of the float and sink test for gravity 

concentrators (Dell 1964). Originally proposed in 1953 by C.C. Dell several forms of release 

analysis have developed over the years. The idea behind the release analysis is that once 

entrained material has been eliminated, changes in the operating conditions of the flotation 

machine can be used to create points along an ideal separation curve. The original release 

analysis called for the collection of froth in timed fractions. These fractions are then refloated in 

a predetermined sequence. Three concentrates and a final tailing are produced from a third 

iteration of the process, and a grade-recovery curve is produced from these samples (Forrest et 

al., 1994).  

 One of the alternate methods was put forth by Dell himself. A schematic of this 

procedure is show in Figure 2.6. Dellôs method requires the use of a laboratory flotation cell with 

an adjustable impeller speed and air supply. Flotation begins following the conditioning of the 

sample. The first flotation is performed in a normal manner in order to obtain a high recovery. 

Once the froth has been exhausted, the cell is emptied and the tailings are saved. The concentrate 

is then returned to the flotation cell. The concentrate is then refloated in order to remove any clay 

present in the froth. The tailings from every flotation step are saved. This process is repeated 

until the amount of clays in the tailings is negligible (Dell 1964).  

 To start the second step the impeller speed should be reduced to the where the froth is no 

longer forming and the air should be shut off. Both variables are then increase carefully until 

flotation begins to occur. Once flotation begins occurring the froth or film should scraped from 

the cell until it no longer forms. The froth collection pan is then changed for a new one and the 

air and impeller speed are again increased until flotation begins to occur. Again, the froth is 
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scraped from the cell until there is very little material floating. This process can be repeated at as 

many steps as desired. At the final step the impeller and air are allowed to operate at their 

maximums, and reagents can be added if necessary. Again, the froth is collected until it appears 

to be empty. The tailings are then combined and all of the samples are filtered, dried, weighed, 

and analyzed for ash content (Dell 1964).   

 Mohanty et al. (1988a) discussed an alternative to the traditional release analysis called 

the Advanced Flotation Washability (AFW). Figure 2.7 shows the setup of the apparatus used to 

perform the AFW. This method uses a batch operated column flotation cell that is 5 cm in 

diameter and 1.5 m tall. Stainless steel corrugated packing serve as vertical baffles within the 

column. The packing material creates a high length to diameter ratio, which results in a near plug 

flow environment within the cell. The feed slurry is continuously recirculated in order to ensure 

that the feed is flowing counter current to the rising bubbles. This also helps to combat the 

sanding of particles in the cell. The bubbles are created by air which is directly injected into the 

 

Figure 2.6: Schematic for a traditional release analysis (Mohanty et al., 1998b) after. 
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column, while the wash water is adjusted by a PID controller. This allows the wash water to 

adjust the pulp level allowing the cell to operate at a desired froth depth (Mohanty et al., 1998a).  

 The AFW procedure shares the same structure as the traditional release analysis. Figure 

2.8 shows the procedure used during an example Advanced Flotation Washability test. The first 

stage, separating the hydrophobic and hydrophilic material, was performed using a laboratory 

 

Figure 2.7: Schematic of AFW apparatus (Mohanty et al., 1998a). 

Reprinted from Coal Flotation Washability: Development of an Advanced Procedure, Monhanty et 

al., Coal Preparation, 1998 permission of (Taylor & Francis, http://www.tandfonline.com). 

 

Figure 2.8: AFW procedure schematic (Mohanty et al., 1998a) after. 
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Denver flotation machine rather than the AFW apparatus. The concentrate from the first phase is 

then segregated by order of decreasing hydrophobicity. This was accomplished by collecting 

samples at air rates ranging from 1.5 liters/min to 2.5 liters/min. The material remaining in the 

column after collection of the highest aeration rate served as the final concentrate sample 

(Mohanty et al., 1998a).   

 The performance of the AFW was compared to the traditional release analysis proposed 

by Dell in 1964. Figure 2.9 shows the results for both tests, both of which level out in a similar 

fashion, but the AFW outperforms the traditional release analysis along the vertical portion of 

the curves. This means that middling particles are treated more efficiently by the AFW 

procedure. It should also be noted the AFW is a very repeatable process. The results for five tests 

performed under similar conditions are plotted in Figure 2.10.  

 Another alternate procedure to the traditional release analysis is the tree analysis. The 

procedure for the Tree Analysis is show in Figure 2.11. The tree analysis uses a regular 

 

Figure 2.9: Comparison of the AFW and traditional release analysis (Mohanty et al., 1998a). 

Reprinted from Coal Flotation Washability: Development of an Advanced Procedure, Monhanty et 

al., Coal Preparation, 1998 permission of (Taylor & Francis, http://www.tandfonline.com). 
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laboratory flotation machine just as the traditional release analysis does. In this process flotation 

products are used to create branches. These branches are then refloated. The overall separation 

performance can be improved by continuing the branching process (Mohanty et al., 1998b).  

 

Figure 2.10: Separation performance data using the AFW Procedure (Mohanty et al., 1998a). 

Reprinted from Coal Flotation Washability: Development of an Advanced Procedure, Monhanty et 

al., Coal Preparation, 1998 permission of (Taylor & Francis, http://www.tandfonline.com). 

 

Figure 2.11: Schematic for a tree analysis 

(Mohanty et al., 1998b) after. 
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 The tree analysis and release analysis were compared on the basis of product ash. The 

results are show in Figure 2.12. In the high recovery region of the graph the release analysis 

proved to the better of the two processes. The tree analysis was the superior of the two in the 

lower recovery regions. However, the presence of middling particles favors the release analysis 

since they are more effectively treated in that procedure.  Figure 2.13 Shows the results of tests 

performed with -180 µm coal and micronized coal. By increasing the liberation of the ash 

particles the point at which the tree analysis becomes superior was increased from approximately 

50% to 80% recovery. This indicates that the majority of the micronized sample is more 

effectively treated by the tree analysis (Mohanty et al., 1998b).  

  

 

Figure 2.12: Comparison of the performance of the tree and release analyses (Mohanty et al., 1998b). 

Reprinted from Coal Flotation Washability: An Evaluation of the Traditional Procedures, Monhanty 

et al., Coal Preparation, 1998 permission of (Taylor & Francis, http://www.tandfonline.com). 
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Figure 2.13: Comparison of tree and release analysis for (a) minus 180 

µm material and (b) micronized material (Mohanty et al., 1998b). 

Reprinted from Coal Flotation Washability: An Evaluation of the Traditional Procedures, Monhanty 

et al., Coal Preparation, 1998 permission of (Taylor & Francis, http://www.tandfonline.com). 
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A recent study has shown that release analyses that use an initial step to remove entrained ash by 

refloating the concentrate before fractioning perform better than those that do not. The study also 

showed that while multiple tests performed by the same lab using the same technique are very 

repeatable, the industry as whole does not have a standardized procedure. The results of any 

analysis are very dependent on factors such as the technique used and the skill of the operator 

(Killmeyer et al., 2000).  

  Flotation Machines 2.5

 Flotation machines are divided into four groups: mechanical, pneumatic, froth separators, 

and columns. Of these types, mechanical and column cells are the most popular in the United 

States and these two will be examined in more detail (Young 1982).  

 Mechanical cells use an impeller driven by a motor to agitate and disperse air into the 

pulp. The purpose of the agitation is to ensure that the solids stay in suspension in order to create 

a favorable bubble-particle collision environment. Figure 2.14 shows a cross section of a 

mechanically agitated flotation cell. 

 

Figure 2.14: Mechanically agitated flotation cell (Courtesy of FLS Minerals). 
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 Mechanical cells can be further divided into subcategories based on their pulp flow and 

aeration types. Cell to cell pulp flow machines use weirs between each impeller in a bank of 

cells, while an open flow machine operators without weirs. In coal flotation open flow machines 

are more common than cell to cell machines. Supercharged aeration machines use a blower to 

provide air to the impeller, while self-aerating machines use the depression created by the 

impeller motion to induce air into the slurry (Laskowski et al., 2007). 

 Common manufacturers of mechanical cells for coal flotation include WEMCO, Metso, 

Svedala, and Outokumpu. Commonly, machines with volumes up to 28 m
3
 are used in coal 

flotation, although some manufacturers offer very large ñTankò cells. These cells are cylindrical 

in shape and use conventional impellers for agitation. Some tanks have been produced with 

volumes as large as 100 m
3
 (Laskowski et al., 2007). 

  A distinguishing feature of column cells is the use of a counter current flow of slurry and 

air bubbles to create bubble-particle collisions. Also, column cells use wash water added through 

the froth bed to remove entrained pulp material (Young 1982). An example of the water flows in 

conventional and column cells can be seen in Figure 2.15.  In a column cell that is being operated 

effectively, less than 1% of the feed water will report to the froth (Luttrell et al., 1999). In order 

to achieve this operating state, a sufficient amount of wash water must be added to ensure that 

the volume of feed water that would have reported to the froth has been replace by clarified 

water. In coal flotation this wash water requirement is usually 1.5 times the flow of water 

reporting to the product (Laskowski et al., 2007).  It should also be noted that wash water alone 

will not completely eliminate entrainment. Column cells must be operated at a greater froth 

depth than conventional cells in order to promote optimal wash water distribution, resulting in 

the greatest cleaning action. 
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 Some of the common types of column cells used in the industry include the CoalPro, 

Jameson, and Microcel machines. It should be noted that the Jameson doesnôt have the typical 

column geometry but often uses wash water to upgrade its froth, thus it is commonly included in 

this category. The most common difference amongst the various column designs is their air 

sparging system. These systems include porous bubblers, static mixers, and dynamic air 

injection, but ultimately each systemôs goal is to produce small bubbles of a uniform size 

distribution (Laskowski et al., 2007).  

 One of the major differences between mechanical and column flotation cells is the use of 

wash water. Column cells use wash water to upgrade the froth by removing entrained 

hydrophilic material. A study by Luttrell et al. (2000) investigated the use of wash water on 

mechanical flotation cells. At a combustible recovery of 90% the wash water addition resulted in 

an ash content of 8.2%, which was down from 9.6%, a difference of 1.4 points, for medium and 

deep froth depths. For a shallow froth depth the ash content was reduced from 9.6% to 8.8%. The 

 

Figure 2.15: Water flows in conventional and column flotation (Laskowski et al., 2007). 

Reprinted from Froth Flotation: A Century of Innovation  with permission from smenet.org. 
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gains obtained from adding wash water were marginal when compared to the potential use of 

column flotation. A release analysis performed on the coal showed that at 90% combustible 

recovery a product ash of approximately 4% could be produced (Luttrell et al., 2000). It has been 

shown that column performance often approaches the results predicted by a release analysis, 

while mechanical flotation tends to fall short (Davis et al., 1992).  

 A byproduct of adding wash water to the mechanical cells was the stabilization of the 

froth. This resulted in more pulp water reporting to the froth which then required the addition of 

higher wash water rates than originally expected. Rates as high as 4.5 gallons per minute (GPM) 

per square foot (ft
2
) of cell cross-sectional area could be expected. This value is much higher 

than the normal range used on columns, i.e., 3.0-3.5 GPM/ft
2
. Adding wash water and running 

deeper froths results in a reduction of residence time for the flotation circuit. Most existing 

circuits in the coal industry are designed with residence times of 3.5-4.0 minutes when not using 

wash water. Calculations performed by the investigators showed that adding wash water to these 

circuits could drop the residence time below 1.0-1.5 minutes. Residence times this low would 

have pronounced negative impact on coal recovery (Luttrell et al., 2000). 

