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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 weperformedto establish the performance capabilities of a new
flotation technology for fine coal upgradingnown asStackCell flotation.Flotation release
analysis was performed on all samples to deterrtiaeamount of hydrophilic material present
in the streamsaround the flotation celData fromthis work supported recommendations from
the equipment manufacturer thhe wash water distributiorystemshould be change a drip
panandthatthe design of thelurry-air distributor fromthe mixing chambeshould be altered
The experimental dashowedthatas froth depth, rotor speed, and wash water rate chatinged
performanceof the cellfollowed expectedrendswith respect to product qualityput diverged
from expectedrends with respedb carbon recovery and yiel®ther workperformedincludes
the development ad newcarbon partitioning testvhichusesa blender to provide a high shear
environment and uses oil to partition the slurry into a carbon rich oil phasenasth rich pulp
phase.This test is capable of producing results comparable to thosetraflitional release
analysis.Lastly, a spreadskeé program was develedthat can aid ussiin designing drip pas
This program is capable of producingstom designs arnit cell designsA study of the effect
that plate thickness has on flow rate was performextder todevelop a model fditow through
an orifice plate The results of thigsvork showed that plate thicknessshtle to no effect on the

flow rate.
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1.0 INTRODUCTION

1.1 Background

In 2010, the United State producegproximately 1,085,000,000 tons of cdal.S.

Energy Informaiton Administration 201)1LbThis coal was produced from both swé and
underground operations. Once coal is removed from the eartlusugly cleaned to remove
impurities. This cleaning occurs at preparation plants located all over the country. These plants
breakand segregatehe feed coal coming into the plantandifferent size classes. These size
classes are handled by different circuits within the plant. The smallest size class, generally less
than 100 mesfil50um), is oftencleaned by froth flotation.

Froth flotation is employed by roughlyalf of all the preparation plants in thénited
States(Leonard 1991 Two types of machinedesignsare commonly used in the coal industry,
mechanical and column. Usually, several mechanical cells as@ngedin series. This
combination is often referred &3 a bank of flotation cellseeFigurel.1).

Column cells(seeFigure 1.2) are much larger than mechanical celiat generally produce a
cleaner product due to the use of froth washinghich reducesnonselective hydraulic
entrainment of ultrafine minal matter

Roughly10%of the feed that enters a preparation plant is handled by the flotation circuit
(Leonard 1991 In a plant with 900tons per hour (TPH) of dry feed solid¢his results in 90
TPH of feedto the flotation circuitFor this examplea one percerstge poinincrease irflotation
yield, while still meeting contract specifications, results in an increase of TlP¥ of clean
product. This results in an ext&400 tons per yearssuminga 6,000 hr/year operating time

The metallurgcal coal price as of June 201tvas approximately $184/tofU.S. Energy
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Figure 1.2: Series of column flotation cells.

Informaiton Administration 2013aUsing this pricethe preparation plantised in this example
would produce an extra $993,600 in revenue for a one percent inoreaskel of their flotation
circuit. As a result of this financiahcentive new technology is constantly being addedhe

coal preparation industry in order to incretise overallyield of clean coal from the plant



1.2 Objectives

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
separatia performance of a column flotation machine within the compact footprint of a
mechanical flotation cellOne objective of thisstudywas toconduct a field assessment of the
separation performance of this new technology for coal applicatidhss goal was
accomplished through tweeries of fieldtesting programs The test data suggested areas of
interest for improving cell performance The major recommendedchangs involved (i)
upgrading thavash watesystem from a piping network to a drip pamd (i) modifying theair-
slurry mixture distributor from the mixing chamberinto the flotation tank Other work
accomplished during the project includgdthe develoment of acarbon partitioning teghat
can be performed with inexpensive and 1specialized equipment aifd) the development of a
spreadshedtasedcomputer program thatan be used to aid in the design of wash water drip

pans.



2.0 LITERATURE REVIEW

2.1 History of Flotation

Coal flotation was born from the groundwork laid by the mineral industrigberearly
19006s. Although flotation was developed in
until 192Q In fact during the early days of flotation it was believed thatpro@sscould only
be used to separate sulfide or metallic minefgisnmerman 1948 The coal industry still
resistedthe processven after it was proven that flotation could be an effeatnethodin
separating coglAshmead 19211

The necessity of coaldtation begano beapparent as coalpcessing 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 deterioratiquatitthe
of the coalproduced, and more importantly these fines polluted the local waterways. The fine
coal issue was more pronounced in Europe where thin seams were be&ied using
mechanized techniques, whiobsulted in a large amount of finbsing produced. During this
time, mines in NorthAmerica were still mining thick seamwhich produced a much smaller
amount of fine materigLynch et al., 201D

Although the fines per ton mined in the United States was relatively low, the overall
amount wadairly high. In 1916, 600 million tons of coal was produced in the United States.
flotation chemicals group at Mellon University andsacondgroup at the University of
Washington both made attempts to solve the fines protation University created process
where the coal was crushed to less than 0.3 mm &rtl.3 pounds per tonll§/ton) of pine oil
was added to the slurry. The ém were then floated usirggCallow cell. This process, while

effective, was seen as too costly with respect to theevaiiuhe coal being recoverédynch et



al., 2010. The University of Washington group was partnered with the United States Eireau
Mines. This collaboration ran from 1918 to 1940 and became the authority on coal flotation
(Aplan 1999. As the amount ofines produced in the United States increased the coal companies
sl owly began to recognize flotationbs potent.
recovering high grade c@gkhefa., 20835 by the end o

The first lage scale testing of coal flotatioraw performed in 1920 at Skingiove Iron
Company in the United Kingdom. The gazl this testing program was to improve the coke
madefor use in the iron furnacdsy floating coal and rejeatg ash. The program successtlin
obtaining ahigh coal recovery and produciagcokingproduct with a higher strengfhynch et
al., 2010. The process madjuite an impressioas indicated in the quote:

fiThe 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 washeap, or fine dust, or
other colliery waste, from which the coal cannot be completely recovered by this method of
treatmen{Bury et al., 1921).0

The year1920 also saw the installation of froth flotation plants in in France and Spain.
Just a few sh years later, in 1922, England would install a plant, anchéxtyear Germany
followed suit by installing its first plant as weBy 1925, flotaibn was cleaning approximately
onemillion tons of coalper yeaitin Europe(Chapman and Mott 1928

Many of the flotation cells used during these early days of coal flotation were simply
adapted mineral flotation cell&\rguably, the most impdant of these adapted cells was the

Standard Minerals Separation cell. Thias the celusedat the Skinningrovérials. This design



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 includetthe Elmore Vacuum cell, and the Callow flotation
Cell. The Elmore cell was met with limited success in the minerals indusityt was widely
used in England to process coal $everal years. The EImore celidseveral benefits such as
low power requiremengn easily dewatered product, and thditglto float particles up to 4.8
mm.

The Callow cellcreated bubbles by forcing air through thetom of the ce)lwhich was
made of canvaslhe resultingbubbles would then rise to the froth catiag particles on their
way. The Callow cell was capke of collecting large particles due to its quiescent contacting
zone, bustruggled in obtainingigh mass recovery values.

The Ekof flotation cellwas the fist cell to be built in Germany, and was designed
specifically for coal flotation. The Ekof teused compressed air, which was directijected
into the pulp. This served tooth agitate and aerate the pulf. he EKk of cel l was ni
German invention foits time. The Humbolt cell, like the Ekof celised compressed air for
mixing and aeratin. In the Humbolt cell the compressed air impacted a plate upon entering the
cell. This provided agitation for the slurry befoentering the frothing chamberhere the
concentrate was removed from the cell.

Like modern day flotationearly 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 ommon frother, while kerosene, paraffin oil, gas oil, and tar oils were commonly used as

collectors(Chapman and Mott 1928



The cresol oil that was used was an impure byproduct of the coke making process. This
frother had several issues. It adsorbea @atal which lowered the concentration of frother in the
flotation cell. Thus, large amounts of cresol had to be used to achieve the desiredOresdt
can also have a highly variable collecting power. Lastly, cresol can cause health and
environmentaproblems(Leonard 1991

The 193006s brought about a (Ralstpre 193y.rTleewt h i n
Dutch were influential in coal flotation gang momentum during this era, atite Dutch State
Mines were said to operate the three largest cowtitm 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 wasteghis growth continued into th# 9 4 ,0vben flotation was
established in Englanty the National Coal Board.astly, Germany was operating 43 coal
flotation plants by 1962 ynch et al., 201D

During this time period major coal flotation work whsing performedn the United
States by the Pittsburgh Coal Compafavis 1948. The weakness of the coal market
following World War | 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
minus300 mesh material, and proved thas material could be treated with flotatifloynch et
al., 2010.

When the basis for reagents choice switclfiedn price based to quality basedet
common frothers and collectors, cresotl gine oil, were replackby methylisobutyl carbinol
(MIBC) and diesel fuel oil. During this same time period a wide range of machines disappeared
and te sub aeration floti@n machine became the dominamachine used in the industry by the

19 6 (Lynsh et al., 2010



The 18gdded the peak ofoal flotation in Europewhere it would continue to
decline over the next 40 years. During this period coal flotation in America saw a large.growth
The growth seen inhe United States was due to environmental awardmassming a major
issue.Subaeration flotabn machines continued to be the dominant design during this time
period. Although many different types of impellend tank designwere introducd (Lynch et
al., 2010.

Coal flotaion benefitted from the oil crisis and an upswing in coal preesn inthe
1 9 7 (Orisscombination resulted in a surge of funding for coal flotation reseBinthresearch
tended to focusn developing more efficient flotation machines. Early results included adapting
the Canadian Column farse in coaland the Flotaire @umn. The dominance of mechanical
flotation cells in the industry was challenged hg arrival of the Jameson cell, Microcel, Ekof
cell, and XPM(LyreHetal.,i20lpt he 199060s

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 Australialhe Jameson cell, Micocel, Centrifloat, Baifloat, and Ekof Cells
were all tested in Australibynch etal., 2010 The Australian coal i ndi
flotation can be seen ifable2.1.

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

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

Table 2.1: Changing percentage of installed capacity during 1980 to 20@&ynch 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




facilities. In 1995, a total of 345 coal preparation anereoperating in the United States. Of

these, 110 used flotation, roughly 32%, a far cry from the origins girteesgAplan 1999.

2.2 How Flotation Works

Wills (2006)s t a t e Hotatioh ia the nibst important and versatile mineral processing
technique tn the coal industryflotation is generally used to treat material finer than 100 mesh,
or less than 15m, but it canalsobe used to recover material finer than 200 mesh, 74
Generally 10% of the feed to preparation plant is treated by flotétieonard 1991 For a
process that is so important in the processing industhiesdea behind it remairiairly simple.
Flotation exploits the differensébetween the surface propertiestbé desired and unwanted
materials. This means that flotation separates hydrophobic material from hydrophilic material.

Flotation consist of two major phaseghe pulpphase containing water and solids, and
the froth phase, containing the floated matefiae primary function of the pulp phase is to keep
the solids in suspension and provide a favorable environment for bpdotiele collision to
occur. The primary fuction of the froth phas is to upgrade the floated producthis is
accomplished by reducing theecovery of entrained material, while retaining the material
attached tahebubblesThree mechanisms govern what is recovered in the froth.

1. True Flotatio, or selective attachment of hydrophobic particles

2. Entrainment of material in the water that passes from the pulp to theaindth

3. Entrapment of material between particles in the froth attached to air hubbles
Of the three mechanisms listed, drtiotation 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 understandeltontact angle of the mineral.
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Figure 2.1: Contact angle between a bubble and a particl@Vills 2006) after.

