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Development of a Novel Air Sparging Device

Andrew Reid Hobert

ABSTRACT

Column flotaton is commonly employed ithe processing andecovery of fine mieral
particlesdue to anncreasen flotation selectivityunattainable usingonventional flotation
methodsSuch an increase in selectivity is dogtie employment of wash water, minimizing
hydraulic entrainment of fine gangue particles, and the presence of quiescent @peratin
conditions assisted lifie useof various air sparging technologiétigh performance air
spargersncreasehe probability of collision and attachment betweerbaltblesandparticles
therebyimproving recovery of finend coarsenineral particles otherwisaisplacedo the
tailings fractionin conventional flotation cellsAlthough manyhigh-pressure spargers, including
the static mixer and cavitation tula@e currently employed for treeration of column cells, a
low pressure sparger capable of providaggivalentperformance while resisting reduction in

aeration efficiencyloes not exist.

In light of escalate@dnergy requirements for operation of air compressors necessary to
provide high pressure air to existiagternaland internakpargers, dow-pressurandporous
spargercapable ofesistingpluggingand scalingvas developed-ollowing the design,
construction, and optimization of such a prototype, air holdup and flotation performance testing
was completed to verify the viability of tispargeras a replacement &xisting aerators.
Performance evaluations suggest thatsparger isapable oproviding similar functionalit to
currently employed sparging technologibat further work is requiredith regards to
manipulation of thggorous medim to prevenspargerfouling andsustainhigh aeration

efficiencies
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1.0INTRODUCTION

1.1 Background

Froth flotation is a method of fine particle separatimysical or chemicalyhich
utilizesdifferences in surface chemistry of minerals within a mineral/water slurry. Flotation is
employed for the recovery of valuable fine grained ores, often less than 100 microns in size and
either technically oeconomicallyunrecoverable by gravity concentaat or other separation
techniques such asagnetic separatioffhrough the introduction of air to a liquid pulp, air
bubbles selectively adhere to naturally, or chemically altered, hydrophobic minerals and carry
those solids to a surface froth phase &noval. Easily wetted, or hydrophilic, material remains
in the pulp phase for removal via a tailings or refuse stream. Froth flotation can be performed
using an array of established flotation technologies and methods, but is most commonly executed
using mehanical and column flotatiacells. Conventional froth flotation, also known as
mechanical flotation, utilizes a mechanical agitéodisperseir into a mineral slurry using a
rotatingimpeller. Conventional flotation cells are capablegiefding highmineral recoveries
when operated in serigsut suffer fromimited product grades and naelectivity due teshort
circuiting of gangue ladeteedwater, poor recovery of fine particles less than 20 micron, and
entrainmenbf fine waste particlesThe eficiency of fine particle flotation using conventional

flotation isalsopoor due to the low probability of collision between fine particles and bubbles

To solve such issues and improve process efficiencies, cdlatation is performed
using quiescertountercurrenflows of air and feed slurriy a taller cell to eliminate intense
shearing and increase flotation selectivithie quiescent conditions provided by this flotation
method improve the selective flotation of both fine and coarse paificlésell & Yoon, 1993)

Downward flowing wash water is also added to the fpttaseo minimizethe hydraulic



entrainment of fine gangue particlés a resultcolumn flotation has become widely accepted

for its ability toproducehigher grade products inaeased product yiesd

To improve mass recoveries and minimize the misplacement of high grade fine particles
to the tailingsor refusestream, column flotation employs a more unique aeration method.
Conversely to the eployment of mechanical agitation in conventional froth flotation for the
aeration of a mineral pulp or slurry, column flotatisses an array @ir spargers to introduce a
fine upward rising air bubble distribution at the base of a column flotatioriToellintroduction
of a finer air bubble distributiormproves flotation kinetics and increases the total bubble surface
area flux, or total available bubble surface area for mass trghakowski, 2001)Efficient
and proper air sparging is vital to theccess of column flotaticasan increasé bubble size
promptlydecreasethe probability of bubblgarticle collision Existing sparging technologies
include, but are not limited tporous spargersnephaseandtwo-phase jetting spargers
hydrodynamicacavitation tubs, andstaticin-line mixers, many of which are operated using high

pressure compressed air.