 Figure 2.16 shows a comparison of results obtained from a full scale column, a bank of 

mechanical cells, as well as a lab scale column cell. The concentrate ash was reduced by nearly 8 

percentage points by using columns rather than conventional cells. This change was also met 

with an increase in combustible recovery of roughly 20 percentage points. The overall 

performance of the column nearly matched of the ultimate performance curve predicted by a 

release analysis (Davis et al., 1995). Other advantages offered by column flotation when 

compared to conventional flotation are listed below (Jena et al., 2008). 

1. Better product without sacrificing recovery, 

2. Reduction in the stages of operation needed, 



 

30 

 

3. Columns can handle a finer feed, 

4. Columns require less collector, 

5. Simpler to install and have no moving  parts, and 

6. Require less floor space. 

However columns do have some drawbacks, such as mixing in the axis of the column, column 

height causing problems during installation, and plugging of the spargers (Jena et al., 2008).  

  The Microcel, a column flotation cell, developed by Dr. Yoon of the Virginia 

Polytechnic Institute and State University uses microbubble flotation in order to obtain high 

separation efficiencies in a single stage of flotation. For the most part the operation of the 

Microcel is very similar to that of most columns. Feed slurry enters just below the froth pulp 

interface, and the pulp then flows downward while encountering a countercurrent flow of air 

bubbles. Hydrophobic particles become attached to the bubbles as they collide. Once attached 

 

Figure 2.16: Comparison of column and conventional flotation cells (Davis et al., 1995). 

Reprinted from Froth Flotation: A Century of Innovation  with permission from smenet.org. 
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the bubble-particle aggregate rises to the froth phase where wash water is added to remove 

entrained hydrophilic material. The froth then spills into the launders and the product continues 

on to the next operation. 

 Where the Microcel differs is in the way it produces bubbles as seen in Figure 2.17. The 

sparging system used in the cell does not require fresh water, does not plug, and is externally 

mounted for easier maintenance. A portion of the refuse slurry is removed from the bottom of the 

column. Frother is then added to the slurry, and it is pumped through a static in-line mixer with 

the addition of compressed air. The mixer is used to create a high shear environment which 

produces microbubbles ranging from 0.1 ï 0.4 mm in diameter. The slurry is then injected back 

into the column where bubbles begin their ascent to the froth phase. This recirculation also 

allows any misplaced coal particles a second chance to interact with air bubbles before exiting 

the system (Yoon et al., 1992).  

 The Jameson cell was developed by the University of Newcastleôs Graeme Jameson in 

1986 (Lynch et al., 2007).  Like the Microcel, the Jameson cell is unique in the way it produces 

 

Figure 2.17: Schematic of the Microcel bubble generation system. 
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air bubbles. A schematic of the Jameson flotation cell is presented in Figure 2.18. The cell 

consist of three major areas (Harbort et al., 1994).  

1. The aeration and contacting zone, called the downcomer, 

2. The tankôs pulp area serves as a second recovery/bubble disengagement zone, and 

3. The froth area of the tank serves as a cleaning zone. 

The cell operates by pumping feed into the downcomer through an orifice plate. The feed travels 

down the pipe forming a high pressure jet as it goes. The vacuum created by the jet draws in air 

and then jet shears the air into bubbles with a mean diameter of 300 microns. This environment 

creates a high probability of bubble-particle contact and collection. The residence time of the 

downcomer can range from one to ten seconds. The slurry then exits the downcomer and is 

deposited into the tank. Mixing continues in the pulp area of the tank. Here contact continues to 

occur between the bubbles and particles. Residence time in this zone can last from two to five 

minutes. Once attached, the bubble-particle aggregates disengage from the pulp and rise to the 

 

Figure 2.18: Schematic of the Jameson cell (Yan and Jameson 2004). 

Reprinted from International Journal of Mineral Processing, Vol. 73, Yan and Jameson., Application 

of the Jameson Cell technology for algae and phosphorus removal from maturation ponds, 2004, with 

permission from Elsevier. 
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surface forming a froth zone. Wash water is added to the froth zone to enhance the product by 

removing entrained hydrophilic material (Lynch et al., 2007).  

 The WEMCO 1+1 machine, introduced in 1969, is a commonly used mechanical cell. 

The machine is called a 1+1 because the length of the rotor is equal to its diameter (Lynch et al., 

2010). The machine shown in Figure 2.14 is a WEMCO 1+1 machine. This machine uses a vane 

type rotor with a star cross-section (Lynch et al., 2010). The rotor not only mixes the cell but also 

draws air into the cell. The rotorôs mixing action helps to distribute the air and create a favorable 

environment for bubble-particle contact. Many of these cells use a false bottom and a draft tube 

to ensure the pulp recirculates and to minimize the sanding of particles. In order to reduce wear 

on the rotor, the WEMCI 1+1 has the rotor mounted above the bottom of the tank. This reduces 

or eliminates contact with oversized material. Wear life of 1+1 machine is two to four times that 

of a floor mounted rotor/stator machine (FLSmidth 2010). The stator on this machine contains 

holes shaped as ovals. Both the stator and the impeller consist of a steel frame coated with a wear 

resistant rubber or a similar material (Lynch et al., 2010). 

 The Eriez StackCell is a recent innovation in coal flotation technology. Seven 

characteristics were taken into account when designing the machine (Kohmuench et al., 2008). 

1. Column-like performance, 

2. Cell-to-cell circuit configuration, 

3. Small cell volume, 

4. High cell surface area, 

5. Low energy input, 

6. Low operation cost, and 

7. Low capital cost. 

A cell was produced, seen in Figure 2.19, using these requirements as a guideline. Like column 

cells, the StackCell utilizes wash water to reduce the amount of entrained material in the froth. 
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The drip pan used on the cell forms a ring, and does not cover the interior of the cell. Since the 

entire froth product eventually moves to the launders it must also move through the wash water. 

This allows for less wash water to be used which reduces the impact on the retention time of the 

cell. The StackCell is designed to be used in series to reduce short circuiting and enhance cross 

sectional area. Three units in series with diameters of 3.4 meters and heights of 1.8 meters have 

the equivalent capacity of two 4.25 meter diameter column flotation cells, but the StackCell 

circuit is only 20% of the size of the column circuit (Kohmuench et al., 2008).  

 The StackCell takes a different approach to flotation than the normal column or 

mechanical cell. Instead of operating with a large quiescent zone like columns or keeping a tank 

mixed like a mechanical cell, the StackCell forces the bubbles and particles to contact in a small 

area. This is accomplished by using high concentrations of air bubbles and particles as well as 

applying significant energy into the bubble-particle contacting zone. Where most flotation 

machineôs recovery is defined by [2.4], the StackCellôs recovery is defined in [2.12], recovery in 

 

Figure 2.19: Schematic of Eriez StackCell (Provided by Eriez Magnetics). 
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a turbulent system, where Cb is the concentration of bubbles, Cp is the concentration of particles, 

and E is the specific energy imparted to the system (Kohmuench et al., 2008).  

 Ὑ θ ὅὅὉ [2.12] 

 Exploiting [2.12], both the feed and air enter into an aeration chamber within the flotation 

cell. An impeller present in the chamber not only agitates the feed but also shears the air into 

extremely fine bubbles. This approach allows for the maximum particle concentration to be 

present during the formation of the bubbles. Also, the chamber operates with a very high air 

fraction to ensure that the concentration of bubbles is also maximized. Lastly, the agitator is 

designed in such a way as to impart as much energy into the system for the purpose of causing 

bubble-particle collision. Following the formation of bubble-particle aggregates, the slurry is 

discharged into the tank where it separates into a froth phase and a pulp phase. Wash water is 

then added to remove entrained hydrophilic material from the froth (Kohmuench et al., 2008).  

  Flow Through an Orifice Plate 2.6

 The problem of determining the flow of liquid through an orifice plate is necessary in 

order to better understand the design criteria of wash water drip pans. Flow through an orifice 

requires that the flow fully cover the orifice; partial coverage would constitute a weir. The orifice 

cannot have sides with a length greater than two to three times the diameter of the hole, or else 

the orifice is considered a pipe. The depth of the standing liquid producing the jet from the 

orifice is called the head. If the jet is being expelled into the atmosphere it is considered a free 

discharge (Brater and King 1996).  

 An orifice is considered a sharp edged orifice if the inner edge of the orifice is made up 

of a sharp corner instead of a rounded edge. Jets from these types of orifice contract until they 

reach the point of vena contracta. At this point the pressure within the jet is assumed to be equal 
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to the pressure of the surrounding fluid, and all paths of the jetôs elements are parallel. The area 

of the jet at the point of vena contracta is related to area of the orifice by [2.13]. In this equation, 

a2 represents the area of the jet at the point of vena contracta, a is the area of the orifice, and Cc 

is the coefficient of contraction. 

 ὥ ὅὥ [2.13] 

The contraction is caused by the flow paths around the hole. Any flow path that is not directly 

above the hole will have a velocity component perpendicular to the flow of the jet. This 

contraction can be minimized by rounding the inner edge of the hole or creating a roughness on 

the inner surface of the plate (Brater and King 1996). 

 [2.14] is obtained by using the Bernoulli equation between the point of vena contracta 

and another point in the fluid tank with the datum at the center of the orifice. The equation is 

then rearranged to solve for the velocity at the point of vena contracta, v2. 

 

ὺ ςὫ
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[2.14] 

The variable p2 can be neglected since it occurs at the point of vena contracta. At this point, the 

pressure in the jet is equal to that of the surrounding fluid. For discharge into atmosphere, that 

pressure is assumed to be zero. For a large tank, the velocity at a point inside the tank is very 

small and can be assumed as zero. The (p1/w) term is replaced by the liquid head term h. Lastly, 

energy losses are rolled in the coefficient of velocity, Cv. These changes result in [2.15], where v2 

is the theoretical velocity of the liquid jet, where g is the acceleration due to gravity, and h is the 

liquid head (Brater and King 1996). 
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  ὺ ὅ ςὫὬ [2.15] 

  [2.16] shows the calculation for flow rate of the jet, while [2.17] is obtained by 

substituting [2.13] and [2.15] into [2.16]. 

  ὗ ὥϽὺ [2.16] 

  ὗ ὅϽὥϽὅ ςὫὬ [2.17] 

This resulting equation can be further simplified to obtain [2.18], where Cd is the coefficient of 

discharge. This equation is the generalized equation for flow through an orifice plate (Brater and 

King 1996). 

  ὗ ὅϽὥ ςὫὬ [2.18] 

 

  



 

38 

 

3.0  FIELD TESTING  

  Introduction  3.1

 Two phases of field testing were performed to evaluate the performance capabilities of 

the StackCell technology. The first phase involved a long term monitoring test at a coal 

preparation plant located in eastern Kentucky. The second phase of the work involved a 

characterization study performed at a plant site located in southern West Virginia. At each site, 

flotation release analysis tests were conducted on all of the flotation products to determine the 

amount of floatable and non-floatable material present in each sample.  

  Experimental 3.2

3.2.1 Testing Sites 

 Representative samples were taken from two different coal preparation facilities. The first 

plant (Plant A), which was located in eastern Kentucky, has an annual capacity of approximately 

2 million clean tons. This plant cleans coals from underground mines operating in the Amburgey, 

Elkhorn and Hazard seams. A high BTU and high sulfur coal is produced at this site, which is 

used primarily in the utilities industry. The flotation circuit at the plant consisted of two column 

flotation cells. It was common for the flotation circuit to become over loaded, depending on the 

blend of coal being run in the plant. At this site the StackCell technology was installed ahead of 

the column cells to act as a scalper for improving the overall coal recovery.  