Figure 2.1shows a diagram of the bubble andticée attachment site. The tensile forces in play
cause an angle to form between the mineralthadiir bubble[2.1] shows the balance of these
forces at equilibrium, wherey, 9sm, anday s representhe surface energies between solid and

air, solid and water, and water and air respectij@iis 2006).

r r 1 _AT-© [2.1]

The work of adhesion is defined as the force required to break the phutitie
interface. Thigrelationship is shown if2.2], whereWs/, represents the work required to create
separate aiwater and solidvater interfaces. A combination of these two equations results in
[2.3]. This equationrshows thatlarger contact angle create a largework of adhesion. This

makes the bubble particle aggregate more res{(fits 2006).

w_ [_ [_ T [2.2]

o [_p AI-©S [2.3]

The recovery of a given species in a slugycontrolled by three major factors. These

factors are reaction rates, retention time and mixing conditions. The relationship between these
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factors is represented [@.4], whereR represents the recovery of the spedieis, the reaction

rate,U i setentitneime, an®eis the Peclet number.
Yo Qt o Q [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 r¢tevenspiel 197p
The reaction ratek, can be defined as seen[h5], whereV, represents the superficial

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

N ow [2.5]
Q 0 0

The probability of attachment is actually a function of other probabilities as sh{6jrand
[2.7].

O 00 p O [2.6]

- c‘st')o [2.7]

In [2.6], P; represents the probability of collision between a particle and buBblepresents
the probability of adhesion between the bubble and particle,Pand the probability of
detachment of the particle from the bubble.[217], C; is concentration of particles in the
flotation cell andD,, is the diameter of the particle. Generdtyis a function of chemistry while
turbulence in the cell is the driving tmbehindP4 (Yoon et al., 1988

Ret ent i on24} is deeermindd by identifying how long the particles remain in

the flotation cell. Retention time is usually calculated udg] and [2.9], whereV is the

11



vol ume of the f1 ot ap, an@is theeflow rate iio theselVy anaD, a i r

still represent the superficial gas rate and bubble diameter reghewohmuench et al., 2008

+ d)pT - [2.8]
0

;0 [2.9]
0

The Peclet numberan be calculated using.10. Here V|, and Vy represent the liquid
and gas velocities respectively. The column diameter is representedmMbyle D is the column

diameter. ThéJterm istheair hold-up in the cel(Mankosa et al., 1992

O p [2.10]
5§ -

ia 2

All flotation machines use the relationships presentethenabove equations to float a
product. It should be noted though that changing merameteto enhance one of the factors
driving recovery can have a detrimental effectdaiferentfactor.

Chemctals 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 surfaceioéral and
make it more hydrophobic. Collectors are generally added to the pulp, and time ralistved
for the material to conditioffWills 2006). Theoretically, high rank caakhould be floatable
without the aid of a collectdi.eonard 1991

Frothes are used to accomplish several thingsst, hey are used to stabilize the

formation of bubbles in the pulp phas®econd, fothers stabilize the froth, which allows

entrained material to drain back into the pulp rather than be carried over into the concentrate.

12
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Some frothers can create such a stable froth that it becamasue in further processing or
transportationGood fothersshould have minimal collecting powemnd create a froth just stable
enough to transfer floated material to the laun@ls 2006. Some of the most common
frothers used in the coal industry include cresol, alcohols (MIBC), and polypropylene glycol
ethes (Leonard 1991)

Regulatorsare used toltange the effect of a collect@ndcan be further classified into
activators or depressants depending on fheiction. Activators can be used to affect the surface
of mineral in order to allow collector to sarb onto the minekathus making it hydrophobic.

Depressants servedtopposite function, neleringminerals hydrophili¢Wills 2006).

2.3  Factors Affecting Flotation

Several factors can affect th¢ bat abi |l ity of c oarticle szec h as
distribution, applied reagentdosages 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 offloated product.

It has been shown thétydrophobic 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 1968 The particle size effect can alse dependat on the applied reagents. It was
shown by Rastogi and Aplan (1985) that in finesencef 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 tle 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 mixaad depenslon the coal sourc€jgure2.2 High reagents

13
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Figure 2.2: Size by size flotation recoveryLaskowski et al., 2007.
Reprinted from Froth Flotation: A Century of Innovation, with permission from smenet.org.

dosages and air rates are required to float these larger particles. These conditions while able to
float larger particles also favor flotation of impurities. Generdhgse condibns are seen as
unfavorabé. Dueto these hindrances, mofsvtation occurs below 100 me¢0.15 mm), while

spirals or water only cyclones are used to procespltissl00 meh material(Laskowski et al.,

2007).

Very fine patrticles, less than 30 um, are called slimes. Entrainment allows these particles
to report to the concentraf€hese slimes can coat the surfaces of small particles and effectively
render what was hydrophobic material hydrophilic. This phenancan bepartly countered by
using a dispersing ageftowett et al., 1956

For mechanical cells impeller speed can have an effect on the product ash and
combustible recovery. A study performed by Jena.€R@D8) tested this parameter. The results
of their work are show below iifable 2.2. Both combustible recovery and clean coal yield

increased with increasing impeller speed. Cleasl esh sawa slight increase, 0.3 percentage

14



points with increasing impéer speed up 1@ rpm. Here the ash jumped 1.2 percentage points
higher than it was previous(yena 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 botremsed as the intensity of the agitation
increased.Although the changes they observed were much more drastic. ARPOD 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 combustiblecevery of 90% at 1800 rpiggonmez et al., 2005 A third study
also produced similar results, findinidpat increasing the impeller speed lead to an increase in
water, ash, and coal recover{@kdemir and Sonmez 20D3

Wash water flow rat@lso hasan effect on product ash and combustible recovery. A
study performean column flotationby Tao et al. (2000) shows the effect of wash water flow
rate wherfrother dosage is kept constahRitgure 2.3 shows the results ahis test When frother
dosage is kept constant thecrieasing wash water rate causedinitial dramaic reduction in
water recovery which ultimately levels off. Increasing wash water under these conditions also
shows a decrease in product ash and product recovkege 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

Impeler Speed Clean Coal Clean Coal Combustible
(rpm) Yield (%) | Ash (%) | 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
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Figure 2.3: Results of wash water flow rate testing on constant frother dosagé&ao et al., 2000.

Reprinted from Internation al Journal of Mineral Processing, Vol. 50, Tao et al., A parametric study c
froth stability and tis effect on column flotation of fine particles, 2000, with permission from Elsevier.

The investigators founthat a bias rate ofjreater tharD.2 cm/secminimized the ash
content of the producBias rateV,, is defined in2.11], whereV,, is the wash water flow rate
andVy, is the flow rate of water flowing into the froth product. The water flow rate in the feed is

represented by, while R, is the watere&covery(Tao et al., 2000
W 0w W P Y w Yo [2.1]]
It is believed that the reduction in water recovery is due to dilution of the friotimerthe
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 areandtrigger a decrease in recovdiiao et al., 2000
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Froth height was also investigdiby 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 recov@gcovery is less sensitive tiois change, thus changes in
depth wil affect productashmorethan recoveryFigure 2.4 confirms the general rule. As froth
height increases product ash decrease along with a slight decrease in combustible recovery.
Combustible recoveryodos |l ack of sensitivity ca
deeperfroths. As bubble surface area decrease the more hydrophobic particlesastiagdatod
the bubbles. The now detached middling particles return to the collemtiomfor another
attempt at bubblearticle attachmen{Tao et al., 2000 A separate reportonfirms these

findings (Hacifazlioglu and Sutcu 200.7
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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, ithe froth. Various operating conditions were tested such as gas flow
rate, feed solid concentration, and froth height. fEseailts of these tests are shawn
Figure2.5. This figure shows a linear depdence between ash recovery, product ashywater
recovery(Tao et al., 2000 This finding is in agreement with the findings of Akderaind
Sonmez (2003), where they found that gangue entrainment is proplottidine amount of water
floated. But, therecoveryof gangue material exceeded water recovery, which means other
mechanisms are contributing to the recovery of gangue matéhal.illustrates the need to

minimize the entrainment of hydrophilic particiedroth.
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Figure 2.5: Ash recovery, product ash, and water recoveryTao 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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2.4  Release Analysis

The release analysis is the flotation equivalent of the float and sink test for gravity
concentratorgDell 1964. Originally proposed in 1953 by C.C. Dell several forms of release
analysis have developed over the yedise idea behind the release analysis is thate
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 # collecton of froth in timed fractions. These fractions are then refloated in
a predetermined sequence. Three concentrates and a final tailing are praoducedthird
iteration of the process, aredgraderecovery curve is produced from these samfffesrest et
al., 1993,

One of the alternate methodgas put forthby Dell himself. A schematic of this
procedure is show iRigure2.6.Del | 6 s met hod requires the use o
an adjustable impeller speed and air supply. Rotabegins 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 returnetb the flotation cellThe 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 negligifiDell 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 frofiinershould scraped from
the cell until it no longer forms. Theoth 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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Figure 2.6: Schematic for a traditional release analysigMohanty et al., 1998l) after.

scraped from the cell until theisvery 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 st appear
to beempty The tailings are then combined and all of the samples are filtered, driededeigh
and analyzed for ash contébell 1964.

Mohanty et al(1988a)discussed an alternative toettraditional release analysis called
the Advanced Flotation Washability (AFWHigure2.7 shows the setupof the apparatus used
perform the AFW.This method uses a batch operated column flotationtleatlis 5 cm in
diameter and 1.5 m tall. Stainless steel corrugated packing sewestigal baffles within the
column. The packing material creates a high length to diameiterwéiich results in a near plug
flow environment withinthe 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 ¢eThe bubbles are created by air which is directly injected into the
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Figure 2.7: Schematic of AFW apparatus(Mohanty et al., 19984a.

Reprinted from Coal Flotation Washability: Development of an Advanced Procedure, Monhanty et
al., Coal Preparation, 1998ermission of (Taylor & Francis, http://www.tandfonline.com).

column, while the wash water is adjusted by a PID controller. This sltbes wash water to

adjust the pulp level allowing the cell to operate at a desired froth (Mdpttanty et al. 19983.
The AFW procedure shares the same structure as the traditional release dfiglyss.

2.8 shows the procedure used durangexampléAdvanced Flotation Washability test. The first

stage, sepating the hydrophobic and hydrophilic material, was performed using a laboratory
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\_

N

—> Con 1
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—— Con 4
. — Con 5

J, Con 6
Tails

Figure 2.8: AFW procedure schematic(Mohanty et al., 19983 after.
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Denver flotation machine rather thdretAFW apparatus. The concentrate from the first phase is
then segregated by order of decreasing hydrophobicity. This was accomplished by collecting
samplesat air rates ranging from 1.5 liters/min to 2.5 liters/min. The material remaining in the
column after collection ofthe highest aeration rate servad 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 .Figure2.9 shows the results for both tests, both of whiehel out in a similar
fashion, butthe AFW outperforms the traditional release analysis altiregvertical 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 pldtte Figure2.10

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

procedure for the Tree Analysis is show HFigure 2.11 The tree analysis uses a regular
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Figure 2.9: Comparison of the AFW and traditional release analysigMohanty et al., 19983).

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 ttnaditionalrelease analysis does. In this process flotation
products are used to create branches. These branches ardltdaedieThe overall separation

performance can be improved by continuing the branching pr{dedsanty et al., 1998b

100 ?gm: &
., o)
Tllinois No. 5 Coal 0
:\a a0 | Feed Ash: 18.7% o
o
o -
% ef £ AFW Repeatability
8
m 4 A Testl
L est
@
"[gg 40T OU o Test2
5 a4 B Test3
g y O Testd
S| 8 @ Tests
(’! esf
0 L i* i i 1 1
0 2 4 6 8 10
Product Ash (%)

Figure 2.10: Separation performance data using the AFW ProceduréMohanty et al., 19983.

Reprinted from Coal Flotation Washability: Development of an Advanced Procedure, Monhanty et
al., Coal Preparation, 1998ermission of (Taylor & Francis, http://www.tandfonline.com).
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Figure 2.11: Schematic for a tree analysis
(Mohanty et al., 19980 after.
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The tree analysis anglease analysis were compared on the basis of product ash. The
results are show ifrigure 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 procedkrgure 2.13 Shows the resultsf tests
performed with-180 um coal and micronized coaBy increasing the liberation of the ash
particles the point at which the tree analysis becomes supersoinareased from approximately
50% to 80%recovery This indicates that the majority of the micronized sample is more

effectively treated by the tremdysis (Mohanty et al., 1998b
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Figure 2.12 Comparison of the performance of the tree and release analys@dohanty et al., 19980.