Given the significanhorsepower requirementecessary tsupply compresseair to
currently operatetligh-pressure spargers, a lgwessure sparger operable by use of an air
blower offerspotentiallysubstantiaeconomic gainsAdditionally, the capital cost of an air
blower is considerably lowéhan that of a high horsepower air compressaisting low
pressurespargerssuch as siered metal porouspargersare operable at significantly lower
pressuredhut often suffer from pluggingnd diminishing performanaghen introduced to a
mineral pulp, thereby reducing spargffjciency and increasing air pressure demands over
time. As a result, the development of a 1pdgging low-pressure spargeapable of providing

equivalent metallurgical performanteboth existing jetting and dynamic external spargers



would provide bth operational and capital cost savings in many global processing beneficiation

applications that employ column flotation.
1.2 Project Objective

Theobjectiveof this project was to desigimd develo@ low pressure porous sparger
capable of resisting diminishment irperformancever extended periods of usecolumn
flotation applicationsSuch a sparger couletlused as an alternativeaxisting irtline spargers
employed incolumn flotation applications, but would be capable of operation by neé¢@nie®w
pressurdlower. The tasks completed in this research and development project include the
design of dow pressurespargerconstruction of a sparger with alterable parameters, and
completion of an array of test work to verify the viability cfth s par ger 6 s per f or ma

The sparger designed in this work effort utilizes magnetism to retain a magnetic media
bed through which air is dispersed into a moving slurry. By use of a porous medium, incoming
air is distributed and broken into fine air stredyafore introduction to a recirculated mineral
pulp. Similarly to the Microcel design, air bubbles directly contact moving particles to increase
the probability of bubblgarticle attachmenMagnetism was strictlghosen with ayoal of
manipulating or rattingthe internal magnetic material byovement of external magnetsasr
alteration in magnetic field&\lthough the overalbbjectiveof this project waso design a long
term nonplugging porous sparger, test work was devoted to proving the vialfitite aesigned
sparger as a meansasrationn column flotation processeshis informationthenmakes it
possibleto test the sparger with several proposed cleaning concepts in botratdapandpilot
plant setting with knowledge that the spangerapable oproviding sufficientfine and coarse

particle flotation performance



2.0LITERATURE REVIEW

2.1 Introduction to Flotation

Throughout history, numerotdisrms of technologyr processes have been developed for
theseparation of minerals lgensity size and chemical propertie§o concentratdine particles
unrecoverable by existing technologmineralflotation wastested anestablishedn the mid
1 8 0 0 6 s sepamtion emmeralsusing differences in surfacdemicalpropertiesFollowing
the initial patenting oé flotationconceptused for the separation of sulfidesl860 by William
Haynes, the Bessel brothelssigned and constructée first commercial flotation planfor the
purpose of cleaning graphite mineratsGermany in 1877(Fuerstenau, Jameson, & Yoon,

2007) In addition to thig innovativeuse of nonpolar oils to impve the process kinetics of
graphiteby mineral agglomeration, the Bessel brothers were the first to reportedly use pubbles
resulting fromboiling, to increase flotation rates of graphite in waéwtation continued to
devel op t hr ou gshasnultiple tnétheds lofasulfide flataBidnh ®egan to expand. For
example, in 189&rancis Elmore patenteti@implemented procesaitilizing oil to
agglomerateulverizedoresand carry them to the surfacevediterfor the concentratioof

sulfideminerak at the Glasdir Mine in Walgguerstenau, Jameson, & Yoon, 2007)