 The second plant (Plant B), which is located in southern West Virginia, has an annual 

clean coal output of approximately 1 million tons. Coal cleaned in this plant comes from 

underground mines operating in the Glen Alum and Douglas seams. The product from this plant 

is generally a medium-volatile metallurgical grade coal used in the domestic market. 
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3.2.2 Sampling Procedures 

 Samples of the flotation feed, concentrate, and tailings were collected at both plant 

locations. Long term weekly samples were collected from Plant A to evaluate the performance 

over time of the newly installed flotation system. The information collected along with the 

samples is shown in Table 3.1, while Table 3.2 shows the collection dates for every sample 

tested. Eight samples were taken at this site in early 2011 to help optimize the performance of the 

StackCell and obtain a baseline for performance. Later, two additional samples were taken in 

August of 2011 to provide a comparison to the baseline data. No specific operating conditions 

were requested for these samples.  

 All of the plant samples were collected by the plant workers during their routine sampling 

programs. The samples were taken and placed into standard five- or two-gallon buckets, 

depending on the volume of sample collected. These buckets were then secured with non-spill 

lids which were duct taped down before transport. Once prepared the buckets were either 

shipped to Virginia Tech or picked up and brought back to Virginia Tech. The samples were then 

left unopened in the Minerals Research Laboratory until they were tested.  

 The Plant B samples were obtained by a team from Virginia Tech. These samples were 

Table 3.1: Parameters reported along with 

the weekly samples at Plant A. 

Parameter Units 

Coal Blend --- 

Frother Addition Rate ml/min 

Collector Addition Rate ml/min 

Blower Motor Hz 

Agitator Motor Hz 

Plant Feed Rate tph 

Wash Water Rate gpm 

Air Flow Rate scfm 

Froth Depth in. 
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taken over a wide sweep of operating conditions. A list of the operating conditions sampled is 

provided in Table 3.3. Chemical additions during the tests were held constant at 160 ml/min of 

frother while no collector was added. These samples were collected using five quart buckets for 

the feed and tailings samples and two-and-a-half quart buckets for the concentrate samples. 

Samples were collected by passing the buckets under the appropriate stream several times until 

the bucket had reached capacity. The lid for each sample was then securely placed on the bucket 

using duct tape. Fifteen minutes were allotted for the cell to come to a steady-state operating 

condition following the change of any operating condition. This period of time represented at 

least three residence times for the cell, which as a rule-of-thumb is normally sufficient for a 

flotation system to equilibrate at a new operating condition. Most of the operating conditions 

were monitored in the control room of the plant, but some were directly monitored during 

testing. A water bottle and tape measure was used to determine the froth depth before each test, 

while a gauge attached to the wash water feed pipe displayed the wash water flow rate. Once 

again, the samples were brought back to the Minerals Research Laboratory at Virginia Tech 

where they were left sealed. 

Table 3.2: Weekly sample 

test dates at Plant A. 

Dates Tested 

11 January 2011 

19 January 2011 

01 February 2011 

10 February 2011 

16 February 2011 

8 March 2011 

14 March 2011 

24 March 2011 

11 August 2011 

30 August 2011 
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3.2.3 Sample Processing 

 Flotation release analyses were performed on samples from both plant sites. This was 

done in order to identify the amount of floatable and non-floatable material present in the 

concentrate and tails of each sample. The samples were then screened to obtain particle size 

distributions. Lastly, ash analyses were performed on the resulting size fractions. It should be 

noted that a release analysis was not performed on the feed for a set of samples. Instead a feed 

was reconstituted from the product samples and then compared to the actual feed sample to 

ensure that a good mass balance was maintained. 

 To begin, a sample date (or identification number) was chosen and the feed, concentrate, 

and tailings samples were set aside for the test in question. After opening the sample, it was 

placed in a four-liter flotation cell. If possible, the entire sample was used. In cases were too 

much sample was collected, it was split into representative lots using a rotary slurry splitter (see 

Figure 3.1). The sample was then diluted with tap water to fill the four-liter flotation cell.  

Table 3.3: Operating conditions sampled at Plant B. 

Test Number 
Agitator Motor  

(Hz) 

Froth Level 

(in.) 

Wash Water Rate 

(gpm) 

1 45 30 360 

2 45 24 360 

3 45 18 360 

4 45 12 360 

5 0 24 360 

6 30 24 360 

7 45 24 360 

8 60 24 360 

9 45 24 0 

10 45 24 260 

11 45 24 345 

12 45 24 400 
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 A Denver flotation machine was used to perform the release analyses. This machine is 

shown in Figure 3.2. Approximately 60 microliters of collector was added to the Plant A 

samples, while no collector was added to the Plant B samples. The sample was then allowed to 

condition for approximately five minutes. A few drops of frother were added to the cell before 

opening the air valve. As the concentrate formed, it was scraped into pans and set aside. The 

rotor speed and aeration rate were adjusted as necessary to obtain a stable and steady froth. Each 

sample was floated until exhaustion, at which point the flotation machine was cleaned and that 

tailings from the flotation test were placed into a five-gallon bucket. The concentrate collected 

during the test was poured back into the flotation cell and diluted as necessary to fill the cell. The 

sample was then placed back under the flotation machine and a small amount of collector was 

 

Figure 3.1: Slurry splitter used during sample processing 
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added, approximately 10 microliters for the Plant A samples, and the sample was allowed to 

condition for five minutes. After conditioning, a few drops of frother were added to the flotation 

cell before the air valve was opened.  

 The concentrate was again scraped into pans until the froth was exhausted. The tailings 

sample was then placed with the previous flotation stageôs tailings and the concentrate was again 

placed back into the flotation cell. This process was repeated until the flotation tailings were 

 

Figure 3.2: Denver flotation machine used to perform release analyses. 



 

44 

 

visibly clear. This indicated that the majority of the hydrophilic material had been removed, and 

only hydrophobic material remained in the concentrate. Typically, four stages of flotation were 

necessary for most samples to reach a good separation bewtween the hyrophobic and hydrophilic 

material. 

 The concentrate and tailings from the flotation process were wet-screened along with the 

feed for the appropriate test. In total, five sets of material were screened for a given set of 

samples. The five sample are the feed (Feed), floated froth concentrate (Con Float), nonfloating 

froth concentrate (Con Sink), floatable tails (Tail Float), and nonfloating tails (Tail Sink). The 

samples from the two plants were screened at different sizes. Table 3.4 shows the screen sizes 

used for the samples from both locations. The resulting size classes from the screening process 

were then filtered to remove standing water and placed in an oven to dry overnight. The dried 

samples were weighed and recorded using a Denver Instruments model P-4002 scale (see Figure 

3.3). The material was then placed in sample bags for storage.  

 Ash analysis was the final step in the laboratory processing of the material. A LECO 

model 601-400-600 ash analyzer was used for ash analysis (see Figure 3.4). A small amount of 

material was removed from the bagged samples, less than one gram, and loaded into the ash 

analyzer. The ash analysis was performed in two steps. First, nitrogen was used to remove the 

Table 3.4: List of Screens used during sample processing. 

Plant A Plant B 

48  65 

100  100 

200* 325 

325 --- 

*  Screen size eliminated in later tests 

(All sizes are Tyler Mesh) 
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inherent moisture in the coal. Next, oxygen was used to burn of the carbon, leaving the ash 

material behind. The dry ash values from the process were used in the subsequent calculations.  

3.2.4 Data Processing 

 The dry ash values for a set of samples were fed into an Excel spreadsheet where they 

were used to determine the overall ash of the concentrate and tailings, as well as to reconstitute 

the feed ash. The spreadsheet was used to calculate the percent weight and cumulative percent 

weight for each size class, as well as the percent ash and cumulative percent ash for each size 

class. An example of this spreadsheet is provided in Table 3.5 and Table 3.6. The raw data for 

the Plant A - 8/30/11 sample is presented in Table 3.5, while the reconstituted data is presented 

in Table 3.6. Figure 3.5 is a visual representation of the data. It shows how breaking down the 

concentrate and tailings samples into floatable and non-floatable allows the user to see if there is 

material present in the samples that is negatively influencing the overall quality of the product. 

 

Figure 3.3: Denver Instrument scale used during testing. 
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The remaining raw and reconstituted data for the Plant A samples can be found in Appendix A, 

while the raw data and reconstituted data for the Plant B samples can be found in Appendix B. 

 Most of the values calculated in the spreadsheet were simple relationships. The dry 

weight was simply the amount of material in the given size class. The cumulative weight was the 

addition of each size classôs dry weight as particle size decreases. The weight percent was 

calculated by dividing the weight in the given size class by the total weight of the given sampleôs 

size classes. Cumulative weight percent was the addition of the each weight percent as particle 

size decreases. Ash percent was the dry ash value output from the ash analysis. Lastly, the 

cumulative percent ash was calculated as shown in [3.1], where W is the dry weight of the size 

class and A is ash percent for the size class. 

 
ὅόάȢὃίὬ Ϸ
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[3.1] 

 

Figure 3.4: LECO ash analyzer used during sample processing. 
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 The yield and combustible recovery values were calculated using [3.2] and [3.3]. Table 

3.7 contains a list showing what each variable means with respect to which part of the sample, 

feed, concentrate, or tail, was being examined.  
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[3.3] 

Ash recovery for the cell was calculated using [3.4], where c was the reconstituted concentrate 

ash, f was the feed ash, and Y was the yield.  
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[3.4] 

The ash recovery was then used to calculate the separation efficiency of the cell as seen in [3.5]. 

The separation efficiency is calculated by simply subtracting the ash recovery from the carbon 

recovery.  

 ὛὩὴȢὉὪὪȢ ὅὥὶὦέὲ ὙὩὧȢὃίὬ ὙὩὧȢ [3.5] 
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Table 3.5: Raw Data for Plant A 8/30/11. 
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Table 3.6: Reconstituted value for Plant A 8/30/11. 

 

 

Figure 3.5: Carbon partitioning of the Plant A ï 8/30/11 sample. 
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 The reconstituted concentrate and tails were calculated in a similar manner as previously 

discussed. However, obtaining the reconstituted feed was more complex. [3.6] was used to 

calculate the dry weight for each size class, where Wrc and Wrt are the weights of the 

reconstituted concentrate and tails, respectively, for the given size class. The variables Wrct and 

Wtct represent the total weights of the reconstituted concentrate and tails, respectively. Lastly, the 

yield was represented by the variable Y. 
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 The ash percent of a given size class in the reconstituted feed was calculated using [3.7]. 

The variables Arc and Art represent the percent ash of the reconstituted concentrate and tails for 

the given size class. The weight of material in the given size class was represented by the 

variable Wrf. All other variables are as previously defined. 
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[3.7] 

 Lastly, the amount of dilution washes was calculated for each of the Plant B samples. To 

accomplish this, several relationships were used. [3.8] shows the calculation for percent solids 

where Ws is the weight of the solids and Ww is the weight of the water.  

Table 3.7: Defining variables used to calculate yield and recovery. 

Variable Feed Concentrate Tailing 

f Feed % Ash Recon. Con % Ash Recon Tail % Ash 

c Recon. Con. % Ash Con Float % Ash Tail Float % Ash 

t Recon. Tail % Ash Con Sink % Ash Tail Sink % Ash 
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[3.8] 

[3.9] shows the mass balance equation for a flotation cell where Wf is the weight of the feed, Wc 

is the weight of the concentrate, and Wt is the weight of the tailings.  