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
pm 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 hashownthat release analyses that usaratial step to remove entrained ash by
refloating the concentrateefore fractioningperform better than those that do nidte study also
showed that wile multiple tests performed by the same lab using the same tectamenery
repeatable, thendustry as whole does not have a standardizestguiure. The resultsf @ny
analysis are very dependemt factors such athe technique used and the skill of the operator

(Killmeyer et al., 2001

2.5 Flotation Machines

Flotation machines are divided into fagnoups mechanicglpneumatic, froth separators,
and columnsOf these typesmechanical and column cells are the most popular in the United
States and these twallWe examined in more detgiYoung 1982.

Mechanical cells usean 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 bubblgoarticle collision environmentFigure 2.14 shows a cross section of a

mechanically agitated flotation cell.
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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 typesCell to cell pulp flow machines use weirs between each impeller in a bank of
cells, while an open flow machine operators without weinscoal flotation open flow machines
are more common than cell to cell machingspercharged aeration machines use a blower to
provide air to the impeller, while sedferating machines use the depressiosated by the
impeller motion to induce air into the slurflyaskowski et al., 2007

Common manufacturers of mechanical cells for coal flotation inclug@O, Metso,
Svedala, and Outokumpu. Commanigachines with volumes up to 28°rare used in coal
flotati on, although some manufacturers offer
in shape and use conventional impellers for agitation. Some tanks have been produced with
volumes as large as 100 thaskowski et al., 2007

A distinguishng feature of column cells is the use afaunter current flow of slurry and
air bubbles to create bubbparticle collisionsAlso, mlumn cells use wash water added through
thefroth bed to remove entrained pulp matefdgbung 1982. An example of thevater flows in
conventional and column cells can be sedrigure2.15 In a column cell that is being operated
effectively, less than 1% of the feadterwill report to the froth(Luttrell et al., 1999 In order
to achieve this operating state, a migiht 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 he productLaskowski et al., 2007 It should also be noted that wash water alone
will not completely eliminate entrainment. Column cells must be operated at &rdre#t
depth than conventional cells in order to promote optimahwaaer distributio, resulting in

the greatest cleaning action.
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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.

Some of the commotypes ofcolumn cells used in the industry include the CoalPro,

Jameson, and Microcehachines. It should be notdéldatt h e

Jame

son

doesndt

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

this category. The most common difference amongstvén®mus column designss their ar

sparging systemThese systems include porous bubklestatic mixers, and dynamic air

injection,

but

ul

distribution(Laskowski et al., 2007

One of the major differences betwemechanical and column flotation cells is the use of

ti

mately

each

systemos

goal

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 cedl At a combustible recovery of 90% the wash water additiariteesin

an ash content of 8.2%, which wdswn from 9.6%, a differencaf 1.4 points for medium and

deep froth defis. For a shallow froth depth the ash content was reduced from 9.6% toT8.8%.
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gains obtained from adding wash water were marginal when compared to the potential use of
column flotation. A release analysis performedtba coal showed that at 90% combustible
recovery a product ash of approximately 4% could be prodiicetitell et al., 200Q. It has been
shown that column performance often approaches the results predicted by a release analysis,
while mechanical flotation tends to fall sh{favis et al., 199

A byproduct of adding wash watés the mechanical cellwas the stabilization of the
froth. This resulted in more pulp water reporttoghe froh which then requirethe addition of
higher wash water rates than originally expected. Rates as highgaldrs per minute (GPM)
per square footf?) of cell crosssectional are@ould be expected. This value is much higher
than the normal range used on colunines, 3.0-3.5 GPM/ft?. Adding wash water and running
deeper froths results in a reduction of residence time for the flotation circuit. Mesh@g
circuits in the coal industry are designed with residence times @f.@.Binutes when not using
wash water. Calculations performed by the investigators showed that adding wash water to these
circuits could dop the residence time below 110 mnutes. Residence times this low would
have pronounced negative impact on coal recoftaritrell et al., 200

Figure2.16 shows a comparison of results obtained ffull scale columna bank of
mechanical cellsas well as a lab scale column cell.eTéoncentte ash was reduced by nearly 8
percentage pointby using columns rather than conventional cells. This change was also met
with an increase in cobustible recovery of roughly 20 percentage pointee overall
performance of the column nearly mia¢d of the ultimate performance curve predicted by a
release analysigDavis et al., 1996 Other advantages offered by column flotation when
compared to conventional flotation are listed be{dena et al., 2008

1. Better product without sacrificing receny,

2. Reduction in the stages of operation needed
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Columns can handle a finer feed

Columns require less collector

o > ®

Simpler to install and have no moving paesd
6. Require less floor space
However columns do have some drawbaskgh agnixing in the axis of the column, column

height causing problems during installation, and pluggirth@$pargergJena et al., 2008

The Microce] a column flotation cell,developed # 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 flotatibar the most part the operation of the
Microcel is very similarto that of mosicolumns. [eed slurry enters just belothie froth pulp
interface, andhte pulp then flows downward while encountering a countercurrent flow of air

bubbles. Hydrophobic particles become attached to the bubbles as they collide. Once attached
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Figure 2.16: Comparison of column and conventional flotation cell§Davis et al., 199%
Reprinted from Froth Flotation: A Century of Innovation with permission from smenet.org.
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Figure 2.17: Schematic of the Microcel bubble generation system.

the bubbleparticle 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 theMicrocel differs is in the way produces bubbleas seen ifrigure2.17. The
sparging system used the cell does not require fresh watelges not plug, and is externally
mounted for easier maintenanéeportion of the refuse slurry is removed from the bottom of the
column. Fother isthen added to the slurry, and it is pumped through a stalilceinmixer with
the addition of compressediir. The mixer is used to creaéehigh shearenvironmentwhich
prodwces microbubbles rangirfgom 0.17 0.4 mm in diameter. The slurry is then irtgt back
into the column where bubbles begin their ascent to the froth phase. Tihisilation also
allows any misplaced coal particles a second chance to interact with air bubbleseathg
the systenfYoon et al., 199p

The Jameson cell was developed by the University of desv¢ | e 6 s Gr aeme Ja

1986(Lynch et al., 200y Like the Microce) the Jameson cell is unique in the way it produces
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air bubbles.A schematic of theJameson flotation cell is presented Figure 2.18 The cell
consist of three major are@tsarbort et al., 1994

1. The aeration and contawg zone, called the downcomer
2. The t ank 6servepas beponcareceveriglibble disengagement zqramd
3. Thefroth area of the tank serves as a cleaning.zone

The celloperates by pumping feéato the downcometthrough an orifice plateThe feed travels

down the pipdorming ahigh pressurget as it goesThevacuum created by thet draws in air

and thenjet shears the air into bubbles with @am diameter of 300 micron§his environment
creates a high probability of bubbtarticle contact and collectioifhe residence time of the
downcomer can range from one to ten secoiitie slurry then exits the downcomer and is
deposited into the tankixing continues in the pulp area of the tanlerél contact continues to
occur between the bubbles and particles. Residence time in this zone can last from two to five

minutes. Once attachethe bubbleparticle aggregates disengage from the pulp and rise to the
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Figure 2.18 Schematic of the Jameson ceflvan 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 frotlzone Washwateris addedo the froth zondo enhancehe product by
removing entrained hydrophilic mater{glynch et al., 200y

The WEMCO 1+1 machine, introduced in 196% a commonly used mechanical cell
The machine is called a 1+1 because the length of theisodgual to its diametéLynch et al.,
2010. The machineshownin Figure2.14is a WEMCO 1+1 machin&his machine uses a vane
type rotor with a star crosgection(Lynch et al., 2010 The rotor not only mixes the cell but also
draws airintothecellThe r ot or 6s mi xing action helps to
environment for bubbl@article contact. Many of these cells use a false bottom and a draft tube
to ensure the pulp recirculates andninimize the sanding of particles. In orderreducewear
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 machi(feLSmidth 2010. The stator on this machine contains
holes shapedsovals. Both the stator and the impeller consist of a steel frame coated with a wear
resisant rubber or a similar materidlynch et al., 201p

The Eriez StackCell is a recent innovation in coal flotation technology. Seven
characteristics were taken into account when designing the m&Kloineuench et al., 2008

Columnlike performance
Cell-to-cell circuit configuration
Small cell volume

High cell surface area

Low energy input

2 L T o

Low operation costand
7. Low capital cost

A cell wasproduced, seem Figure2.19, using these requiremends a guideline. Like column

cells, the StackCell utilizes wash water to reduce the amount of entrained material in the froth.
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Figure 2.19: Schematic of EriezStackCell (Provided by Eriez Magnetics).

The drp pan used on the cell forms a ring, and does not cover the intetier cell. Since the
entire frah 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 iomp#uoe retentionime of the
cell. TheStackCellis designed to be used in series to reduce short circuiting and enhance cross
sectional area. Three units in sendth diameters of 3.4 meters ahdightsof 1.8 meters have
the equivalent capacity of twé.25 meter diameter column flotation cells, but 8BtackCell
circuit is only 20%of the size of the column circuiKohmuench 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 coturkeepinga tank
mixed like a mechanicalell, the StackCellforces the bubbles and particles to contaet small
area This is accomplished by using high concentrations of air bubbles and particles as well as
applying significant energy into the bublgarticle contacting zoneWhere most flotation

machi neds r ec o[24, thgStack€elbdse fr rgmsabefined ig2.12], recovery in
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a turbulent system, whef@, is the concentration of bubblé&s; is the concentration of particles,

andE is the specific energy imparted to the sys{&whmuench et al., 2008
Y& 600 [2.12]

Exploiting[2.12], both the feed and air enter into @eratiorchamber within the flotation
cell. An impeller present in the chambeotronly agitates the feed batso shears the air into
extremely fine bubbles. This approach allows for the maximum particle cosmentto 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 energythetsystem fothe purpose of causing
bubbleparticle collision. Following the formation of bubkparticle aggregateshe slurry is
discharged into the tank where it sepasainto a frothphaseanda pulp phase. \Ash water is

thenadded to remove ertined hydrophilic materidtom the froth(Kohmuench et al., 2008

2.6 Flow Through an Orifice Plate

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 drgp Flaw through an orifice
requires that tb flow fully coverthe orifice partial coveage would constitute a weirh€& orifice
cannothave sides with a length greater than two to three times the diameter of the hole, or else
the orifice is considered pipe. The depth of the standing liquigroducing the jet from the
orifice is called the head. If the jet is being expelled into the atmosphere it is considered a free
discharggBrater and King 1996

An orifice is considered a sharp edged orifice if ithheer 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 pessureoft e surrounding fluid, and al l pat hs
of the jet at the point of vena contracta is related to area of the orifi@eld). In this equation
a, represents the area of the jet at the point of vena conteaistéhe area of the orifice, ard,

is the coefficient of contraction.
® 0 [2.13

The contractia is caused by the flow patlasound the hole. Any flow path that is not directly
above the hole will have a velocity component perpendicular to the dfothe jet. This
contraction can be minimizday rounding the inner edge of thele or creating a roughness on
the inner surface of the plat@rater and King 1996

[2.14] is obtained by using the Bernoulli equation between the point of vena contracta
and another point in the fluithnk with the datum at the center of the orifice. The equation is

then rearranged to solve for the velocity at the point of vena contvacta,

[2.14]

—
n 012 g
U

) o
v ¢ 0 ¢Q

The variablep, can be neglected sin@eoccurs at the point of vena contracta. At this pdim
pressure in the jet is equal to that of the surrounding fluid. For discharge into atmp#pdtere
pressure is assumhé¢o be zero. For a large tanthe velocity at a point inside the tank is ywer
small and can be assumed as zero. phe) term is rephced by the liquid head term Lagly,
energy losses are rolled in the coefficient of velo€ty,Thesechanges result if2.15], wherev,

is the theoretical velocity of the liquid jet, wheyés the acceleration due to gravity, ama the

liquid head(Brater and King 1996
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0 6 [2.15]

[2.16] shows the caldation for flow rate of the jet, whilg2.17] is obtained by
substituting2.13] and[2.15 into [2.16].
0 OD [2.16]
0 6 B N [2.17]

This resulting equation cave further simplified to obtaif2.18], whereCy is the coefficient of
discharge. This equation is the generalized equation for flow through an orific¢Bvkter and

King 1996.

e [2.18
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3.0 FIELD TESTING

3.1 Introduction

Two phases ofiéld testingwere performedto evaluate the performance capabilities of
the StackCelltechnology The first phase involved #ong term monitoringtest at a coal
preparation plant located irastern KentuckyThe second phasef the work involved a
characterization study performetia plantsite located irsouthern West VirginiaAt each site,
flotation elease analysitests wereconductedon all of the flotation products tdetermine the

amount offloatable andhon-floatable material presemt each sample.