Thephysical separation or concentration of fine particlegufroth flotation was first
utilized in 1905 fothe separation of lead and zinc ofesm tailings dumps&at Br oken Hi | | €
Block 14 mine in AustraligHines & Vincent, 1962)Shortly after, the Butte and Superior
Copper Companhuilt the first froth flotation planin the United States in 19XHines &
Vincent, 1962)Due to the successsfu |l f i de f | ot at itleuseiofrtoppenie ear | y
the United States grew by approximately 5.8 percentially during that time perio@Hines &

Vincent, 1962)



Although numerous flotation methods and flotation cells have been developed throughout
mineral processing history, the conventiomechanical cell and theolumn cellare most
common in present dayineral processing-he mechanical cell was invented in 1%t isthe
most widely implementedr accepted form of flotation today. To aerate a slurry, mechanical
cells as shown in Figure 1ifilize an agitator consisting of a stator and impeller. Amagurally
drawn down the stator or delivered using a-lm@ssure blower, artispersed by an impeller
which agitates, circulates, and mixeghe flotation pulpwith the introduced aitAs a result of
high intensity mixing between air and solids, physcmaitact between particles and air bubbles

occurs.

. Rotating
al . Shaft
Floats Floats

Bubbles |mpe||er

Figure 1. Conventional Flotation CellSchematic(Luttrell G., Industrial Evaluation of the StackCell Flotation
Technology2011), Used withpermisson of Dr. Gerald Luttrell 2014

Mechanical cellsare beneficial in thaheyare capable dafeatinghigh material
throughputs, bustruggle with lower concentraggades due to short circuiting of feed water to
the froth phase and neelective entrainment of fine particld® overcome these challenges
and improve overall recovegnd gradecells can be operated in seriearious flotation

circuits can bemplemented. For example, in a rougleéganer circuit, the coeatrate of a
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single rougherbanisref | o0 at e d otrefinefihe predact) ilnprovingpncentratgrade.
Additionally, a roughescavenger circuitanbe implemented to fBoat the tailings from the
rougher bank to improveverallrecovery as high solids loading in a roughankcan lead to
inefficienciesin separatiorand misplacemerndf coarser material to the tailings due to froth
crowding Vast circuit configurations consisting of multiple cells and recirculation of matasial
shown inthe roughetscavengecleaner circuit irFigure 2,provideimproved recoveries and
higher product gradebutequipment and operational expenditures significantly increase and
efficiencies in fine and coarse particle flotation remain. IDwe to its ability tamprove
separation efficienciesninimize hydraulic entrainmentjcreasdine particleflotation
selectivity,and yield higher product grades, while often requiring fewer flotation cells and

reagent volumegolumn flotation hadflourished in the mineral processing industry.

Feed

I - B
L
o - -

‘ Final Concentrate

Final Tailings -

Scavenger Concentrate

‘ Cleaner Tailings

Figure 2. Rougher, Cleaner, Scavenger Flotation Circuit

2.2 Column Flotation

Column fotation isa form of innovativdroth flotationthatuses theeountercurrent flow

of air bubbles and solid particlesa pneumaticell. Pneumatidlotation, performed in aolumn
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like structure with an aisparging devicewasfirst devéoped by Callow in 1914ndthe concept

of countercurrent flow of slurry and aawithin a flotation columrwas later introduced in 1919 by

Town andFlynn, asdescriled by Rubenstei(Rubenstein, 1995Yhe columrflotation concept

as it is known todaywasfurther investigatedanpat ent ed i n the 19600s by
andis currertlly employed in the roughing, scavenging, afehning of valuable minerals such as

gold, copper, coal, and zirtEinch & Dobby, 199Q)

Al t hough various forms of column designs w
including theHydrochem andFlotaire column cells, the Canadian coluvas the fist to be
developed anth e most commonly i mplemented form of ¢
applicationsas reviewed by DobbiFinch & Dobby, 1990)The Canadian column was first
tested i nsbyWMheelerand@outinditd@fiést commercal column cell was
installed for the cleaning of Molybdenum ore in 1981 at Les Mines Gaspe in Quebec, Canada
(Wheeler, 1988)Following itssuccessfuapplication in nolybdenum cleaninghe column cell
became more widelgppliedfor theflotation of sulfide and gold ores, as well as coal, and the
cleaning of copper, |l ead, zi ndWheden 8988Then i n t h
rapidemploymenbf the Canadian column, and developmenthefcolumn flotaton method in
manymineralprocessing applications can be attributed to its ability to yield improved product

gradeswhile increasing the recovery of both fine and coarse particles.