 ὡ ὡ ὡ  [3.9] 

The relationship shown in [3.10] was obtained by dividing one of the terms shown in [3.9] by 

their respective percent solids. The Wfw term in this equation represents the amount of water 

present in the feed, while the 100 shown in [3.10] represents 100 units of feed. The correct 

amount of material was used for the concentrate and tailings based on this 100 units of feed. This 

can be easily calculated using the yield of the cell.  

 ὡ

ϷὛ
ὡ ὡ ρππὡ  

[3.10] 

[3.11] shows the new mass balance around the flotation cell, where the Www term has been added. 

This term represents the amount of wash water added to the system.  

ὡ ὡ ὡ ὡ ὡ ὡ ὡ  [3.11] 

By substituting in the appropriate values the amount of wash water added can be found, and then 

used to calculate the dilution washes as shown in [3.12]. 
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  Results and Discussion 3.3

3.3.1 Long Term Monitoring  

 Table 3.8 shows a summary of the concentrate data for the first sample obtained from 

Plant A, taken on January 11, 2011. Analyzing the release analysis data from this test shows a 

significant amount of hydrophilic material reported to the froth concentrate. This hydrophilic 

material was primarily located in the minus 325 mesh size class. Roughly 13% of the total 

sample weight is non-floatable material less than 325 mesh in size, and this material is 

approximately 87% ash. This result lead to an investigation of the wash water system present at 

Plant A. Figure 3.6 shows the original wash water ñringò system installed at Plant B. This system 

was very similar to the one installed at Plant A. The figure illustrates the inability of the ring 

distributor to provide adequate and even coverage of the froth. Also of note is the way the water 

is applied to the surface of the froth. The flow of water from the wash rings acts more like a jet, 

which can kill the froth, rather than like a gentle rain that distributes the water. Moreover, this 

turbulence could lead to some unwanted froth mixing, which would reduce the effectiveness of 

the wash water and result in a worse product. Lastly, the wash rings plug easily. With so few 

Table 3.8: Summary of concentrate data for the January  11, 2011 sample. 

 Total Concentrate Floatable Non-floatable 

Size Class 

(Mesh) 

Weight  

(%) 

Ash 

(%) 

Weight  

(% of Total)  

Ash 

(%) 

Weight  

(% of Total)  

Ash 

(%) 

+48 14.18 4.39 13.02 3.51 1.16 14.25 

48 x 100 25.97 4.57 25.47 3.94 0.50 36.75 

100 x 200 20.76 6.87 20.20 5.26 0.57 64.35 

200 x 325 10.13 10.62 9.49 6.15 0.64 77.03 

ī 325 28.96 43.39 15.97 8.01 12.99 86.90 

Total 100.00 16.88 84.14 5.21 15.86 78.79 

 



 

53 

 

holes per unit surface area of the cell, a few plugged holes greatly impact the performance of the 

wash water system. Thus, maintenance of the wash rings is crucial, but this maintenance can also 

be difficult and time consuming for the plant personnel.  

 After recognizing the poor performance of the wash rings, work was performed to ensure 

proper coverage and flow rate for the Plant A cell. As a result of this effort, an improvement in 

performance from the first sample was observed (Figure 3.7). An immediate drop occurs in 

concentrate ash and the amount of hydrophilic material present in the concentrate. The data then 

fluctuates around approximately 9% concentrate ash and 5% total weight of minus 325 mesh 

 

Figure 3.6: Poor coverage of wash rings at Plant B. 
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non- floatable material. Table 3.9 provides a numerical summary of the data shown in Figure 3.7.  

  A summary of the concentrate quality data for the March 24
th
 data set is shown in Table 

3.10. The total amount of non-floatable material present in the concentrate was reduced 

approximately ten percentage points from 15.86% on January 11
th
 to 5.71% on March 24

th
. The 

 

Figure 3.7: Concentrate Ash and % Weight of minus 325 mesh non-floatable material. 

Table 3.9: Summary of total con. ash and non-floatable 

minus 325 mesh material for the Plant A Samples. 

Sample # 

Total Con 

Ash 

(%) 

Non-Float 

- 325 Weight 

(% of Total Con) 

1/11/2011 16.88 12.99 

1/19/2011 9.54 5.38 

2/1/2011 9.29 4.94 

2/10/2011 9.11 4.05 

2/16/2011 12.56 7.76 

3/8/2011 9.32 5.26 

3/14/2011 6.88 2.84 

3/24/2011 9.51 4.66 

8/11/2011 12.24 11.08 

8/30/2011 8.94 7.04 
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concentrate ash was similarly reduced from 16.88% on January 11
th
 to 9.51% on March 24

th
, a 

drop of approximately seven percentage points.  

  The two tests taken later in the year show a jump in ash, although it is not as high as the 

original peak obtained from the first sample. Interestingly, both samples contain a much higher 

percent of minus 325 mesh non-floatable material than the earlier samples. This could be due to 

the later samples being a different blend of coal than the earlier samples. The first eight samples 

were all taken when the plant was running coal from one mine, while the two later samples were 

taken while the plant was running a blend of coals from two mines. 

 It should also be noted that increasing the rate of wash water to the cell had little to no 

effect on the quality of the floated product. Samples from January 11
th
 to March 8

th
 had wash 

water rates ranging from 274 to 330 GPM, with an average of approximately 311 GPM. Samples 

from March 14
th
 forward have higher wash water flow rates ranging from 450 to 530 GPM, with 

an average of 495 GPM. Generally, it is accepted that higher wash water flow rates positively 

impact the product quality. Figure 3.7 shows that, for the same blend of coal, the March 14
th
 

point provided the lowest overall ash of the samples tested, but the following week saw the ash 

rise back to up to the same level obtained with the lower wash water rates. 

Table 3.10: Summary of concentrate data for the March 24, 2011 sample. 

 Total Concentrate Floatable Non-floatable 

Size Class 

(Mesh) 

Weight  

(%) 

Ash 

(%) 

Weight  

(% of Total)  

Ash 

(%) 

Weight  

(% of Total)  

Ash 

(%) 

+48 8.02 6.16 7.31 4.69 0.71 21.26 

48 x 100 19.67 5.91 19.58 5.67 0.09 59.36 

100 x 325 36.42 5.83 36.18 5.35 0.25 76.19 

minus 325 35.88 15.97 31.22 5.48 4.66 86.22 

Total 100.00 9.51 94.29 5.41 5.71 77.25 
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 Figure 3.8 shows the clean coal yield, combustible recovery, and separation efficiency for 

the Plant A samples. The numerical data is summarized in Table 3.11 for reference. The data 

shows fluctuations in all three parameters. Recovery ranged from a low value of 33.35% on the 

August 30
th
 sample to a high value of 58.47% on the February 16

th
 sample, and has an average 

value of 44.92%. The average separation efficiency for the cell was 37.82%, with a high value of 

49.20% occurring on August 11
th
 and a low value of 28.80% occurring on February 1

st
. The 

maximum yield value of 37.32% occurred on February 16
th, 

while the minimum value of 21.20% 

occurred on August 30
th
. The average yield of the cell was 28.54%. 

 Examining combustible recovery and separation efficiency information shows the cells 

improvement in rejecting ash as time progressed. The gap between the recovery line and the 

separation efficiency line narrows, and the gap becomes fairly consistent starting with the March 

14
th
 sample. This narrowing indicates a reduction in ash recovery. The ash recovery values for 

these last points ranged from 4.39% to 6.01%., whereas the earlier samples ranged from 5.1% to 

 

Figure 3.8: Carbon recovery, separation efficiency, and yield for the Plant A data. 
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10.6%. It also important to note there is roughly a five month separation between the March and 

August samples, indicating the cell performance stabilized during this period with respect to ash 

recovery. 

3.3.2 Modification of  the Wash Water Distributor 

 One of the significant problems identified during the test program was the poor overall 

performance of the wash water distribution system.  A decision was made to replace the original 

wash water ring distributor with a new drip pan system due to the difficulties in trying to 

maintain adequate coverage using a wash water ring system. Drip pans provide a much larger 

number of holes per unit area. Thus, if one hole plugs, it does not greatly reduce the overall 

coverage of the cell. Also, drip pans are much easier to clean and maintain than wash rings, 

which is a substantial advantage for the plant personnel that have to operate and maintain the 

flotation equipment. Figure 3.9 shows the new drip pan installed at Plant B. This photograph 

easily demonstrates the superior coverage obtained by using a drip pan design over the original 

wash water ring design. 

Table 3.11: Combustible recovery, separation efficiency, and yield for Plant A. 

Sample 
Carbon Rec. 

(%) 

Ash Rec 

(%). 

Sep. Eff. 

(%) 

Yield 

(%) 

1/11/2011 45.01 10.32 34.70 28.72 

1/19/2011 47.17 9.56 37.62 34.30 

2/1/2011 36.16 7.37 28.80 26.53 

2/10/2011 40.29 5.17 35.12 24.89 

2/16/2011 58.47 10.61 47.86 37.32 

3/8/2011 49.19 7.58 41.61 32.55 

3/14/2011 40.37 4.39 35.97 25.81 

3/24/2011 44.00 5.54 38.46 26.50 

8/11/2011 55.21 6.01 49.20 27.58 

8/30/2011 33.35 4.50 28.85 21.20 
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3.3.3 Characterization Testing & Modification to the Air -Slurry Distributor  

 Significant surface turbulence was another issue discovered with early testing at Plant A. 

Very large slugs of undispersed gas appeared to be making it to the surface of the froth. Figure 

3.10 shows the initial slurry distribution design used on the Plant A unit. This design utilizes 

pipes connected to the top of the mixing chamber to distribute the air-slurry mixture into the tank 

where it separates into the froth and pulp zones.  

 After investigating the issue it was determined that the surface turbulence was connected 

to the slurry distribution design. Large air bubbles were forming inside the mixing chamber near 

the exit point. These pockets of gas would not exit the chamber until they had formed large 

slugs. Then, when sufficiently large, some portion of the gas would exit with the slurry and 

travel through the pipes down into the pulp. The slugs would then report to the froth zone and 

burst, thereby causing the observed surface turbulence and adversely impacting the ability of the 

wash water to remove entrained high-ash clay.  

 

Figure 3.9: Drip pan installed at Plant B. 
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 To alleviate the surface turbulence, the slurry distribution design was altered by the 

manufacturer. Figure 3.11 shows the altered slurry distribution design. As shown, the new design 

incorporated a spinning distributor plate in place of the distribution pipes. This plate sits at the 

top of the mixing chamber and throws the slurry into the tank. The gap between the disc and 

mixing chamber could be easily adjusted to simultaneously provide a small amount of back-

pressure needed to obtain good distribution without allowing air pockets to accumulate at the top 

of the mixing chamber. This new design was installed at Plant B and was in place during all of 

the test work conducted during that phase of the project.  

 As stated earlier, a total of 12 tests were performed on the Plant B flotation unit. Table 

3.3 provides a complete listing of the testing conditions. Table 3.12, Table 3.13, and Table 3.14 

each contain a summary of the results for the each parameter sweep. Table 3.12 contains the 

froth depth data, while Table 3.13 contains the agitator motor speed data, and Table 3.14 

contains the wash water rate data. These tables contain information on total concentrate ash, 

 

Figure 3.10: Initial Plant A slurry distribution design. 
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percent weight for the minus 325 mesh non-floatable material, dilution washes, carbon recovery, 

ash recovery, separation efficiency, and yield.   