3.2  Experimental

3.2.1 Testing Sites

Representativeasnples were taken from twgbfferentcoal preparation facilities. Therst
plant(Plant A) whichwaslocated in eastern Kentucklyas an amual capacityof approximately
2 million clean tons. This plant cleans coals franderground mines operating in thmburgey
Elkhornand Hazard seasnA high BTU and high sulfur coal is producedtlais site,which is
used primarily in the utilities indary. The flotation circuit at the plant consisted of two column
flotation cells. It was common for the flotation circuit to become over lqatkgzending on the
blend of coal being run ithe plant.At this sitethe StackCelltechnologywas installecahead of
the column cells to act as a scalf@rimprovingthe overall coal recovery

The second plant (Plant B), which is locatadsouthern West Virginiahas amnannual
clean coal output of approximately million tons Coal cleaned in thiplant cones from
underground mines operating in the Glen Alum and Douglas seams. The produttti$rphant

is generally a mediumolatile metallurgical grade coal used in thendstic market.
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3.2.2 Sampling Procedures

Samples of thdlotation feed, concentraieand talings were collected at botplant
locations Long term weekly samples were collected frBlant Ato evaluate th@erformance
over timeof the newly installed flotation systemThe information collected along with the
samples is showin Table 3.1, while Table 3.2 shows thecollection dates for every sample
tested. Eight samples were talarthis sitan early 2011 to help optimize the performance of the
StackCelland obtain a baseline for performantater, ivo additionalsamples were takein
Augustof 2011to provide a comparisoto the baselinglata No specific operating conditions
were requested for these samples.

All of the plantsamples were collected by the plant workers during their routine sampling
programs The samplesvere taken andplaced into standard fiveor two-gallon buckets
depending on the volume of samplellected These buckets were then secured with-saitl
lids which were duct taped down before transport. Once prepared the buckets were either
shipped to Virginia Tecbr picked up and brought back to Virginia Tech. The samples were then
left unopened in the Minerals Research draboryuntil they were tested.

The Plant Bsamples 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 Ratd 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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Table 3.2: Weekly sample
test dates at Plant A.

Dates Tested
11 January 2011
19 January 2011

01 February011
10 February 201
16 February 201

8 March 2011

14 March 2011
24 March 2011
11 August 2011
30 August 2011

taken over avide sweepof operating conditions. A list of the operating conditions samged
provided inTable 3.3. Chemical additions during the tests wéedd constant at 160 ml/min of
frotherwhile nocollectorwas addedThese saples were collected using fivpiart buckets for
the feed and tailingsamples and twandahalf quart buckets for the concentrate samples.
Samples were collected by passing the buckets under the apprepeata several times until
the bucket had reached capacitiie lid for each sample was then securely placed on the bucket
using duct tape. Fifteen minutes were allotted the cell to come to a steadtate operating
condition following the change of wroperating conditionThis period of time represented at
least three residence timéwx the cel, which as a rul®f-thumb is normally sufficient foa
flotation system to equilibrate at a new operating conditMost of theoperating conditions
were maitored inthe control room of the plant, budome were directly monitored during
testing. A water bottle and tape measure was usddteyminethe froth depth before each test,
while a gauge attached to the wash water feed pipe displayedatiie waterflow rate. Once
again the samples werbroughtback to theMinerals Researchaboratoryat Virginia Tech

where they were left sealed.
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Table 3.3: Operating conditions sampled at Plant B.

Test Number Agitator Motor Froth Level | Wash Water Rate
(Hz) (in.) (9pm)

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

3.2.3 Sample Processing

Flotation release analysewere performed onsamples fromboth plant sites. This was
done in order to identify the amount of floatable and-floatable material present in the
concerrate and tails of each samplEhe samples were then screened to obtain particle size
distributiors. Lastly, ash analysewere performed orthe resulting size fraction$t should be
noted that aelease analysiwas not performed on the fefmt a set of samplesnsteada feed
was reconstituted from the product samples and then compared #attia feedsample to
ensure that a good masddrace was maintained

To begin, a sampldate(or identificationnumbej was chosen and the feed, concentrate,
and tailings samples were set aside for the test in question. After opening the sample, it was
placedin a fourliter flotation cell. If possil#, the entiresample was usedn cases were too
much samplavas collectegit was splitinto representativéots usinga rotaryslurry splitter(see

Figure3.1). The sample was then dilutedith tap water to fill the foutiter flotation cell.
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Figure 3.1: Slurry splitter used during sample processing

A Denver flotation machine was usedperformthe release analyse$his machinds
shown in Figure 3.2 Approximately 60 microliters of collector was added to thdant A
samples, while no colleat was added to thelant Bsamples. The sample was then allowed to
condition for approximately five minuted few drops of frothemwereadded to the cell before
opening the air valve. As the concentrate formedvas scraped o pans and set aside. The
rotor speed and aeration rate were adjusted as necessary to abédile and steady frotRach
sample was floated until exhaustion, at which point the flotation machine was cleaned and that
tailings from the flotation test were placed into a fgadlon 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 ahooiktctor was
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Figure 3.2: Denver flotation machine used tqerform release analyses.

added, approximately 1ficroliters for the Plant A samplesand the sample wadlowed to
condition for five minutesAfter 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 washen placed with the previous flotatisnt a tpiéngssand the concentrate was again

placed backnto the flotation cell This pocess was repeateahtil the flotation tailings we

43



visibly clear. This indicatethatthe majority of the hydrophilicnaterial hd been removedand
only hydrophobic material remained in the concentraygpically, four stages of flotation were
necessaryor most samples to reach a good separation bewtween the hyrophobic and hydrophilic
material

The concentrate and tailings from the flotatmmocess were wedcreened along with the
feed for the appropriate test. In totéle setsof material werescre@med for a given set of
samples The five sample are tifeed Feed, floated froth concentrateCon Floa}, nonfloating
froth concentrateGon SinR, floatable tails Tail Floa), and nonfloating tailsTail Sink). The
samples from the two plants wesereenedt different sizesTable 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 placedhmven to dry overnightThe dried
sanples were weighed and recorded usifgeaver Instruments model4002scale(seeFigure
3.3). The material was then placed in sample agstorage

Ash analysis was the final step tine laboratoryprocessingof the material A LECO
model601-400-600 ash analyzer was uséar ash analysis (sdéigure3.4). A small amount of
material was removed from the bagged samples, lessotiagram, and loaded into the ash

analyzer. The ash analysissperformed in two steps. Firstitrogenwasused 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 te
(All sizes are Tyler Mesh)
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Figure 3.3: Denver Instrument scale used during testing.

inherent moisture in the coal. Next, oxygeas usedto burn of the carbon, leaving the ash

material behind. The dry ash values from the process were utebsihsequent calculations.

3.2.4 Data Processing

The dry ash values for &tsof samples we fed into an kcel spreagheet where they
were used to determine the overall ash of the concentrate and taakngell as taeconstitute
thefeed ash. The spreadsheets used to calculatbe percent weight and cumulative percent
weight for each size class, as well as the percent ash and cumulative percent ashdiazeeach
class. An example of this spreadshiseprovided inTable3.5 and Table 3.6. The raw data for
the Plant A- 8/30/11 ample is presented ihable 3.5, while the reconstituted data is presented
in Table3.6. Figure3.5 is a visual representation of the data. It shows how breaking down the
concentrate and tailings samples into floatable andfloatable allows the user &ee if there is

material present in the samples that is negatively influencing the overall quality of the product.
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Figure 3.4: LECO ash analyzer used during sample processing.

The remaining ravand reconstituted data for the Plans&mples can be found in Appendix A,
while the raw data and reconstituted data felRtant Bsamples can be found in Appendix B

Most of the values calculated in the spreadshese simple relationships. The dry
weightwassimply theamount of material in the given size class. The cumulative weigéthe
addition of each size classb6s dry weiwasht as
calculated by dividing the weight in the given sizass by the total weight of the givena mp | e 6 s
size classesCumulative weight percemtasthe addition of theeachweight percent as particle
size decreases. Ash percemis the dry ash value output from the ash analysis.lyagie
cumulative percent asliascalculated as shown {3.1], whereW is the dry weight othe size

class andh is ash percent for the size class.

B o [3.1]

00 8& I B G
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The yield andcombustiblerecovery valuesvere calculated using3.2] 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 talasbeing examined.

Q0 .
®» Q- — 1321
w 0

R4) [3.3]
Y 8D O p—% n
P oainm

Ash recovery for the cell was calculdtesing[3.4], wherec wasthe reconstituted caentrate

ash,f wasthe feed ash, andwasthe yield.

[3.4]
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e
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Q
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The ash recovery was then used to calculate the separation efficiency of the cell ag3égn in

The separation efficiency islculated by simply subtracting the ash recovery from the carbon

recovery.

YCEDBQE (i GECENS QY [3.5]
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Table 3.5: Raw Data for Plant A 8/30/11.

Test Conditions

Location: Plant A Date: 8/30/2011
Frother: 944 Dosage: 225 ml/min
Collector: iesel Dosage: 500 ml/min

Blower: 24 Hz
Agitator: 44 Hz
Plant Feed: 900 tph

Wash Water: 450 gal/min
Air Rate: 568 scfm

Froth Depth: 22 in.

Feed
Size Cl P P & Dry | Dry Weight |Cum. Weight Cum. Cum.
ize Class aper aper & Dry | Dry Weigl um. Weig| Weight % .um Ash % um
(Mesh) (g) (g) (8 (&) Weight % Ash %
+48 6.36 11.39 5.03 5.03 2.45 2.45 6.90 6.90 Total Yield (%) 21.20 Cons Yield (%) 92.70
48 x 100 6.17 26.28 20.11 25.14 9.80 12.25 11.99 10.97 Total Recovery (%) 33.35 Cons Recovery (%) 97.52
100 x 325 6.24 51.83 45.59 70.73 22.21 34.45 26.29 20.85
-325 6.16 140.72 134.56 205.29 65.55 100.00 53.29 42.11 Ash Recovery (%) 4.50 Tails Yield (%) 44.27
Total 205.29 100.00 42.11 Sep. Eff. 28.85 Tails Recovery (%) 80.86
Cons Floatable Cons Sink
Size Class Paper |Paper & Dry | Dry Weight |Cum. Weight Weight % C.um. Ash % Cum. Size Class Paper |Paper & Dry | Dry Weight |Cum. Weight Weight % C.um. Ash % Cum.
(Mesh) (g) (g) (8 (&) Weight % Ash % (Mesh) (&) (&) (g) (g) Weight % Ash %
+48 6.30 30.25 23.95 23.95 6.91 6.91 3.65 3.65 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
48 x 100 6.26 84.03 77.77 101.72 22.43 29.34 4.09 3.99 +100 2.03 2.28 0.25 0.25 0.92 0.92 20.56 20.56
100 x 325 6.28 121.55 115.27 216.99 33.24 62.58 4.15 4.07 100 x 325 6.31 7.02 0.71 0.96 2.60 3.52 63.71 52.47
-325 6.26 136.00 129.74 346.73 37.42 100.00 4.45 4.21 -325 6.15 32.48 26.33 27.29 96.48 100.00 69.62 69.02
Total 346.73 100.00 4.21 Total 27.29 100.00 69.02
Tails Floatable Tails Sink
Size Class Paper |Paper & Dry | Dry Weight |Cum. Weight Weight % C.um. Ash % Cum. Size Class Paper |Paper & Dry | Dry Weight |Cum. Weight Weight % C.um. Ash % Cum.
(Mesh) (g) (g) (8 (&) Weight % Ash % (Mesh) (&) (&) (g) (g) Weight % Ash %
+48 6.28 8.67 2.39 2.39 3.37 3.37 7.77 7.77 +48 6.33 6.68 0.35 0.35 0.39 0.39 66.15 66.15
48 x 100 6.27 17.56 11.29 13.68 15.93 19.30 11.32 10.70 48 x 100 6.22 6.93 0.71 1.06 0.80 1.19 79.87 75.34
100 x 325 6.21 29.63 23.42 37.10 33.04 52.33 13.28 12.33 100 x 325 6.19 12.60 6.41 7.47 7.18 8.37 81.99 81.05
-325 6.29 40.08 33.79 70.89 47.67 100.00 8.64 10.57 -325 6.21 87.97 81.76 89.23 91.63 100.00 83.38 83.18
Total 70.89 100.00 10.57 Total 89.23 100.00 83.18
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Table 3.6: Reconstituted value for Plant A 8/30/11.