Separation of fine particles with high specific surface areas)tingfrom crushing and
grinding to liberate mineral valuashile concentrating a higgrade productequirescontrol of
hydradic entrainment of fine gangymarticles In comparison to the flotation performance
offered by conventional, mechanically agitated flotation cells, columns yield a higher quality

concentrate grade in a single flotation stage due to the removal of entrained fine gangue particles



reporting to therbth through the use of wash water. Wash water showers the froth bed of the
column vessel to eliminate entrained gangue minerals that degrade the product grade and
replaces pulp that normally reports to the concentrate in conventional flotation methods wit
fresh wateKohmuench, 2012)The flow rate of pulp to the froth concentrate must be less than
the countercurrent flow of wash water to minimize 1sefective recovery of ultrafine gangue
(Luttrell & Yoon, 1993) Column cells, as shown in Figure 2, atso built with a smaller cross
sectional area to maintain a deeper and more stable froth bed necessary for froth Wmashing.
addition to froth washingnd the use of a deep frottolumn flotationpromotesquiescent
operatingconditionsandutilizesair gpargerdo improve flotation selectivitand fine particle

recovery, respectively

Unlike conventional flotation cells, taller column cells, reaching up to 16 meters in height
to permit necessary particle residence times, utilize-pighsure internal axternal spargers
for very fine air bubbléntroduction. Air, or an air/water mixture, is injected at the base of the
cell, via an arrangement of spargeas,feed is introduced below the froth beeyeloping a
countercurrent flow of feed particles and aibbles Due tolower traveing velocities of both
bubbles and particles during column flotation, collision and attachment betiveetmoare
more likely.Increased contact time between air bubbles and particles under quiescent operating
conditions de@ases the probability dfydrophilic particle attachmerbuch conditionsilso
greatlyimprove coarse patrticle collection efficiencycamrse particlesra less likely to detach
from air bubbles under lesturbulent conditions present within column cellsie to the use of
wash water and a deeper froth bed, a large quiescent pulp or contact zone, and various air
sparging technologies, column flotation presents the most ideal separation environment in a

single flotation stage.



Essentially, column flotatiopresents a multi stagktation circuit within one cell
illustrated by the development of the Micrdékby Luttrell et al.(United States of America
Patent No. 5761008, 198&or examplethe pulp zone or bubblgarticle ©ntactingregion
represents eougher stagas hydrophobic particles adhere to air bubbles and are carried to the
froth phasen this zone Additionally, a deep froth andash water arased to clean the
concentrate of hydraulically entrained fine gangue parttolespresent the cleaning phase of a
multi-state circuit processastly, external air spargers are often utilized to directly introduce air
to a circulated tailings stream, scavenging possibly misplaced fine hydrophobic paksdces.
result, column flaation isincreasingly preferred for the flotation of finer particle size classes to

improve recovery and concentrate grade

Column Water
Flotation

Wash
Water

Feed
Water

Tailings
Water

Figure 3. Flow of Water in a Column Flotation Cell (Luttrell G., Industrial Evaluation of the StackCéllotation
Technology2011),Used withpermission of Dr. Gerald litrell, 2014

Although column flotatiorproducessuperiomproduct grades nthose yielded by

conventional flotationgonsideration must be givendaarrying capacityor proper cell design



Carrying capacityin pounds or tons per hour per square fiothe mass rate dbatablesolids
that can be carriedly agivensuperficial gas velocityAs described by Luttrell, a column cell
must be scaled accordingite carrying capacity due &n inherentlysmaller ratio between
column cross sectional area and volusieencompared to conventional flotah cells(Luttrell
& Yoon, 1993) The equation for cariyg capacity in mass rate of concentrate solids per unit of
cell areajs as shown:

C=4QDpy Db [1] D
w h e r ea pdxking sfficiency factor | parsicle ddngtyD; is the particle diameter in the
froth, Dyis the bubble diameter, ang 3 the gas flow ratélo achieve optimal carityg capacity
conditions, column cell spaggs are operated at maximwiowableair velocities while
maintainingthe minimum average bubble siZEhe maximum air flow rate is governed by the
bubble size and  or superficialliquid velocity in the cellParticle residence times are also
higher in column flotation due to a taller pulp zone and the naturally slower rise of small
bubblesGiven increased particle residence times present using column cells given their
geometry, work has been completed to dtgvdéotation technology which offers coluniike

performance with significantly reduced particle residence times.

In addition to the column cellurther work has been done in recent yearthe¥riez
Flotation Division to developn innovative form ofiotation technology labeled the StackCell
(Kohmuench, Mankosa, & Yan, 2010he StackCellas shown in Figure, 4ffers columnlike
performance with shorter particle residence tinmeproved bubblgarticle contactingand a
reduced unit footprint per processed ton of maté¢Kaler, Bratton, & Kohmuench, 2012)
Unlike typical @lumn cells, the Stacleéll utilizesanaeration chambeo agitate and mix the

feed with airin a high intensity shearirgpne By the act of mtense agitation, low pressure air,
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introduced to the slurry before entrance to the aeration chamber, is sheared into small bubbles for
collection of fine particledigh particle concentration and gas fraction within the chamber
greatly reduces particlesidence times. Additionally, the use of low pressure air and the
turbulent environment within the peeration chamber decreases energy requirements as energy
is primarily consumed in bubbjearticle contacting instead of particle suspengiiser,

Bratton, & Kohmuench, 2012Yhe mixture of slurry and air lastly overflows into a short,

column like tank, where froth and pulp are separated. A deep froik imadintained and froth

wash water is employed with the StackCell desigretiucehydraulic entraiment, similarly to
column flotation Due to their compact size and ability to be stacked in unison, stackcells offer
much friendlier orientation in a processing plant than column cells, which are much larger and
require more structural steel for support @iowance of deeration of the froth before

reporting to the dewateng circuit(Kohmuench, Mankosa, & Yan, 2010)

Sparging-Drive
Mechanism

Feed Nozzle

Aeration
Chamber

TailsNozzle

Figure 4. Schematic lllustration of a Single Eriez StackCel(Kohmuench, Mankosa, & Yahayalutation of the
StackCell Technology for Coal Applications, 2Q188ed withpermission of Dr. Jaisen Kohmuen@14
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2.3 Column Flotation Performance

Flotation performance isfluencedby many factors including froth depth and structure,
slurry flow characteristicslotation cell dimensions, wash water utilizatichemical additions,
andgas holdup. Aiholdupin agasousliquid mixtureis primarily controlledby bubble size or
frother dosagesuperficial gas velocityslurry densityandsuperficialor dischargéiquid
velocity, as detailed intadies completetly Yianatos et akndFinch and DobbyFinch &

Dobby, 1990; Yianatos, Finch, & Laplante, 1985plumncells aretypically operatedvith a 12

to 15percent gas holdypr percentage of air in a gasediglid volume Superficial gas

velocity and gas holdup maintairpasitivelinear relationship, in what is known as the
homogenous bubbly flow regimentil gas flow rate becomes too signific§hinch & Dobby,
1990) At this point, air begins to coalest®ibble size uniformity is lost, and water is displaced
to the froth phase.