 Similarly, Figure 3.12, Figure 3.13, and Figure 3.14 graph the total concentrate ash, 

percent weight of total concentrate for the minus 325 mesh non-floatable material, and dilution 

washes data for the froth depth tests, agitator motor speed sweep, and wash water tests 

respectively. Lastly, the data for recovery, separation efficiency, and yield are plotted in Figure 

3.15, Figure 3.16, and Figure 3.17 for the froth depth sweep, agitator motor speed sweep, and 

wash water rate tests respectively.  

 

 

Figure 3.11: Altered slurry distribution design using spinning distribution plate. 
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Table 3.12: Summary of the froth depth sweep for the Plant B samples 

Test 

# 

Froth 

Depth 

(in.) 

Total 

Con. % 

Ash 

Non-Float 

minus 325 

%Weight  

of Total 

Dilution 

Washes 

Carbon 

Rec. 

(%)  

Ash 

Rec 

(%) . 

Sep. 

Eff.  

(%)  

Yield 

1 30 5.42 3.53 4.96 20.54 1.27 19.28 11.27 

2 24 7.12 4.88 2.00 35.91 3.03 32.87 20.26 

3 18 7.37 5.41 1.44 34.98 3.04 31.94 19.71 

4 12 8.37 6.61 1.77 31.56 3.22 28.34 18.17 

 

 

 

Table 3.13: Summary of the agitator motor speed sweep for the Plant B samples 

Test 

# 

Agitator  

Motor  

Speed 

(Hz) 

Total 

Con. % 

Ash 

Non-Float 

minus 325 

%Weight  

of Total 

Dilution 

Washes 

Carbon 

Rec. 

(%)  

Ash 

Rec 

(%) . 

Sep. 

Eff.  

(%)  

Yield 

5 0 6.39 4.53 3.21 38.01 3.07 34.94 22.01 

6 30 6.88 5.19 2.55 38.26 3.61 34.65 23.04 

7 45 7.12 4.73 1.45 36.08 3.72 32.36 22.28 

8 60 7.65 6.54 7.70 19.77 2.13 17.64 12.09 

 

 

 

Table 3.14: Summary of the wash water rate sweep for the Plant B samples 

Test 

# 

Wash 

Water 

Rate 

(gpm) 

Total 

Con. % 

Ash 

Non-Float 

minus 325 

%Weight  

of Total 

Dilution 

Washes 

Carbon 

Rec. 

(%)  

Ash 

Rec 

(%) . 

Sep. 

Eff.  

(%)  

Yield 

9 0 10.99 8.74 0.00 37.07 5.66 31.42 23.02 

10 260 6.94 5.16 1.20 31.04 2.82 28.23 18.31 

11 345 6.76 4.68 1.94 39.32 3.59 35.73 23.50 

12 400 7.94 5.60 1.92 33.25 3.03 30.22 18.55 
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Figure 3.12: Concentrate ash, non-floatable minus 325 mesh % weight of total, and dilution wash 

data for the froth depth samples. 

 

 

Figure 3.13: Concentrate ash, non-floatable minus 325 mesh % weight of total, and dilution wash 

data for the agitator motor speed samples. 
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Figure 3.14: Concentrate ash, non-floatable minus 325 mesh % weight of total, and dilution wash 

data for the wash water rate samples. 

 

 

Figure 3.15: Carbon recovery, separation efficiency, and yield for the froth depth samples. 
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Figure 3.16: Carbon recovery, separation efficiency, and yield for the agitator motor speed samples. 

 

 

Figure 3.17: Carbon recovery, separation efficiency, and yield for the wash water rate samples. 

 



 

65 

 

 Table 3.12, Figure 3.12, and Figure 3.15 show how the cell performs with respect to 

changing froth depths. Increasing froth depth lead to an improved concentrate ash and reduced 

the amount of non-floatable material present in the concentrate. The minimum froth depth tested, 

12 inches, produced the highest concentrate ash, 8.37%, and contained the largest amount of 

minus 325 mesh hydrophilic material, 6.61% of the total concentrate weight. As froth depth 

increased the flotation process became more selective. A more traditional froth depth of 24 

inches produced a concentrate ash of 7.12%, while the minus 325 mesh hydrophilic material in 

this sample only made up 4.88% of the total concentrate weight. As expected the deepest froth 

depth test, 30 inches, produced the best results with respect to concentrate ash and hydrophilic 

material present in the concentrate. This deep froth resulted in a concentrate ash of 5.42%, and 

the minus 325 mesh hydrophilic material comprised only 3.53% of the total concentrate weight. 

The spike seen in the dilution washes data is likely linked to the drop in recovery and yield for 

that point. A smaller amount of very high percent solids product is being produced. This results 

in less water reporting to the concentrate.  

 Figure 3.15 shows trends that go against what is commonly accepted with respect to coal 

flotation. It is commonly held that shallower froth depth provide a greater recovery. These tests 

show that for the cell the optimum froth depth, with respect to maximizing recovery, occurs 

somewhere around 22 inches. The data does suggest that extreme froth depths do decrease the 

recovery. This extreme froth depth does provide the lowest ash recovery, which is to be expected 

since this is when the flotation process is the most selective. Another way that the data conflicts 

with the commonly held conventions is the sensitivity of the data to changes in froth depth. It has 

been shown that as froth depth increases both product ash and carbon recovery decrease for a 

typical flotation column, but that product ash is more sensitive to this change than carbon 
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recovery. For the StackCell, the data suggests that both factors are sensitive to a change in froth 

depth. As stated earlier the product ash ranges from 8.37% to 5.42%, a variation of 2.95 

percentage points. The recovery on the other hand varies from a maximum of 35.91% at 24 

inches of froth depth to 20.54% at 30 inches of froth depth, a change of 15.36 percentage points.  

 Investigating Table 3.13, Figure 3.13, and Figure 3.16 reveals how the StackCell 

performs with changes in agitator motor speed. The cell operates as expected when considering 

concentrate ash. As the agitator motor speed increases so does the concentrate ash. A 0 Hz motor 

speed results in concentrate ash of 6.39%. This ash increase to a maximum of 7.65% at 60 Hz, 

the highest speed tested. This results in a total change of 1.26 percentage points in the 

concentrate ash. Also as expected the increased turbulence resulted in an increasing amount of 

minus 325 mesh material reporting to the concentrate. At 0 Hz 4.53% of the concentrate is made 

of minus 325 mesh hydrophilic material. This value increases to 6.54% at a motor speed of 60 

Hz. Very little confidence should be placed in the dilution washes data for this set of samples. It 

is believed that samples used to calculate the percent solids for this set of data became diluted 

during the testing process. This dilution ultimately affects only the dilution washes data.  

 Once again, the StackCell seems to follow the known trends with respect to concentrate 

ash, but deviates when examining carbon recovery and yield. Commonly for mechanical cells, 

both recovery and yield increases as agitator speed increases. The data shows that as the agitator 

motor speed increase, thus increasing the speed of the agitator, the carbon recovery, separation 

efficiency, and yield, all hold fairly constant until the speed exceeds 45 Hz. At 45 Hz, the cell 

produced a carbon recovery 36.08%, a separation efficiency of 32.36%, and yield of 22.28%. At 

60 Hz these values fall to 19.77%, 17.64%, and 12.09% respectively. This results in decreases of 

16.31 percentage points for carbon recovery, 14.72 percentage points for separation efficiency, 

 

 

on recovery, separation efficiency, and yield for the agitator motor speed samples 
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and 10.19 percentage points for yield. The drop in separation efficiency is linked to the drop in 

carbon recovery, because carbon recovery is used to calculate separation efficiency. The 60 Hz 

actually produced the lowest ash recovery value. Thus, if carbon hadnôt dropped drastically itôs 

likely that this point would have produced the highest separation efficiency.  

 Table 3.14, Figure 3.14, and Figure 3.17 show how StackCell performance changes with 

varying wash water rates. As with the previous two sets of data, the cell follows the known trend 

with respect to total concentrate ash. As wash water rate increase concentrate ash decreases 

except for the highest wash water rate tested. In this case an increase in concentrate ash is 

observed. During the testing fluctuations in the wash water rate did occur due to pump cycling in 

the preparation plant. While this could be a contributing factor to this high value it is unlikely 

that it is solely responsible since the other data points were subjected to the same testing 

conditions. A more likely scenario is short circuiting of the wash water into the concentrate. This 

belief is supported by the fact that the dilution washes did not increase with the increase to the 

highest wash water rate. Thus, more of the wash water must have reported to the concentrate, 

which reduced the dilution washes for that test. This short circuiting could have also created a 

flow in froth, pulling unwashed material into concentrate thus driving up the concentrate ash. 

 Overall, the concentrate ash was a maximum, 10.99%, when there was no wash water 

added. The minimum ash occurred with the addition of 345 GPM of wash water, resulting in a 

6.76% concentrate ash. The 260 GPM test also produced a very similar concentrate ash, 6.94%. 

The minus 325 mesh hydrophilic material present in the concentrate was highest, 8.74%, at 0 

GPM. All of the other rates tested produced similar results ranging from 4.68% at 345 GPM to 

5.60% at 400 GPM. 
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 The recovery, separation efficiency, and yield data for the StackCell starts off following 

the known trend but it does contain an anomaly. Generally as wash water rate increases the 

carbon recovery decreases. This holds true for the first two data points tested, but the 345 GPM 

data point spikes the recovery, separation efficiency, and yield. The highest GPM value test still 

resulted in higher carbon recovery, separation efficiency, and yield values than the data point 

directly before the spike. The cause of this anomaly is unknown and it is unlikely that it is solely 

the result of the wash water addition rate. It is possible a slight change in froth depth occurred, 

which resulted in the higher recovery. 

 The highest carbon recovery, 39.32 %, occurred at 345 GPM, while the lowest, 31.04%, 

occurred at 260 GPM, resulting in a range of 8.27 percentage points. The highest ash recovery 

value, 5.66%, occurs at 0 GPM, and lowest value, 2.82%, occurs at 260 GPM, resulting in a 

range of 2.84 percentage points. All of the data points, except for the 0 GPM point, produced 

very similar ash recovery values ranging from 2.82% to 3.59%. The yield follows the same 

pattern as the recovery with the highest value, 23.50%, occurring at 345 GPM, while the 

minimum value, 18.31%, occurs at 260 GPM, a range of 5.19 percentage points. 

 Surface turbulence, similar to that observed at Plant A, was present during the Plant B 

testing. After investigating the resulting data and continued monitoring, the cell manufacturer 

chose to further change the slurry distribution design used in the cell. It is believed that the jet 

exiting the mixing chamber caused a large amount of turbulence at or near the froth-pulp 

interface which resulted in froth mixing.  

Figure 3.11 shows the design in question. To alleviate this issue, the cell manufacturer placed a 

shroud around the mixing chamber. The jet interacts with the shroud and is forced deeper into 

the cell and away from the froth pulp interface. Not only does this help to reduce or eliminate the 
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surface turbulence, it also gives the air more time distribute throughout the cell rather than 

immediately reporting to the froth. This new distribution design can be seen in Figure 3.18.  