Feed (Reconstituted)

. Dry Cum.
Size Class |\ eight | Weight |weight%| ™ | ashss | U™
(Mesh) Weight % Ash %
(8) (g)
+48 2.71 2.71 2.71 2.71 9.42 9.42
48 x 100 10.33 13.03 10.33 13.03 10.57 10.33
100 x 325 21.25 34.29 21.25 34.29 20.77 16.80
-325 65.71| 100.00 65.71| 100.00 55.32 42.11
Total| 100.00 100.00 42,11
Cons (Reconstituted)
. Dry Cum.
Size Class |\ oht | Weight |weight%| ™ | ashew | U™
(Mesh) Weight % Ash %
(8) (g)
+48 23.95 23.95 6.40 6.40 3.65 3.65
48 x 100 78.02| 10197 20.86 27.26 4.14 4.03
100x325| 115.98| 217.95 31.01 58.27 4.51 4.29
-325 156.07| 374.02 41.73|  100.00 15.44 8.94
Total| 374.02 100.00 8.94
Tails (Reconstituted)
. Dry Cum.
Size Class |\ oighe | weight |weight%| ™ | asns | U™
(Mesh) Weight % Ash %
(8) (g)
+48 2.74 2.74 1.71 1.71 15.23 15.23
48 x 100 12.00 14.74 7.49 9.21 15.38 15.35
100 x 325 29.83 4457 18.63 27.84 28.04 23.85
-325 115.55| 160.12 72.16| 100.00 61.52 51.04]
Total| 160.12 100.00 51.04
Feed Flotation Cell
Tails
54.53
8.28% Ash 34.88
100 10.57% Ash
42.11% Ash
v
21.90 I 19.65 c
B.94% Ash 4.21% Ash on
-

1.55
69.02% Ash

Figure 3.5: Carbon partitioning of the Plant A T 8/30/11 sample.
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The reconstituted concentrate and taityecalculated in a similar manner as previously
discussed. Howeveobtaining the reconstituted feedas more complex[3.6] was used to
calculate the dry weight for eackize class, wher&\i. and W;; are theweighs of the
reconstituted concentragend tails, respectivelyor the given size clas3he variables\,; and
W representhe total weighd of the reconstituted coeatrate and tailsespectively. Lastly, the

yield wasrepresented by the variable

. ) . . [3.6]
® ® ) )

— 3 — Op —
W PUT pTT

Y Q &' GQ QXN (10 pPTUT
The ash percent of a given size class inrédwenstituted feedascalculated using3.7].
The variablesA. and A represent the percent ash of the reconstituted concentrate and tails for

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

variableW. All other variablesreas previously defined.

. ) ) ) A T [3.7]
YQOEGQ DI -2 5 e e
©w PpTT 0 p T 0

Lastly, the amount of dilution washes was calculated for eattedflant Bsamples. To
accomplishthis, several relationshipgere used[3.8] shows the calculation for percent solids

whereWs is the weight of the solids and¥, 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 % Asl ReconTail % Ash
c Recon. Con. % As| Con Float % Ash| Tail Float % Ash
t Recon. Tail % Ash Con Sink % Ash | Tail Sink % Ash
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A\
b Y& & Qo> [3.8]
W w
[3.9] shows the mass balance equation for a flotation cell wiveigthe weight of the feed\\,

is the weight of the concentrate, awglis the weight of the tailings.

W 0w W [3.9]
The relationship shown i[8.10] wasobtained by dividing one of the terms showrn{3t8] by
their respective percent solidhe W, term in this equation represents the antooinwater
present in the feed, whildv¢ 100 shown if3.10 represents 100 units of feed. The correct
amount of meerial wasused for the concentrate and tailings based on this 100 units of feed. This
canbeeasily calculated using the yield of the cell.

W
PY

L . [3.10]
®» PTTW

[3.11] shows the new mass balance around the flotation cell, whevé,tlterm has been added.
This term represents the amount of wash water added to the system.
W W W W W W W [3.1]]
By substitutingin the appropriate values the amount of wash water added can be found, and then
used to calculate the dilution washes as shovj8.i?].

&
000 6 & WETE —— [3.12
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3.3 Resultsand Discussion

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, 20Bhalyzing the releasanalysisdata fromthis testshows a
significant amount ohydrophilic materialreported to the frotltoncentrateThis hydrophilic
materid was primarily located in the minud25 meshsize classRoughly 13% of the total
sample weight is noefloatable mateal less than 325 mesh in sizand this madrial is
approximately 87% asfhis result lead to an investigation okttvash water system present at
Plant A Figure3.6 showsthe originalwash watefiringo system installed @lant B This system
was very similar to the one installed Blant A The figure illustrates the inability of the ring
distributorto provide adecateand even coverag# the froth. Also of note is the way the water
is applied to the surface of the froffhe flow of water from the wash rings aanore likea jet
which can Kkill the frothyatherthan like a gentleain that distributeshe water. Moreover, his
turbulence could lead to sorm@wantedfroth mixing, which would reduce the effectiveness of

the wash water and result innarse product. Lastlythe wash rings plug easilywith so few

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

Total Concentrate Floatable Non-floatable

Size Clasy Weight Ash Weight Ash Weight Ash

(Mesh) (%) (%) | (% of Total) | (%) | (% of Total) | (%)
+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
T 32| 2896 | 43.39 15.97 8.01 12.99 86.90
Total 100.00 | 16.88 84.14 5.21 15.86 78.79
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holes perunit surface area of the cel few pluggedoles greatly impact the performance of the
wash water systenthus, maintenance of the wash rings is crucial, but this maintenance can also
be difficult and time consuming for the plgrgrsonnel

After recognizingthe poor performance of the wash ringerk was performed to ensure
proper coverage and flow rate for tRant Acell. As a result of this effort, an improvemant
performance from thdirst samplewas observedHigure 3.7). An immediate drop occurs in
concentrateashand the amount of hydrophilimaterial present in the concentrate. The data then

fluctuates around approximately 9% concentrate ash and 5% total weighhusg 325mesh

Figure 3.6: Poor coverage of wash rings at Plant B.
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Figure 3.7: Concentrate Ash and % Weight of minus 325 mesh nefioatable material.
non- floatable materialTable3.9 provides a numericdummary of the data shomn Figure3.7.
A summary of the concentratpiality data for the March 2%data set is shown ifiable
3.10. The total amount of noifloatable material present in the concentrate was reduced

approximately ten percentage paifrom 15.86% on January £10 5.71% on March 2% The

Table 3.9: Summary of total con. ash and norfloatable
minus 325 mesh material for the Plant A Samples.

Total Con Non-Float
Sample # Ash - 325Weight
(%) (% of Total Con)
1/11/2011f 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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Table 3.10: Summary of concentrate data for the March 24, 2011 sample.

Total Concentrate Floatable Non-floatable

Size Class| Weight Ash Weight Ash Weight Ash

(Mesh) (%) (%) | (% of Total) | (%) | (% of Total) | (%)
+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 94.29 541 5.71 77.25

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

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

drop ofapproximatéy seven percentage points
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taken while the plant was running a blend of coals ft@mmines.

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

concentrate ash was similarly reduced from 16.88% on Janudrp ¥51% on March 2% a

original peakobtained from the first samplénterestingly, both samples contain a much &igh
percentof minus 325mesh norfloatable material than the earlier samples. This could be due to
the later sampkebeing a different blend of cothanthe earlier samplesThe first eight sampke

were all taken when the plant was running coal fmmamine, while the two later samples were

effect on thequality of the floatecoroduct. Samples from January™tb March & had wash
water rates ranging from 274 to 3G®M, with an average of approximately 3GPM. Samples
from March 4™ forward havehigherwash waterlbw rates ranging from 450 to 5&PM, with
an average of 49&6PM. Generallyit is accepted that higher wash water flow sgiesitively
impactthe productquality. Figure 3.7 shows thatfor the same blend of caahe March #™

point provided the loweasverall ash of the samples tested, but the following week saw the ash
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Figure 3.8: Carbon recovery, separation efficiency, and yield for the Plant A data.

Figure3.8 shows theclean coalield, combustiblerecovery, and separatiorfiefency for
the Plant Asamples The numerical data is summarizedTiable 3.11 for reference The data
shows fluctuations in all three parameters. Recovery thfigm a low value of 335% on the
August 38" sample to igh value of 58.47% on the February"lample, and has an average
value of 44.92%. The average separation efficiency for thevesiB7.82% with ahigh value of
49.20% occurring on August T1and a low value of 28.80% occurring on Februaty The
maximum yeld value of 37.32% occurred on February"dhile the minimum value of 21.20%
occurred on August 30 The average vield of the celbs28.54%.

Examiningcombustiblerecovery and sepation efficiency information shows the cells
improvement in rejecting ash as time progressed. The gap between the recovery line and the
separawon efficiency line narrowsand the gap becomes fairly consistent starting with the March
14™ sample. This naowing indicates a reduction in ash recovery. The ash recovery values for

these last points rangé&om 4.39% to 6.01%., whereas the earlier samples dainge 5.1% to
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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

10.6%. It also important to note there is roughly a five month separation betweearttteavid
August samples, indicating the cp#rformancestabilizedduring 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 systetndecision was made to replace the original
wash water ring distributor with a new drip pan systéne to thedifficulties in trying to
maintain adequate coverage using a wash water ring system. Dripnoaige a much larger
numberof holesper unit area. Thus, if one hole pludgisdoesnot grealy reducethe overall
coverage of the cell. Alsarip pans are much easier to cleand maintain than wash rings
which is a substantial advantage fbe plant personnel that have to opgraand maintain the
flotation equipmentFigure 3.9 showsthe newdrip paninstalled atPlant B This photograph
easily demonstratebe superiocoverage obtained by using a dpandesignover the original

washwaterring design.

57



Figure 3.9: Drip pan installed at Plant B.

3.3.3 Characterization Testing & Modification to the Air -Slurry Distributor

Significant surface turbulence was another issue discovered with early tadtiagt A
Very largeslugs of undispersed gappeared tde making it to the surface of the frothigure
3.10 shows the initial slurry distribution design used on Fta&nt A unit. This design utilizes
pipes connected to the top of the mixing chamber to distributrtiskirry mixtureinto the tank
where it sepates 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. Thes@ocketsof gaswould not exit the chamber until they had formed large
slugs. Thenwhen 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 therebycausing the observed surface turbulesiced adversely impacting the ability of the

wash water to remove entrained higsh clay
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Figure 3.10: Initial Plant A slurry distribution design.

To alleviate the surface turbulenddée slurry distribution design was altereg the
manufacturerFigure3.11shows the altered slurry distribution desigs.shown, the newesign
incorporaté 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 tartle 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 pockateumiate at the top
of the mixing chamberThis new design wasnstalled atPlant Band was in place during all of
the test work conducted duritigatphase of th@roject.

As stated earliera totalof 12 tests were performed on tiant Bflotation unit. Table
3.3 provides acomplete listing of the testing conditiorigable3.12, Table3.13, andTable3.14
each contain a summary of the results for the each parameter Svaddp3.12 contains the
froth depth data, whilelable 3.13 contains the agitator mmt speeddata, andTable 3.14

contains the wash water rate data. These tables contain infomnoati total concentrate ash,
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Figure 3.11 Altered slurry distribution design using spinning distribution plate.
percentweight for theminus 325mesh norfloatable material, dilution washes, carbon recovery,
ash recovery, separation efficienapd yield.

Similarly, Figure 3.12, Figure 3.13, and Figure 3.14 graph the total concentrate ash,
percentweight of total concentratdor the minus 325mesh norfloatable material, and dilution
washes data for théroth depth tests, agitator motor speed sweep, and wash water tests
respectively. Lastly, the data for recovery, separation efficiency, and yield are ploEigaie
3.15, Figure 3.16, andFigure 3.17 for the froth depth sweep, agitator motor speed sweep, and

wash water rate tests respectively.
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Table 3.12: Summary of the froth depth sweep for the Plant B samples

Non-Float
Test Froth Tota(l) minus 325 | Dilution Carbon Ash Sep .
2 Depth Con. % %Weight | Washes Rec Rec Eff. Yield
(in.) Ash of Total (%) (%). (%)
1 30 5.42 3.53 4.96 2054 1.27 | 19.28 | 11.27
2 24 7.12 4.88 2.00 3591 3.03 | 32.87 | 20.26
3 18 7.37 541 1.44 34.98 3.04 31.94 | 19.71
4 12 8.37 6.61 1.77 3156 | 3.22 | 28.34 | 18.17
Table 3.13: Summary of the agitator motor speed sweep for the Plant B samples
Agitator Non-Float
Test Motor Jotal minus 325 | Dilution Carbon Ash Sep .
Con. % . Rec Rec Eff. Yield
# Speed Ash %Weight Washes (%) (%) (%)
(H2) of Total '
5 0 6.39 4,53 3.21 38.01 | 3.07 | 3494 | 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
Wash Non-Float
Total ) I Carbon Ash Sep
Test Water Con. % | Minus 325| Dilution Rec Rec Eff vield
# Rate Ash %Weight Washes (%) (%) (%)
(gpm) of Total '
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, norfloatable minus 325 mesh % weight of total, and dilution wash
data for the froth depth samples.
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Figure 3.13 Concentrate ash, norfloatable 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, norfloatable minus 325 mesh % weight of total, and dilution wash
data for the wash water rate samples.
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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
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Figure 3.17: Carbon recovery, separation efficiency, and yield for the wash water rate samples.
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Table 3.12, Figure 3.12, and Figure 3.15 show how thecell performs with respect to
changing froth depthdncreasing froth depth lead to anproved concentrate ash and reduced
the amount ohon-floatablematerial present in the concentrate. The minimum froth depth tested,
12 inches produced the highest conceate ash, 8.37%, and contained the largest amount of
minus 325mesh 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
inchesproduceda cacentrate ash of 7.12%, while thenus 325mesh hydrophilic materiah
this sample oly made up 4.88% of the total concentrate weight. As expected the deepest froth
depth test, 30nches produced the best results with respect to concentrate ash armghildr
material present in the concentrate. This deep froth resulted in a concentrate ash of 5.42%, and
theminus 325mesh hydrophilic material comprised only 3.53% of the total concentrate weight.
The spike seen in the dilution washes data is likelyelihto the drop in recovery and yield for
that point. A smaller amount e@kry high percent solids product is being produced. This results
in less water reporting to the concentrate.

Figure3.15 shows trends that go against what is commonly acceptedegipiect to coal
flotation. It is commonly held that shallower froth depth provide a greater recovery. These tests
show that for thecell the optimum froth depth, with respect to maximizing recovery, occurs
somewhere around d8ches.The data does suggest tlextreme froth depths do decrease the
recovery.This extreme froth depth does provide the lowest ash reconvbigh is to be expected
since this is when the flotation process is the most selective. Another way that the datis conf
with the commonly held conventions is the @ity of the data to changes 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 moresg#eve to this change than carbon
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recovery. For thé&tackCel 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 varia®b of
percentage points. The recovesy the other hand varies from a maximum38£91% at 24
inchesof froth depth to 20.54% at 3Achesof froth depth, a change of 15.36 percentage points.
Investigating Table 3.13, Figure 3.13, and Figure 3.16 reveals how theStackCell
performs with changs in agitator motor speed. The cell operates as expected when considering
concentrate ash. As tlagitatormotor 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 oft%6653%z a
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 325mesh material reporting to the concentrate. At 04t%58% of the concentrate is made
of minus 325mesh hydrophilic material. This value increases to 6.54%nadtor speed of 60
Hz. Very little confidence should be placed e tdilution washes data for thsst of sampledt
is believed that samples usexcalculate 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, théStackCellseemgo follow the known trend with respect to concentrate
ash, but deviates when examining carbon recovery and yield. Commonly for mechanical cells
both recovery and yield increasgsagitator speed increaséhe data shows thas 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 Athétzll
produced a carbon recovery 36.08%, a sdéjoar&fficiency of 32.36%, and yield of 22.28%. At
60 Hz these values fall to 19.77%, 17.64%, and 12.09% respectively. This ireseitseasesf

16.31 percentage points for carbon recovery, 14.72 percentage points for separation efficiency,
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and 10.19 peentage points for yield. The drop in separation efficiendinked to the drop in
carbon recovery, because carbon recovery is used to calculate separation efficiency. The 60 Hz
actually produced the | owest asppeadcohrvaestyi call
likely that this point would have produced the highest separation efficiency.

Table3.14, Figure 3.14, andFigure3.17 show howStackCellperformance changes with
varying wash water rates. As with the previous two sets of dataelifellows the known trend
with respect to total concentrate ash. As wash water rate increase concentrate ashsdecrease
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 faittdhis high value it is unlikely
that it is solely responsible since the other data poindre subjected to the same testing
conditions. A more likely scenario is short circuiting of the wash water into the concenliate.
belief is supported by théact that the dilution washes did not increase with the increase to the
highest wash water rate. Thusore ofthe wash water must have reported to the concentrate
which reducedthe dilution washes for that test. This short circuiting could have alstedraa
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 G881 of wash watg resulting in a
6.76% concentrate ash. The 26@M test also produced a very similar concentrate ash, 6.94%.
The minus 325mesh hydrophilic material preseint the concentrate was highest, 8.74%, at O
GPM. All of the other rates tested produced simiksults ranging from 4.68% at 3¢&PM to

5.60% at 40@GPM.
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The recovery, separation efficiency, and yield data foiStiaekCellstarts off following
the knowntrend but it does contaian anomaly. Generally as wash water rate increases the
carbon recovery decreases. This holds true for the first two data points tested, but@i\VB45
data pointspikes the recovery, separation efficiency, and yield. The higG&s¥l value tesstill
resulte 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 unlikeityithsdlely
the result of the wash water addition rate. It is possible atsllggimge in froth depth occurred
which resulted in the higher recovery

The highest carbon recovery, 39.32 %, occurred atG¥B|, while the lowest, 31.04%,
occurred at 26@GPM, resulting in a range of 8.27 percentage points. The highest ash recovery
value, 5.66%, occurs at GPM, and lowest value, 2.82%, occurs at Z6BM, resulting in a
range of 2.84 percentage points. All of the data points, exceplhdd GPM point, produed
very similar ash recovery values ranging from 2.82% to 3.59%. The yield follows the same
pattern as the recovenyith the highest value, 23.50%, occurring at 33BM, while the
minimum value, 18.31%, occurs at 26@M, a range of 5.19 percentage points.

Surface turbulence, similar to that observedPlaint A was present during tHelant B
testing. After investigating the resulting data and continued monitaitiegcell manufacturer
chose to further change the slurry distribution design used in thdtgslbelieved thathe jet
exiting the mixing chamber caused a large amount of turbulence at or near thpuipoth
interface which resulted in froth mixing.

Figure 3.11shows the design in question. To alleviate this isthe=cell manufacturgrlaced 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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Figure 3.18: Spinning plate distributor with shroud.

surface turbulence, it also gwé¢he air more time distsute throughout the cell rather than

immediately reporting to the froth. This new distribution design can be ségguire3.18

3.4  Conclusions

The testing work performed on tistackCellat thePlant AandPlant Bsites 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 clggnto the design of th&tackCellwas the use oh spinning
distributor plate rathethan distributor pipesin order to transfethe slurry from the mixing
chamber to the tank for pufpoth separation. This desigrhangewas made in an effort to
reduce stface 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 andfemmayhe frothpulp

interface.
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Longterm testing of theStackCellshowed that it had stabilizedith respect toash
recovery, and fluctuates between 4.39% and 6.01% forPtaat A coal. Likewise, after
correcting the wash water issue, the concentrateflastuates around approximately 9.5%.
Average recovery for these tests was 44.9@% no major outliers, while the average yield was
28.54% with no major outliers.

The characterizatiortesting atPlant B showed that the design of the tes@&@ckCell
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 fronhe traditional theory came witrespect to carbon recoveryhts
been shown that as froth depth increase recovery decreasePlarth&froth depth tests carbon
recovery increased to a maximum value of 35.91% at a froth depthioél2Zs Although, his
value then immediately fell to 20.54% at a froth depth oh80es

It has also ben shown that for mechanical cellsincreasing rotor speed results in
increases in recovery and yielot all of thedatacollected in this studyollows this trend.
Instead, as the agitator motor speed increased the carbon recovery and yield held fairly constant
at approximately 386% and 22%respectively. Although, once the highest agitator motor
speed was achievebtloth values fell sharply to a carboacovery of 19.77% and a vyield of
10.19%.

Lastly, itis generallyheld thatas wash waterateincreases carbon recovery dexses.

This holds true for the 0 GPEhd260 GPM Plant Bdatasets which achievedcarbon recoveries

of 37.07% and 31.04% respieely. In contrast a spike in carbon recovery, 39.32%, occurs at
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345 GPM. The carbon recovery then drops to a valu83»25% at 40@PM. The cause of the
spike at 3455PMis unknown.
The anomalies listed above in combination with visual observatisarédce turbulence

were driving factors in adding the shroud to the current slurry distribution design.
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4.0 CARBON PARTIONING TEST

4.1  Introduction

Normally, a release analysis requires an expensive flotation machine and flotation
chemicals to perform. On topf these costdt is also a time consuming procedure to perform
properly. During a trip toPlant B an interesting idea was proposed. Could a process be
developed that would allow plant operators to perform a quick spot checkfluftétieon product
or tails? With this idea in mindanoil-pulp separation was chosen as the most likely candidate
for a spot check tesFigure4.1 shows an irplant proofof-concept test, where a sample of froth
product was mixed in a test tube with torch oil and dilutiotewal hisphotographshows 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 afahgon partitioning test

Figure 4.1: Proof of concept for oil release test.
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4.2  Experimental

4.2.1 Processes Used

Samples were spilt out from thHelant B and Plant A flotation samples in order to
compare thecarbon partitioning tesio the standard release analysis. The samples used in the
development of thearbon partitioning testan be seen ifable4.1. The Plant Bsamples were
split out using the same slurry splitter seelfrigure 3.1 ThePlant Asamples wergvell mixed
and hen sample splits wepoured out from the main sample.