  Conclusions 3.4

 The testing work performed on the StackCell at the Plant A and Plant B sites resulted in 

three major design changes. The first of these changes being the use of drip pans rather than 

wash rings. Drip pans are easier to operate and maintain, and provide better water coverage than 

wash rings. The second change to the design of the StackCell was the use of a spinning 

distributor plate rather than distributor pipes in order to transfer the slurry from the mixing 

chamber to the tank for pulp-froth separation. This design change was made in an effort to 

reduce surface turbulence, but unfortunately did not alleviate the symptoms entirely. Another 

change to the slurry distribution system was required. This change added a shroud around the 

mixing chamber in order to force the exiting jet deeper into the cell and away from the froth-pulp 

interface. 

 

Figure 3.18: Spinning plate distributor with shroud. 
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 Long-term testing of the StackCell showed that it had stabilized with respect to ash 

recovery, and fluctuates between 4.39% and 6.01% for the Plant A coal. Likewise, after 

correcting the wash water issue, the concentrate ash fluctuates around approximately 9.5%. 

Average recovery for these tests was 44.92% with no major outliers, while the average yield was 

28.54% with no major outliers. 

 The characterization testing at Plant B showed that the design of the tested StackCell 

produced numerous anomalies when compared to accepted conventions of flotation. In most 

cases the concentrate ash followed the known trends, except for higher wash water rates where 

concentrate ash increased rather than decreasing.  

 The major breaks from the traditional theory came with respect to carbon recovery. It has 

been shown that as froth depth increase recovery decrease. In the Plant B froth depth tests carbon 

recovery increased to a maximum value of 35.91% at a froth depth of 24 inches. Although, this 

value then immediately fell to 20.54% at a froth depth of 30 inches.  

 It has also been shown that, for mechanical cells, increasing rotor speed results in 

increases in recovery and yield. Not all of the data collected in this study follows this trend. 

Instead, as the agitator motor speed increased the carbon recovery and yield held fairly constant 

at approximately 38-36% and 22%, respectively. Although, once the highest agitator motor 

speed was achieved, both values fell sharply to a carbon recovery of 19.77% and a yield of 

10.19%.  

 Lastly, it is generally held that as wash water rate increases carbon recovery decreases. 

This holds true for the 0 GPM and 260 GPM Plant B data sets, which achieved carbon recoveries 

of 37.07% and 31.04% respectively. In contrast, a spike in carbon recovery, 39.32%, occurs at 
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345 GPM. The carbon recovery then drops to a value of 33.25% at 400 GPM. The cause of the 

spike at 345 GPM is unknown. 

 The anomalies listed above in combination with visual observation of surface turbulence 

were driving factors in adding the shroud to the current slurry distribution design. 
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4.0  CARBON PARTIONING TEST  

  Introduction  4.1

 Normally, a release analysis requires an expensive flotation machine and flotation 

chemicals to perform. On top of these costs, it is also a time consuming procedure to perform 

properly. During a trip to Plant B, an interesting idea was proposed. Could a process be 

developed that would allow plant operators to perform a quick spot check of the flotation product 

or tails? With this idea in mind, an oil-pulp separation was chosen as the most likely candidate 

for a spot check test. Figure 4.1 shows an in-plant proof-of-concept test, where a sample of froth 

product was mixed in a test tube with torch oil and dilution water. This photograph shows that 

the hydrophobic and hydrophilic material easily partitions into an oil zone and a pulp zone. This 

separation is the driving force behind the development of the carbon partitioning test.  

 

Figure 4.1: Proof of concept for oil release test. 
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  Experimental 4.2

4.2.1 Processes Used 

 Samples were spilt out from the Plant B and Plant A flotation samples in order to 

compare the carbon partitioning test to the standard release analysis. The samples used in the 

development of the carbon partitioning test can be seen in Table 4.1. The Plant B samples were 

split out using the same slurry splitter seen in Figure 3.1. The Plant A samples were well mixed 

and then sample splits were poured out from the main sample.  

 The first attempt at obtaining results comparable to that of a release analysis utilized the 

separatory funnel seen in Figure 4.2. Concentrate and tailings samples from Plant B tests #5, #6, 

and #8 were used during this phase of development. These samples were well mixed and then 

smaller samples were removed from them by dipping a beaker into the parent sample. It was 

assumed that concentrate samples were initially at 14% solids, and then they were diluted to less 

than 5% solids. Tailing samples were assumed to already be less than 5% solids. The samples 

were then placed in the separatory funnel and more dilution water was added. Approximately 10 

ml of oil per 300 ml of slurry was added to separatory funnel. The funnel was then capped and 

shaken vigorously. The shaking caused the slurry and oil to mix, and this mixing allowed the oil 

to coat the coal particles. After ceasing the agitation the coal and clay particles separated into an 

oil phase and a pulp phase. The tap on the separatory funnel was used to drain the pulp away 

Table 4.1: Samples used to develop 

the carbon partitioning test. 

Samples Tested 

Plant B Test #5 

Plant B Test #6 

Plant B Test #8 

Plant A 8/11/11 

Plant A 8/30/11 

 



 

74 

 

while leaving the oil phase in the separatory funnel. Dilution water was then reintroduced to the 

system and the process was repeated until the tailings were visibly clear. This process resulted in 

a total of twelve samples, a float and sink product for each of the six Plant B samples tested. The 

samples were then filtered, dried, weighed, and analyzed for ash content. The ash analysis was 

performed using the same ash analyzer seen in Figure 3.4.  

 The second method tested used a blender in place of the separatory funnel. The blender 

used in this test can be seen in Figure 4.3 and is a model 54618Z Hamilton Beach blender. This 

model was chosen because it was cheap and had a built in tap that could be used to drain the pulp 

away from the oil phase.  

 Samples for these tests were obtained using the same method as described for the 

separatory funnel tests. The samples used for these tests were once again concentrate and tailings 

from the Plant B #5, #6, and #8 tests. In this procedure the sample was placed in the blender and 

diluted with water until the blender was full. No assumptions were made about the sampleôs 

percent solids, nor was a desired percent solids obtained prior to loading the sample into the 

blender. Instead, 10 ml of oil were initially added to both the concentrate and tailing samples for 

 

Figure 4.2: Separatory funnel used in the development of the carbon partitioning test. 
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the Plant B #5 and #6 tests. The Plant B #8 concentrate had an initial oil addition of 10 ml as 

well, but the tailings had only 5 ml of oil added initially.  

 After the initial oil additions, the blender was run for approximately 30 seconds. At this 

point, the material was allowed to separate into an oil phase and a pulp phase. If the separation 

was not acceptable, an additional 2 ml of oil was added to the system and the process was 

repeated until either an acceptable separation was obtained or there was no visible improvement 

after several oil additions. The total amount of oil added for each test can be seen in Table 4.2. 

 Once an acceptable separation had been obtained, the tailings were drained from the 

blender using the built in tap. This allowed the concentrate to remain in the blender. The tailings 

were then set aside to be combined with future tailings. The concentrate was then diluted and the 

process was repeated. No oil was added to system once an acceptable separation had been 

obtained. The concentrate was then blended again and allowed to separate into an oil phase and a 

pulp phase. The tails were then drained and set aside with the previous iterationôs tails. This 

 

Figure 4.3: Hamilton Beach model 54618Z blender used during testing. 
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process continued until the tailings were visibly clear. At this point the concentrate and 

combined tailings were filtered, dried, weighed, and analyzed for ash content.  

 The third attempt to simulate a release analysis used the same blender as the previous 

method, but in this set of tests the starting samples were not diluted to fill the blender. Instead the 

blender was filled to capacity with slurry. Plant A samples were used for these tests due to the 

quantity of sample available, but the procedure remained the same. The sample was well mixed, 

and then poured into the blender until it was approximately 3/4 full. A similar approach to oil 

addition was implemented on the Plant A samples. Although, the starting amount of oil varied as 

the procedure became more familiar. A summary of the oil added to the Plant A samples can be 

seen in Table 4.3 

 Another change from the previous blender tests was the use of a different tap as seen in 

Figure 4.4. A fine adjustment tap was added to the blender in place of the older tap. The new tap 

allows for water to be drained out of the blender while the operator is not present. The previous 

tap required the operator to be present in order to hold it open. 

Table 4.2: Amounts of oil added to the Plant B blender tests. 

Sample Tested 
Initial Oil  

(ml) 

Oil Addition Rate 

(ml/addition)  
Additions 

Total Oil Added 

(ml) 

 Test #5 Con 10 2 1 12 

 Test #5 Tail 10 2 2 14 

 Test #6 Con 10 2 1 12 

 Test #6 Tail 10 2 0 10 

 Test #8 Con 10 2 1 12 

 Test #8 Tail 5 1 1 6 
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 Once enough oil had been added to the system to obtain an acceptable separation between 

the pulp and oil phases, it was drained from the system using the new tap. The tap was opened 

until a steady stream of tailings was flowing from the blender. Once a steady stream had been 

obtained, the operator was not required to be present. The tailings drained from the blender on 

their own. It should be noted that some hydrophobic material was removed along with the 

hydrophilic. This can be seen floating on top of the water in Figure 4.5. Usually this material 

reports to the tailings when a change in flow rate occurs or the blender is disturbed. The amount 

of hydrophobic material that reports the tailings should not be enough to skew the results.  

 After removing the tailings the concentrate is diluted and blended again. The tailings are 

Table 4.3: Amounts of oil added to the Plant A blender tests. 

Sample Tested 
Initial Oil  

(ml) 

Oil Addition Rate 

(ml/addition)  
Additions 

Total Oil Added 

(ml) 

 8/11/11 Con A 12 2 19 50 

 8/11/11 Tail A 10 2 4 18 

 8/11/11 Con B 20 2 5 30 

 8/11/11 Tail B 2 2 3 8 

 8/30/11 Con A 20 2 3 26 

 8/30/11 Tail A 2 2 1 4 

 8/30/11 Con B 20 2 3 26 

 8/30/11 Tail B 2 2 1 4 

 

 

Figure 4.4: New and old tap used on the blender. 
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removed and the process continues until the tailings are visibly clear. Four sequential blends 

were performed on the Plant A samples in order to obtain clear tailings. As stated earlier, the 

resulting concentrate and combined tailings were filtered, dried, weighed, and analyzed for ash 

content.  

4.2.2 Data Processing 

 Once the dry weights and dry ash values were obtained for each set of tests, they were 

entered into a spreadsheet where combined percent ash, yield, and a reconstituted feed ash were 

all calculated. The combined concentrate ash was calculated by using the cumulative ash 

formulae, [3.1], along with the float and sink products for the appropriate sample. This same 

procedure was followed for calculating the combined tailings ash. The yield was calculated by 

using the feed ash from the appropriate release analysis, the combined concentrate ash, and the 

combined tailings ash along with [3.2]. Lastly, the feed was reconstituted using [3.6] and [3.7] in 

the same manner as was described with the characterization samples. Table 4.4 shows the raw 

 

Figure 4.5: Hydrophobic material reporting to the tailings. 
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and reconstituted data for the Plant A August 30
th
 sample. The rest of the raw and reconstituted 

data for all three attempted methods can be found in Appendix C.  

Table 4.4: Results of the Plant A 8/30/11 - A blender test. 

 

Yield 23.66 

Concentrate 

 

Paper 

(g) 

Paper 

& Dry  

(g) 

Dry 

Weight 

(g) 

Cum. 

Weight 

(g) 

Weight 

% 

Cum. 

Weight 

% 

Ash 

% 

Cum.  

Ash 

% 

Float 6.05 156.73 150.68 150.68 94.45 94.45 4.83 4.83 

Sink 6.11 14.96 8.85 159.53 5.55 100.00 84.21 9.23 

  Total 159.53 
 

100.00 
 

9.23 
 

 

Tailings 

 

Paper 

(g) 

Paper 

& Dry  

(g) 

Dry 

Weight 

(g) 

Cum. 