The first attempt at obtaining results comparable to that of a release analysis titdized
separatory funnel seen igure4.2 Concentrate and tailings samples frBlant Btests#5, #6,
and#8 were used during this phase of development. These samgieswell mixed and then
smaller samples were removed from them by dipping a beaker into the parent sampke.
assumed that concentrate sarapiere initially at 14% solids, and thdrey were diluted to less
than 5% solids. Tailing samples were assdirteealready 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 slurryvasadded to separatory funnel. The funnel was then capped and
shaken vigorouslyThe shaking aased the slurry and oil to mix, arldig mixing allowed the oll
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 tbedpaulp away

Table 4.1: Samples used to develop
the carbon partitioning test.

Samples Teste(
Plant B Test #5
Plant B Test #6
Plant B Test #8
Plant A 8/11/11
Plant A 8/30/11
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Figure 4.2: Separatory funnel used in the development of thearbon partitioning test.

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 samplea float and sik product for each of th&ix Plant Bsamples tested.he
samples were then filtered, dried, weighed, and analyzed for ash content. The ash analysis was
performed using the same ash analyzer seEigure3.4.

The second method tested used a blender in place of the separatoryThenakender
used in this test can be seerFigure4.3 and is a modeb4618ZHamilton Beach blender. This
model wa& 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 theseviesgt®nce again concentrate and tailings
from thePlant B#5, #6, and #8 tests. In tipsocedurghe sample was placed in the blender and
diluted with water unt i | the blender was f ul
percent solids, nor was desired parent solids obtained prior toading the sample into the

blender. InstegdLO ml of oil were initially added to both the concentrate and tailing samples for
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Figure 4.3: Hamilton Beach model 546187 blender used during testing.
the Plant B#5 and #6 tests. Thelant B#8 concentrate had an initial oil addition I ml as
well, but the tailings had only 5 ml of oil added initially.

After the initial oil additionsthe blender was run for approximat& seconds. At this
point, the material was allowed to separate into an oil phase and a pulp Ibltheeseparation
was not acceptahlean additional 2 ml of oil was added tbe system and the process was
repeated until either an acceptable separation was obtained or there wisibla improvement
after several oil addition3hetotal amount of oil addefibr each test can be seeriable4.2.

Once an acceptable separation had been obtainedailings were drained from the
blender using the built in tap. This allowed tlmeentrate 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 concénate was then blended again and allowed to separate into an oil phase and a
pulp phase. The tails were thenathed and set aside withe previous iteratiah $ails. This
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Table 4.2: Amounts of oil added to the Plant B blender tests.

Initial Oil | Oil Addition Rate . Total Oil Added

Sample Tested (mi) (mi/addition) Additions (mi)

Test #5 Con 10 2 1 12

Test #5 Tall 10 2 2 14

Test #6 Con 10 2 1 12

Test #6 Tall 10 2 0 10

Test #8 Con 10 2 1 12

Test #8 Tall 5 1 1 6

process continued until the tailings were visibly cleat. this point the concerdte and
combined tailings were filtered, dried, weighed, and analjaeash content.

The thid attempt to simulate a release analysed the same blender as the previous
method, but in this set of teghe starting samples were not diluted to fill the blender. Instead the
blender was filled to capacity with slurrglant Asamples were used for these tests due to the
guantity of samie available, but the proceduremained the same. The sample wasdl mixed,
and then pored into the blender until it was approximately 3/4.fAllsimilar approach to oil
addition was implemented on tRéant Asamples. Although, the startiegnount ofoil varied as
the procedure became more familiar. A summary of the oil added Rlahe Asamples can be
seen inTable4.3

Another change from the previous blender tests was the use of a different tap as seen in
Figure4.4. A fine adjustment tap was agltlto the blender in place of the older tap. The new tap
allows for water to be drained out of the blenderlevtiie operator is not preseiitie previous

tap required the operator to be present in order to hold it open.
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Table 4.3: Amounts of oil added to the Plant A blender tests.

Initial Oil | Oil Addition Rate . Total Oil Added

Sample Tested (mi) (mi/addition) Additions (mi)
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

Once enough oil had been added to the system to obtain an acceptable separation between

the pulp andil phasesit was drained from the system usitig new tap. The tap was opened

until a steady stream of tailings was flowing from the blender. Once a steady str@eecha
obtained the operatomwasnot required to be present. The tailirdysinedfrom 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 watdfigure 4.5. Usually this material

reports to the tailings when a change in flow rate ocoutke 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

Figure 4.4: New and old tap used on the blender.
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Figure 4.5: Hydrophobic material reporting to the tailings.

removed and the process conts until the tailings are visibly clear. Four sequential blends
were performed on thBlant Asamples in order to obtain cletilings. 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,ahtgsisere
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 ftwxetappropriate sample. This same
procedure was followed for calculating the combined tailings Hisé.yield was calculated by
using the feed ash fronmé appropriate release analysis, the combined concentrate ash, and the
combined tailings ash along wifB.2]. Lastly, the feed was reconstituted usiBg] and[3.7] in

the same manner as was described withcttegacterization sample$able 4.4 shows the raw
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and reconstituted data for tRéant AAugust 3¢' 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 Dry Cum. . Cum. Cum.
P?g)er & Dry | Weight | Weight W((a)/loght Weight A(‘,Zh Ash
(9) (9) (9) % %
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 Dry Cum. . Cum. Cum.
P?;)er & Dry | Weight | Weight W(O-:-/loght Weight A(‘)/Soh Ash
(9) (9) (9) % %
Float 6.17 25.33 19.16 19.16 | 45.09 | 45.09 | 10.31| 10.31
Sink 5.97 29.30 23.33 | 4249 | 5491 | 100.00| 86.79 | 52.30
Total 42.49 100.00 52.30
Feed (Reconstituted)
Dry Cum. : Cum.
Weight | Weight W?,'ght Weight | Ash % Cung.
Yo 0 Ash %
(9) (9) Yo
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

79




4.3 Results and Discussion

The results for eacbarbon pditioning testwere compared to those of their respective
release analysis sampld&able 4.5 contains the data for thHelant Bseparatory funnel samples
and the appropriate release analysis dethle 4.6 shows the data for tHelant Bblender tests
and their respective release analysis samples. Ldsthte4.7 contains the results for tHéart
A blender samples and their respective release analysis samples. The data has grepled
andcan be seen iRigure4.6, Figure4.7, andFigure4.8, respectively.

Table4.5 andFigure4.6 show that the spearatory funnel was capable of producing results

comparable to those of a release analysieémhcomponent excegor concentrate sink. In this

Table 4.5: Percent ash results for the separatory funnel tests for Plant B.

Sep. Fun.| Release
(% Ash) | (%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 (Recol 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 (Recoll 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 (Recor] 43.52 43.52

SampleTested
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Table 4.6: Percent ash results for the Plant B blender tests.

Blender | Release
(% Ash) | (%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

Sample Tested

case the separatory funnel under estimated the percent ash presensamntpie It is beleved
that this variation is due to incqiete recovery of the hydrophohieaterial to the concentrate
float sample.

These promising initial results le&althe 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 thisthghear environment. Examinifigable 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.
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Table 4.7: Percent ash resutis for the Plant A blender tests.

Blender | Release
(% Ash) | (%Ash)
8/11 Con Float A 491 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) 4 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)§ 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) | 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) 4 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) H 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) | 42.11 42.11

Sample Tested

The third attempt at producing comparable resugted a blender fubf slurry rather than
a diluted slurryTable4.7 andFigure4.8 show that this combination of a high shear environment
and higher percent solids present in the blender predeselts 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 andlyssndicates that a betteeparation
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Figure 4.6: Results of the separatory funnel tests compared to those of the release analysis.
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Figure 4.8: Results of the Plant A blender tests compared to those of the release analysis.

occurred using the blender than the flaatmachine. The drift seen ime Tail Float 8/11
component is believed to be due to an over dosage oHailing 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 pestidrove 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 wieghtasbon present in each
Plant A blender tesflo perform this calculation it was assumed that the oil used in the test has a
density of 0.8 g/mlExamining thistable confirms that the 8/11 tailings sample did have a much
lower carbon to oil ratio than the rest of the tests. The resudt thie 8/30 tess fell close to the
release analysis values. The carbon to oil ratio of these saaipfell in the rangeof 6 to 7.
Though it does appear that concnertrate samples can be tested with a much large amount of oll.

Both of the 8/11 concetrate samples produced good results and had carbon to oil ratios of 4.22
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Table 4.8: Carbon to oil comparison of each Plant A blender test.

Plant A Split | % Ash Weight of Weight of Am.ount of Weight Carbon/OiI
Sample Material (g) | Carbon (g) Oil (ml) of Oil (g) Ratio
8/11/2011| Con 1| 12.08 192.09 168.88 50 40.00 4.22
8/11/2011| Tail1| 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| Tail2 | 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| Tail2 | 51.98 41.81 20.08 4 3.20 6.27

ard 4.35. This shows that concentrate samples arsisseptible to an over addition of oil than

tailings samples.

During the data processing each setcafbon partitioningsamples, concentrate and

tailings,

used

t he

respecti ve

r el

ease

anal ysi

then usd to reconstitute a feed based on the concentrate and tailings results éarlibe

partitioning test It is understood that the feed ash for a given flotation circuit will not always

been known. Instead yield value for circuit will commonly be reped aml updated over time.

With this knowledge in minda sensitivity analysis was performed on Eiant AAugust 30" A

sample. The results of tlsensitivityanalysis can be seenTiable4.9. As the table shows,fave

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 percentagethange in the reconstituted feed ash

occurs in the opposite direction.
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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

4.4  Conclusions

A method for obtaining results comparable to those of a release analysis cheaply and
quickly was developed. This method uses a blender with mstadled for easy removal of the
tailings material. The blender should be loaded to capacity slutiny, and o dilution water
should beadded initially The amount of oil added to the system shdddalibrated to each
site but a range of 6 to 7 when comparing the carbon weight to the weitjlgaf 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 bperformed bystating with a very low initial amount of gibnd 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 consnnél the desired separation occurs or there
is novisible 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 thaaditioral
release analysis.

The method for reconstituting a feed ash wa® aésted 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 @fi0 percentage points, produced only a 4.31 percentage point

change in reconstitutdded ash.
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Based on the testing experienseme recommendations about the process can be made.
The tap on the blender should be replaced or modified to alloesofdmuousflow without the
operator being presemdllowing the sample to drain without theperator 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 tbet sides and base of the blenderisTinade 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 thasome hydrophobic material will report the tailings. To minimize thisusers
shouldavoid changing the flow rate on the tap once a steady stream has been obtained. Also

users shouldvoid contacting the blender during the draining process if possible.
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5.0 DRIP PAN PROGRAM DEVELOPMENT

5.1 Introduction

The importance of adequate wash water distribution has been sliwento 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 patteandype
output parameters such as required water head. An investigation was also gukrform

determine the effect plate thickness has on flow rate.

5.2  Experimental

5.2.1 Apparatus

In order to study the flow rate through an orifice plate an appasdtag/nin Figure5.1,
was constructed. The apparatmsisted of three major parthe water intake ipe, the orifice
plates, and the tank. The water intake pkigure5.2, 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

Figure5.3. Three plates of separate thickees 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. Thdianletersused in the
teds are3/16-, 1/4-, 5/16, 3/8 and 7/16inch. Figure5.4, Figure5.5, andFigure5.6 show the
1/8-, 3/16- and 1/4inch thick plates, respectively. Lastly, the tank was equipped with a sight

glass and a ruler, as seenHigure 5.7, in orderto 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 stopghensg the testing
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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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Figure 5.7: Sight glass and ruler equipped to the tank.

5.2.2 Testing Procedure

Plumbets putty was used to stop up all but one hmfore testing began on a particular
plate Other testing preparations included preparing three data sheets, one for eaghehaled
obtaining the tare weighton three small buckets. Once pleparations were completeithe
apparatusvas assembled aritled with water up to the first weir leveht this point the water
level was read using the sight glass and ruler asd/eiue was recorded on the appropriate data
sheet. Nextthree separate samples were collectethefflow emitting from the orifice plate.
The sampling time for eachf three samplesvas recorded along with the total weight of the

bucket and water. Theater was weighed using tlsame scale seen Figure3.3. Once all of
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the necessary information had been recqrtieel next hole was opened and the previous hole
was plugged. For instance if the 3/ib@h drilled hole was being tested it would be plugged

the 3/16inch 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, arnl the same proceduveas followed, with the data being recorded on the appropriate data
sheetOnce all of tle holes for a given diameter hiaéen tested the next lasg@éole was opened
and the previous hole was plugged. For instance if theiBttBplagna cut and counter sunk
hole has been complet@and it was the last 3/1i&ch hole the 1/4inch drilled hole would be
opened next. The watow ratewasthen adjusted so that the water level reached the avair,
it was then allowed to stabiliz&he sane procedure as before was then followaaklthe data
wasrecorded on the appropriate data sheet. This pattern continued until all fifteen holes had been
tests at the given weir level. schematic of this procedure can be sedfigure5.8.

Once a weir level had been completed the pattern of testing repeated starting with the
smallest hole sizes. The water addition would havketadjusted in order to meet the second
weir level and not exceed ithis pattern continued unt@ll fifteen holes had been testeat all
five weir levels. Once completed, the apparatus was disassembled and reassembled using a
different orifice plateWork continued until all three orifice plates had béested

Following the completion of the testing phaee dameter ofeach 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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Figure 5.8: Flow through and orifice plate testing procedure.

5.2.3 Data Processing

The raw data from thibow rate experiments were input inkspreadsheet that calculated
the gallon per minute flow rate of each hole diameter, hole type, and plate thickness
combination. This process can be seen beloWaible 5.1 and Table 5.2 for the 1/8inch thick
plate and drilled holesThe data for a set of three runs was averaged to produce one value for
later useThe data for the remaining tests can be found in Appendix E.

These calculated results were then compared to the results from a purelyidaleore
model. The model was developed using the traditional flow through and orifice plate equation,
[5.1]. Wheren is the number of holeg, is the area of the hol€ is the coefficient of discharge,

gis the force of gravity, andis the water head.
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0 ¢HB OCM [5.1]
The coefficient of discharge can further be broken down into the coefficient of contraction and
coefficient of velocity as shown {8.2] (Lienhard V and Lienhard 1V 1984
6 0D [5.2]

[5.3] shows the common coefficient afrtractionused for ideal flows.

0 ¢ T ppPT

[5.3]

[5.4] shows a relationship that can be usefind the coefficient of velocity. In this equatioid,
is a constanthat has been calculated out to eight decimal places andepated a®.242738

for circularholes

[5.4]

The Reterm is the Reynolds number calculated us[bgp], whereD, is the diameter of the
orifice ando is kinematic viscosity. All other variables are as previously defijheshhard V and

Lienhard IV 1984)

Y'Q c"—CIDrO— [5:9]

[5.6] is obtained by substituting the relationship shown[5r2] into [5.4] and then

rearranging the result. This form allseiizt o be sol ved using Newtonds

MY '@ a7 — [5.6]
6

Tt

Using [5.6], aCq value was found for the results of each combinatifoparameters
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Table 5.1: Raw data for the 1/8inch thick plate and drilled holes tests.

Date: 11/3/2011 Bucket 1 Weight (g): 33.35
Plate Thickness: 0.125 in. Bucket 2 Weight (g): 33.33
Hole Style: Drilled No CS Bucket 3 Weight (g): 33.56
Water Height (in.) Hole #1 Hole #2 Hole #3 Hole #4 Hole #5
3/16" 1/4" 5/16" 3/8" 7/16"
Approx.
Test # Water Height Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run1 Run 2 Run 3
(in)
1 2 2.250 2.250 2.250 2.625 2.625 2.625 2.250 2.250 2.250 2.250 2.250 2.250 2.250 2.250 2.250
2 4 4.313 4.313 4.313 4.250 4.250 4.250 4.313 4.313 4.313 4.313 4.313 4.313 4.313 4.313 4.313
3 6 6.250 6.250 6.250 6.313 6.313 6.313 6.250 6.250 6.250 6.250 6.250 6.250 6.313 6.313 6.313
4 8 8.313 8.313 8.313 8.250 8.250 8.250 8.313 8.313 8.313 8.250 8.250 8.250 8.313 8.313 8.313
5 10 10.375 10.375 10.375 10.313 10.313 10.313 10.313 10.313 10.313 10.250 10.250 10.250 10.313 10.313 10.313
Time (sec) Hole #1 Hole #2 Hole #3 Hole #4 Hole #5
3/16" 1/4" 5/16" 3/8" 7/16"
Approx.
Test # Water Height Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3
(in)
1 2 20.00 19.91 19.91 19.93 19.94 20.00 15.03 14.97 14.93 12.00 12.06 11.97 10.03 9.82 9.16
2 4 15.16 15.06 15.06 15.00 14.97 15.09 15.07 15.00 15.22 11.88 10.22 10.00 8.03 8.16 7.97
3 6 15.28 15.07 15.12 14.97 14.97 15.22 12.19 11.97 12.00 10.10 10.09 10.16 6.06 6.00 6.09
4 8 15.00 14.97 14.97 15.16 15.06 15.06 10.06 10.00 10.10 8.16 7.97 8.06 6.00 6.13 6.21
5 10 15.12 15.03 14.94 11.87 12.03 11.97 8.09 7.97 8.10 6.09 6.09 6.15 4.28 4.07 4.22
Water & Bucket Weight (g) Hole #1 Hole #2 Hole #3 Hole #4 Hole #5
3/16" 1/4" 5/16" 3/8" 7/16"
Approx.
Test # Water Height Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run1 Run 2 Run 3
(in)
1 2 314.52 312.78 312.61 584.16 584.76 584.40 590.78 581.60 585.63 681.18 682.21 679.29 746.70 723.93 667.22
2 4 308.18 308.11 305.10 524.74 525.66 532.02 751.08 751.37 756.03 856.44 746.68 722.76 790.15 795.62 768.41
3 6 351.45 343.76 344.89 596.13 599.86 613.73 701.43 690.23 696.48 836.30 847.70 843.73 697.97 698.52 692.63
4 8 384.39 388.61 386.39 679.73 666.82 675.55 663.53 664.56 663.86 779.32 764.41 774.23 768.47 780.70 791.83
5 10 420.24| 415.25 416.38 588.69 596.17 594.35 502.78 592.74 588.50 649.19 651.74 651.66 610.82 583.51 610.66
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Table 5.2: Calculated results from the 1/8inch thick plate and drilled holes tests.

Water Volume (ml) Hole #1 Hole #2 Hole #3 Hole #4 Hole #5
3/16" 1/4" 5/16" 3/8" 7/16"
Approx.
Test # Water Height Run 1 Run 2 Run 3 Run1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3
(in)
1 2 281.17 279.45 279.05 550.81 551.43 550.84 557.43 548.27 552.07 647.83 648.88 645.73 713.35 690.60 633.66
2 4 274.83 274.78 271.54] 491.39 492.33 408,46 717.73 718.04 722.47 823.09 713.35 689.20 756.80 762.29 734.85
3 6 318.10 310.43 311.33 562.78 566.53 580.17 668.08 656.90 662.92 802.95 814.37 810.17 664.62 665.19 659.07
4 8 351.04 355.28 352.83 646.38 633.49 641,99 630.18 631.23 630.30 745.97 731.08 740.67 735.12 747.37 758.27
5 10 386.89 381.92 382.82 555.34 562.84 560.79 559.43 559.41 564.94 615.84 618.41 618.10 577.47 550.18 577.10
lgal= 3785.41 ml
Flow Rate (GPM) Hole #1 Hole #2 Hole #3 Hole #4 Hole #5
3/16" 1/4" 5/16" 3/8" 7/16"
Approx.
Test # Water Height Run 1 Run 2 Run 3 Run1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 Run 1 Run 2 Run 3
(in)
1 2 0.22 0.22 0.22 0.44 0.44 0.44 0.59 0.58 0.59 0.86 0.85 0.86 1.13 1.11 1.10
2 4 0.29 0.29 0.29 0.52 0.52 0.52 0.75 0.76 0.75 1.10 1.11 1.09 1.49 1.48 1.46
3 6 0.33 0.33 0.33 0.60 0.60 0.60 0.87 0.87 0.88 1.26 1.28 1.26 1.74 1.76 1.72
4 8 0.37 0.38 0.37 0.68 0.67 0.68 0.99 1.00 0.99 1.45 1.45 1.46 1.94 1.93 1.94
5 10 0.41 0.40 0.41 0.74 0.74 0.74 1.10 1.11 1.11 1.60 1.61 1.59 2.14 2.14 2.17
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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 thealtie usedn the flow rate equation.
The same process as the theoretical model was followed to obtain these results, the only

difference being Ewasafitted valuanstead of being assumed as 0.6110.

5.3 Results and Discussion

5.3.1 Effect of Plate Thickness on Flow Rate

The comparisons between the theoretical and fit models can be seenHglone5.9,
Figure5.10, andFigure5.11 show the theoretical model compared to the measured data for the
drilled holes of the 1/ 3/16, and 1/4inch thick plates respectively Similarly, Figure 5.12
Figure 5.13 andFigure 5.14 show the comparison between the measured flow rates and the
predicted flow rates using theveraged bedit C; data. This data uses a Galue that is an
average of the best fit(Gvales for each tesA total of nine values were used to develop this
average ¢value. For example a best fit Cc value was determined for thimdi8thick plate
drilled holes test. A separate best fit Cc value was determined foir@ti@hick plate drilled
holes test. fie 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 TVaduglots for the

remaining test can be found in Appendix F.
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Figure 5.9: Comparison between theoretical model and measured data for drilled holes on the
1/8-inch thick plate.
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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.
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Figure 5.12 Comparison between fit averaged ¢model and measured data for drilled holes on
the 1/&inch thick plate.
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Figure 5.13: Comparison between fit averaged ¢model and measured data for drilled holes on
the 3/16inch thick plate.
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Figure 5.14: Comparison between fit averaged €model and measured data for drilled holes on
the 1/4inch 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 shotiashere
trend holds true for both the drilled counter sunk and plasma cut counter sunk holes as well. This
undeestimationis believed to be caused by the low value of the coefficient of contradthen.
value for G used in the theoretical mode is meant to represent an ideal flow. Examining the
figures containing the averaged best fitv@lues shows a much morecacate prediction of the
measured data. Thuis is believedthat the flow obtained duringgBng was not idal and the
fitted C; valuescorrect for this nondeal flow.

The averaged best fit:@alue resulted in an averaged ¥lue of 0.6856 for all fothe
different hole types. While this value provides an adequate fit of the dateald®s were
obtained for each holgpe by averaging their best fit values. For instan¢eéhe best fit G
valuefor the 1/8inch thick plate drilled holes, the 3/diich thick plate drilled holes, and the
1/4-inch thick plate drilled holes were average to produce adllie used specifically with the
drilled holes. These specific averagegv@lues provided a slightly better fit to the data, and the
resulting G values were used in the development of the drip pan design progherihree ¢
values used in the dripap design program are shownTiable5.3.

The figures shown aboyas well as those shown in Appendixdemonstrate 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 Cq
Drilled 0.6733
Drilled Counter Sunk | 0.6819
Plasma Cut Counter Surf 0.7017
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variations in the flow rate do oeg 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 sectionBUthieCello sheet the
fiDrip Pard sheet, and thBHole Spacing Calibratiansheet. The Unit Cell sheetssnply asheet
the allows the user to select a hole pattern from three conpaberns. These patterns are a
standard grid, a staggered grid, and a staggered equal distance grid. The diagramdeiised to
the input variables for each pattern can be sedrfigare 5.15 Figure 5.16 andFigure 5.17

respectively.

Grid Unit Cell

Hd
—

Hs Hs

Figure 5.15: Standard grid unit cell.
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Staggered Grid Unit Cell

e EE—
Hs

Figure 5.16. Staggered grid unit cell.

Staggered Equal Distance Grid

Unit Cell

>
Hs

Figure 5.17: Staggered equal distance grid unit cell.

104













