Weight 

(g) 

Weight 

% 

Cum. 

Weight 

% 

Ash 

% 

Cum.  

Ash 

% 

Float 6.17 25.33 19.16 19.16 45.09 45.09 10.31 10.31 

Sink 5.97 29.30 23.33 42.49 54.91 100.00 86.79 52.30 

  
Total 42.49 

 
100.00 

 
52.30 

 
 

Feed (Reconstituted) 

 

Dry 

Weight 

(g) 

Cum. 

Weight 

(g) 

Weight 

% 

Cum. 

Weight 

% 

Ash % 
Cum.  

Ash % 

Float 56.77 56.77 56.77 56.77 8.15 8.15 

Sink 43.23 100.00 43.23 100.00 86.71 42.11 

 
100.00 

 
100.00 

 
42.11 
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 Results and Discussion 4.3

 The results for each carbon partitioning test were compared to those of their respective 

release analysis samples. Table 4.5 contains the data for the Plant B separatory funnel samples 

and the appropriate release analysis data. Table 4.6 shows the data for the Plant B blender tests 

and their respective release analysis samples. Lastly, Table 4.7 contains the results for the Plant 

A blender samples and their respective release analysis samples. The data has also been graphed 

and can be seen in Figure 4.6, Figure 4.7, and Figure 4.8, respectively.  

 Table 4.5 and Figure 4.6 show that the spearatory funnel was capable of producing results 

comparable to those of a release analysis for each component except for concentrate sink. In this 

Table 4.5: Percent ash results for the separatory funnel tests for Plant B. 

Sample Tested 
Sep. Fun. 

(% Ash) 

Release 

(%Ash) 

 Test #5 Con Float 2.82 2.93 

 Test #5 Con Sink 14.58 76.91 

 Test #5 Con (Recon) 4.11 6.39 

 Test #5 Tail Float 5.24 6.63 

 Test #5 Tail Sink 79.40 88.04 

Test #5 Tail (Recon) 54.68 56.93 

 Test #5 Feed (Recon) 45.81 45.81 

 Test #6 Con Float 2.83 3.01 

 Test #6 Con Sink 18.71 75.19 

 Test #6 Con (Recon) 4.46 6.88 

 Test #6 Tail Float 5.09 6.55 

 Test #6 Tail Sink 78.19 87.98 

 Test #6 Tail (Recon) 53.20 55.01 

 Test #6 Feed (Recon) 43.92 43.92 

 Test #8 Con Float 2.79 3.04 

 Test #8 Con Sink 20.40 71.64 

 Test #8 Con (Recon) 5.11 7.65 

 Test #8 Tail Float 4.72 6.08 

 Test #8 Tail Sink 74.24 86.08 

 Test #8 Tail (Recon) 45.90 48.45 

Test #8 Feed (Recon) 43.52 43.52 
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case, the separatory funnel under estimated the percent ash present in the sample. It is believed 

that this variation is due to incomplete recovery of the hydrophobic material to the concentrate 

float sample.  

 These promising initial results lead to the idea of increasing the shear force present in the 

mixture, allowing for a better separation between the hydrophobic and hydrophilic material. The 

blender was used to produce this high shear environment. Examining Table 4.6 and Figure 4.7 

show that these initial blender tests produced similar results to that of the separatory funnel. The 

concentrate sink component did shift closer to the results of the release analysis, but are still a 

gross under estimate. 

Table 4.6: Percent ash results for the Plant B blender tests. 

Sample Tested 
Blender 

(% Ash) 

Release 

(%Ash) 

 Test #5 Con Float 3.56 2.93 

 Test #5 Con Sink 24.51 76.91 

 Test #5 Con (Recon) 6.10 6.39 

 Test #5 Tail Float 5.52 6.63 

 Test #5 Tail Sink 77.05 88.04 

King Test #5 Tail (Recon) 59.82 56.93 

 Test #5 Feed (Recon) 45.20 45.81 

 Test #6 Con Float 2.71 3.01 

 Test #6 Con Sink 21.02 75.19 

 Test #6 Con (Recon) 5.42 6.88 

 Test #6 Tail Float 5.67 6.55 

 Test #6 Tail Sink 78.06 87.98 

 Test #6 Tail (Recon) 57.68 55.01 

 Test #6 Feed (Recon) 40.82 43.92 

 Test #8 Con Float 2.66 3.04 

 Test #8 Con Sink 26.14 71.64 

 Test #8 Con (Recon) 5.04 7.65 

 Test #8 Tail Float 4.32 6.08 

 Test #8 Tail Sink 74.38 86.08 

 Test #8 Tail (Recon) 51.71 48.45 

Test #8 Feed (Recon) 40.04 43.52 
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 The third attempt at producing comparable results used a blender full of slurry rather than 

a diluted slurry. Table 4.7 and Figure 4.8 show that this combination of a high shear environment 

and higher percent solids present in the blender produces results comparable to those of the 

release analysis. In fact, in the case of the concentrate sink component the full blender tests 

produced a higher ash than those of the release analysis. This indicates that a better separation 

Table 4.7: Percent ash results for the Plant A blender tests. 

Sample Tested 
Blender 

(% Ash) 

Release 

(%Ash) 

 8/11 Con Float A 4.91 4.68 

 8/11 Con Sink A 88.81 71.36 

 8/11 Con (Recon) A 12.08 12.24 

 8/11 Tail Float A 25.16 11.61 

 8/11 Tail Sink A 91.37 91.38 

 8/11 Tail (Recon) A 76.10 72.89 

 8/11 Feed (Recon) A 56.16 56.16 

 8/11 Con Float B 5.13 4.68 

 8/11 Con Sink B 90.35 71.36 

 8/11 Con (Recon) B 12.14 12.24 

 8/11 Tail Float B 21.48 11.61 

 8/11 Tail Sink B 91.46 91.38 

 8/11 Tail (Recon) B 74.67 72.89 

 8/11 Feed (Recon) B 56.16 56.16 

 8/30 Con Float A 4.83 4.21 

 8/30 Con Sink A 84.21 69.02 

 8/30 Con (Recon) A 9.23 8.94 

 8/30 Tail Float A 10.31 10.57 

 8/30 Tail Sink A 86.79 83.18 

 8/30 Tail (Recon) A 52.30 51.04 

 8/30 Feed (Recon) A 42.11 42.11 

 8/30 Con Float B 4.49 4.21 

 8/30 Con Sink B 79.99 69.02 

 8/30 Con (Recon) B 9.91 8.94 

 8/30 Tail Float B 11.50 10.57 

 8/30 Tail Sink B 87.32 83.18 

 8/30 Tail (Recon) B 51.98 51.04 

 8/30 Feed (Recon) B 42.11 42.11 
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Figure 4.6: Results of the separatory funnel tests compared to those of the release analysis. 

 

 

Figure 4.7: Results of the Plant B blender tests compared to those of the release analysis. 
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occurred using the blender than the flotation machine. The drift seen in the Tail Float 8/11 

component is believed to be due to an over dosage of oil. Having too much oil in the 8/11 

tailings sample allowed high ash particles to become coated and float along with the coal present 

in the sample. The recovery these high ash particles drove the ash content of the Tails Float 

component up. The 8/30 tailing sample used a lower level of oil addition and both the float and 

sink components from that test fall around the line. 

 Table 4.8 shows the weight of the oil added and the wieght of carbon present in each 

Plant A blender test. To perform this calculation it was assumed that the oil used in the test has a 

density of 0.8 g/ml. Examining this table confirms that the 8/11 tailings sample did have a much 

lower carbon to oil ratio than the rest of the tests. The results of all the 8/30 tests fell close to the 

release analysis values. The carbon to oil ratio of these samples all fell in the range of 6 to 7. 

Though it does appear that concnertrate samples can be tested with a much large amount of oil. 

Both of the 8/11 concetrate samples produced good results and had carbon to oil ratios of 4.22 

 

Figure 4.8: Results of the Plant A blender tests compared to those of the release analysis. 
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and 4.35. This shows that concentrate samples are less susceptible to an over addition of oil than 

tailings samples.  

 During the data processing each set of carbon partitioning samples, concentrate and 

tailings, used the respective release analysisôs feed sample to calculate the yield. This yield was 

then used to reconstitute a feed based on the concentrate and tailings results for the carbon 

partitioning test. It is understood that the feed ash for a given flotation circuit will not always 

been known. Instead, a yield value for circuit will commonly be reported and updated over time. 

With this knowledge in mind, a sensitivity analysis was performed on the Plant A August 30
th
 A 

sample. The results of the sensitivity analysis can be seen in Table 4.9. As the table shows, a five 

percentage point change of the yield in either direction results in roughly a 2.15 percentage point 

change of the reconstituted feed ash in the opposite direction. If a 10 percentage point change of 

the yield occurs in either direction a 4.31 percentage point change in the reconstituted feed ash 

occurs in the opposite direction.  

Table 4.8: Carbon to oil comparison of each Plant A blender test. 

Plant A  

Sample 
Split % Ash 

Weight of  

Material (g) 

Weight of  

Carbon (g) 

Amount of 

Oil (ml) 

Weight 

of Oil (g) 

Carbon/Oil  

Ratio 

8/11/2011 Con 1 12.08 192.09 168.88 50 40.00 4.22 

8/11/2011 Tail 1 76.10 46.58 11.13 18 14.40 0.77 

8/11/2011 Con 2 12.14 118.84 104.41 30 24.00 4.35 

8/11/2011 Tail 2 74.67 49.72 12.59 8 6.40 1.97 

8/30/2011 Con 1 9.23 159.53 144.80 26 20.80 6.96 

8/30/2011 Tail 1 52.30 42.49 20.27 4 3.20 6.33 

8/30/2011 Con 2 9.91 150.13 135.26 26 20.80 6.50 

8/30/2011 Tail 2 51.98 41.81 20.08 4 3.20 6.27 
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  Conclusions 4.4

 A method for obtaining results comparable to those of a release analysis cheaply and 

quickly was developed. This method uses a blender with a tap installed for easy removal of the 

tailings material. The blender should be loaded to capacity with slurry, and no dilution water 

should be added initially. The amount of oil added to the system should be calibrated to each 

site, but a range of 6 to 7 when comparing the carbon weight to the weight of the oil can be used 

as a starting point. The data shows that concentrate samples are less susceptible to adding to 

much oil than tailings samples.  

 The test can be performed by starting with a very low initial amount of oil, and adding a 

small amount of oil to the system after each attempt to produce an adequate separation between 

the oil phase and pulp phase. This addition continues until the desired separation occurs or there 

is no visible improvement in the separation after a blend time of thirty seconds. After obtaining 

the proper amount of oil the process continues in a manner very similar to that of a traditional 

release analysis. 

 The method for reconstituting a feed ash was also tested in order to ensure that subtle 

variations in yield would not grossly affect the percent ash of the reconstituted feed. This highest 

variation tested, a change of ±10 percentage points, produced only a 4.31 percentage point 

change in reconstituted feed ash. 

Table 4.9: Percent ash results for the separatory funnel tests. 

Change in Yield Recon. Feed Ash Difference 

+10 37.80 -4.31 

+5 39.96 -2.15 

0 42.11 0 

-5 44.27 2.16 

-10 46.42 4.31 
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 Based on the testing experience, some recommendations about the process can be made. 

The tap on the blender should be replaced or modified to allow for continuous flow without the 

operator being present. Allowing the sample to drain without the operator being present also 

frees up the operator to perform another task. A second suggestion would be to obtain a blender 

made of metal or glass. The blender used in the testing was made of plastic. Due to this the coal 

and oil agglomerations stuck to the sides and base of the blender. This made removing the 

concentrate sample from the blender very difficult, and sometimes the sides of the blender would 

become so coated that it obstructed the view into the blender. The final suggestion is to 

remember that some hydrophobic material will report to the tailings. To minimize this, users 

should avoid changing the flow rate on the tap once a steady stream has been obtained. Also, 

users should avoid contacting the blender during the draining process if possible. 
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5.0  DRIP PAN PROGRAM DEVELOPMENT  

  Introduction  5.1

 The importance of adequate wash water distribution has been shown. Due to this 

importance, an effort was made to develop a program to aid in the design of drip pans. The 

program would take various inputs such as hole diameter, hole spacing, and pattern type, and 

output parameters such as required water head. An investigation was also performed to 

determine the effect plate thickness has on flow rate. 

  Experimental 5.2

5.2.1 Apparatus 

 In order to study the flow rate through an orifice plate an apparatus, shown in Figure 5.1, 

was constructed. The apparatus consisted of three major parts: the water intake pipe, the orifice 

plates, and the tank. The water intake pipe, Figure 5.2, consists of a downward flow pipe which 

empties into a cup. The water then flows upwards through holes cut in the top of the cup, seen in 

Figure 5.3. Three plates of separate thicknesses were produced. All three plates contain three sets 

of holes, a drilled set, a drilled and counter sunk set, and a plasma cut and counter sunk set. Each 

set of holes were cut in order to produce five unique hole sizes. The hole diameters used in the 

tests are 3/16-, 1/4-, 5/16-, 3/8- and 7/16-inch. Figure 5.4, Figure 5.5, and Figure 5.6 show the 

1/8-, 3/16- and 1/4-inch thick plates, respectively. Lastly, the tank was equipped with a sight 

glass and a ruler, as seen in Figure 5.7, in order to measure the water level in the apparatus. 

Weirs were cut in the side of the tank to help regulate the water level present in the apparatus as 

well. These weirs were plugged using rubber stoppers during the testing. 



 

89 

 

  

 

Figure 5.1: Apparatus built to t est flow through an orifice plate. 

 

 

Figure 5.2: Water intake pipe. 
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Figure 5.3: Holes cut into the water intake pipe. 

 

 

 

Figure 5.4: 1/8-inch thick plate. 
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Figure 5.5: 3/16-inch thick plate. 

 

 

 

Figure 5.6: 1/4-inch thick plate. 
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5.2.2 Testing Procedure 

 Plumberôs putty was used to stop up all but one hole before testing began on a particular 

plate. Other testing preparations included preparing three data sheets, one for each hole type, and 

obtaining the tare weights on three small buckets. Once all preparations were completed, the 

apparatus was assembled and filled with water up to the first weir level. At this point, the water 

level was read using the sight glass and ruler and this value was recorded on the appropriate data 

sheet. Next, three separate samples were collected of the flow emitting from the orifice plate. 

The sampling time for each of three samples was recorded along with the total weight of the 

bucket and water. The water was weighed using the same scale seen in Figure 3.3. Once all of 

 

Figure 5.7: Sight glass and ruler equipped to the tank. 
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the necessary information had been recorded, the next hole was opened and the previous hole 

was plugged. For instance if the 3/16-inch drilled hole was being tested it would be plugged and 

the 3/16-inch drilled and counter sunk hole would be opened. This pattern continues until all 

three hole types have been tested for a given hole diameter. 

 The water level was allowed to come back to steady state following the opening of a new 

hole, and the same procedure was followed, with the data being recorded on the appropriate data 

sheet. Once all of the holes for a given diameter had been tested the next largest hole was opened 

and the previous hole was plugged. For instance if the 3/16-inch plasma cut and counter sunk 

hole has been completed and it was the last 3/16-inch hole the 1/4-inch drilled hole would be 

opened next. The water flow rate was then adjusted so that the water level reached the weir, and 

it was then allowed to stabilize. The same procedure as before was then followed, and the data 

was recorded on the appropriate data sheet. This pattern continued until all fifteen holes had been 

tests at the given weir level. A schematic of this procedure can be seen in Figure 5.8. 

 Once a weir level had been completed the pattern of testing repeated starting with the 

smallest hole sizes. The water addition would have to be adjusted in order to meet the second 

weir level and not exceed it. This pattern continued until all fifteen holes had been tested at all 

five weir levels. Once completed, the apparatus was disassembled and reassembled using a 

different orifice plate. Work continued until all three orifice plates had been tested. 

 Following the completion of the testing phase, the diameter of each individual hole was 

measured using a set of engineering calipers. Pictures of the holes were also taken and can be 

seen in Appendix D. 
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5.2.3 Data Processing 

 The raw data from the flow rate experiments were input into a spreadsheet that calculated 

the gallon per minute flow rate of each hole diameter, hole type, and plate thickness 

combination. This process can be seen below in Table 5.1 and Table 5.2 for the 1/8-inch thick 

plate and drilled holes. The data for a set of three runs was averaged to produce one value for 

later use. The data for the remaining tests can be found in Appendix E.  

 These calculated results were then compared to the results from a purely theoretical 

model. The model was developed using the traditional flow through and orifice plate equation, 

[5.1]. Where n is the number of holes, A is the area of the hole, Cd is the coefficient of discharge, 

g is the force of gravity, and h is the water head.  

 

Figure 5.8: Flow through and orifice plate testing procedure. 
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ὗ ὲϽὃϽὅϽςὫὬ [5.1] 

The coefficient of discharge can further be broken down into the coefficient of contraction and 

coefficient of velocity as shown in [5.2] (Lienhard V and Lienhard IV 1984).  

ὅ ὅϽὅ [5.2] 

[5.3] shows the common coefficient of contraction used for ideal flows. 

ὅ
“

“ ς
πȢφρρπ [5.3] 

 [5.4] shows a relationship that can be used to find the coefficient of velocity. In this equation, K2 

is a constant that has been calculated out to eight decimal places and was reported as 0.242738 

for circular holes.  

ὅ ρ
ὑϽὅ

ЍὙὩ
 

[5.4] 

The Re term is the Reynolds number calculated using [5.5], where Do is the diameter of the 

orifice and ɔ is kinematic viscosity. All other variables are as previously defined (Lienhard V and 

Lienhard IV 1984). 

ὙὩ ςὫὬϽ
Ὀ

‎
 

[5.5] 

 [5.6] is obtained by substituting the relationship shown in [5.2] into [5.4] and then 

rearranging the result. This form allows Cd to be solved using Newtonôs method. 

π
ЍὙὩϽὅ

ὅ
ὑὅ Ⱦ ЍὙὩ 

[5.6] 

Using [5.6], a Cd value was found for the results of each combination of parameters.  
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Table 5.1: Raw data for the 1/8-inch thick plate and drilled holes tests. 
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Table 5.2: Calculated results from the 1/8-inch thick plate and drilled holes tests. 
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 The experimental results were also compared to a fit equation, where the coefficient of 

contraction was allowed to change, thus changing the Cd value used in the flow rate equation. 

The same process as the theoretical model was followed to obtain these results, the only 

difference being Cc was a fit ted value instead of being assumed as 0.6110.  

 Results and Discussion 5.3

5.3.1 Effect of Plate Thickness on Flow Rate 

 The comparisons between the theoretical and fit models can be seen below. Figure 5.9, 

Figure 5.10, and Figure 5.11 show the theoretical model compared to the measured data for the 

drilled holes of the 1/8-, 3/16-, and 1/4-inch thick plates, respectively. Similarly, Figure 5.12, 

Figure 5.13, and Figure 5.14 show the comparison between the measured flow rates and the 

predicted flow rates using the averaged best fit Cc data. This data uses a Cc value that is an 

average of the best fit Cc vales for each test. A total of nine values were used to develop this 

average Cc value. For example a best fit Cc value was determined for the 1/8-inch thick plate 

drilled holes test. A separate best fit Cc value was determined for 3/16-inch thick plate drilled 

holes test. The best fit Cc value for each of the nine hole type and plate thickness combinations 

were then averaged together to produce the averaged best fit Cc value. The plots for the 

remaining test can be found in Appendix F. 



 

99 

 

  

 

Figure 5.9: Comparison between theoretical model and measured data for drilled holes on the 

1/8-inch thick plate. 

 

 

Figure 5.10: Comparison between theoretical model and measured data for drilled holes on the 

3/16-inch thick plate. 
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Figure 5.11: Comparison between theoretical model and measured data for drilled holes on the 

1/4-inch thick plate. 

 

 

Figure 5.12: Comparison between fit averaged Cc model and measured data for drilled holes on 

the 1/8-inch thick plate. 
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Figure 5.13: Comparison between fit averaged Cc model and measured data for drilled holes on 

the 3/16-inch thick plate. 

 

 

Figure 5.14: Comparison between fit averaged Cc model and measured data for drilled holes on 

the 1/4-inch thick plate. 
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 In examining the plots, it is obvious that the theoretical model consistently 

underestimates the measured data. While only the data for the drilled holes are shown here, this 

trend holds true for both the drilled counter sunk and plasma cut counter sunk holes as well. This 

underestimation is believed to be caused by the low value of the coefficient of contraction. The 

value for Cc used in the theoretical mode is meant to represent an ideal flow. Examining the 

figures containing the averaged best fit Cc values shows a much more accurate prediction of the 

measured data. Thus, it is believed that the flow obtained during testing was not ideal and the 

fitted Cc values correct for this non-ideal flow.  

 The averaged best fit Cc value resulted in an averaged Cd value of 0.6856 for all of the 

different hole types. While this value provides an adequate fit of the data, Cd values were 

obtained for each hole type by averaging their best fit Cc values. For instance, the best fit Cc 

value for the 1/8-inch thick plate drilled holes, the 3/16-inch thick plate drilled holes, and the 

1/4-inch thick plate drilled holes were average to produce a Cc value used specifically with the 

drilled holes. These specific averaged Cc values provided a slightly better fit to the data, and the 

resulting Cd values were used in the development of the drip pan design program. The three Cd 

values used in the drip pan design program are shown in Table 5.3.  

 The figures shown above, as well as those shown in Appendix F, demonstrate that plate 

thickness has little to no effect on flow rate. One equation, with no coefficient to correct for plate 

thickness, can be used to accurately predict the flow rate through each plate thickness. Slight 

Table 5.3: Coefficient of discharge values used 

in the drip pan design program. 

Hole Type Cd 

Drilled 0.6733 

Drilled Counter Sunk 0.6819 

Plasma Cut Counter Sunk 0.7017 
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variations in the flow rate do occur, but the variations are well within the experimental error and 

are likely due to oddities in the hole diameters.  

5.3.2 Drip Pan Design Program 

 The drip pan design program consists of three major sections, the ñUnit Cellò sheet the 

ñDrip Panò sheet, and the ñHole Spacing Calibrationò sheet. The Unit Cell sheet is simply a sheet 

the allows the user to select a hole pattern from three common patterns. These patterns are a 

standard grid, a staggered grid, and a staggered equal distance grid. The diagrams used to define 

the input variables for each pattern can be seen in Figure 5.15, Figure 5.16, and Figure 5.17 

respectively.  

 

 

Figure 5.15: Standard grid unit cell. 
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Figure 5.16: Staggered grid unit cell. 

 

 

Figure 5.17: Staggered equal distance grid unit cell. 

 






