To illustrate the reaction of a typical flotation bank as gas flow rate is increased, the
effect of superficial gas velocity on the recovery and grade curve of a Mt. Isa copglegrrou
flotation bank is shown in Figure 5. As superficial gas velocity was increased, copper recovery
also increased, but copper grade diminished due to increased recovery of gangue material.
Although not evidenced in Figure 5, instigation of air coaleseeguackly decreases recovery.
As stated by Finch and Dobby, development of very large and quickly rising air bubbles will
create a churturbulent regime within a flotation column as superficial gas velocity exceeds
approximately 3 to 4 cmf&inch & Dobby, 1990)Coalescence of air quickens the rise of air in
a column and increases mean bubble diameé¢ereasing total bubble surface are and

diminishing bubbleparticle collision efficiency.
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Figure 5. Effect of Aeration rate on the Grade and Recovery Curve for a Copper Oré-inch, Mineral and
Coal Flotation Circuits, 198}, Used under fair use, 2014

As gas holdup increasdbg probability of bubblgarticle collision also increasestas
availabiity of bubble surfacarea for mass transfescalatesThis is due to a decrease in bubble
size or increase in gas flow rate, both of which control the bubble surface area rat@her S
bubble surface area rate is the ratio between superficial gastyelod bubble sauter diameter.
The equation for s as follows:

S=6VyDy [2]
where Dyis the diameter of bubbles andi¥the superficial aeration raeuttrell & Yoon,
1993) Probability of collision between a particle and bubble is predominantly dependent upon
particle diameter, bubble diameter, and bubble Reynolds nuiven. and Luttrel(1989)
derived an equation for collision probability that states that as bubble diateeteases or
bubble Reynolds number increases, the probability of collision between a bubble and particle

increasesThear derivedequationfor probability of collisionis written as follows:

8

— [3]

where D) represents the particle diametep,i®the bubble size, and Re is the bubble Reynolds

number.As particle sizelecreases, the probability of collision and attachrbetween a particle
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and bubblealsodecreaseéyoon & Luttrell, 1989) Ralston et alalso derivedmathematical
equations which suggest that the probabilithwbble particleattachment decreasgparticles
are too coarsas air bubbles become unable to retain such heavy particle(Radson, Dukhin,
& Mischuk, 1999) Although bubble size must be minimizatla maximum allowable superficial
air velocityto increase the probability of fired coarsgarticlecollision and attachment

hydraulic entrainment of gangue laden water nalsibe managed tmaximizeproduct gade.

During operation of a column flotation cgtiroperbias waterates androth depths must
beutilized to minimize hydraulientrainmentThe effect of wash wateitilization on the
hindrance of shoitircuitedfeed water to the concentrate is shawfigure 6 As evidenced by
the column flotation tracer study displayed in Figure 6 (Left), employment of wash water

cultivates a clean interface free of pulp water contamination.

Figure 6. Tracer Study showing the effects ofWash Water Utilization

Biasis a measurement of tipercentagef wash watervhich reportgo the pulp the
remaindeiof water reporting to the frothone According toDobby and Finck{1990) an
adequate biasate and froth depth are essential to cortovicentrate grade as gas flow rates
commonlymaximizedto improve column carrying capacitilthough wash water is required to

optimize the particleleaning proces& minimum bias rate is recommengded to 80 percent of
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which should flow to the caentrateto prevent short circuiting of material to the overflow
maximize capacityand ensure mobility of the frotfiFinch & Dobby, 1990)Inaufficient wash
water will lead to a reduction in product grade and a concerftoat rate greater than that of the
wash waterln laboratory and pilot scale testing, a froth depth of grelser onenalf meteris
suggested for gas rates exceedngn/s to diminish the feed water concentration in the froth
zone(Finch& Dobby, 1990). In addition téhe manycolumn cell operational parameters which
effect flotation performance, chemical reagents are most intrumental in the flotation of many
naturually hydrophilic materials.

Althoughsome mineralsr rock typessuch as coal, araturally hydrophobic, bubble
particleattachmentis strongly dependent upon chemical reagench as collectors, activators
depressants, and pH modifie@ollectors(anionic, cationic, or nonioni@re used to generate a
thin, nonpolar hydrophobic la&y around a particle, rendering it hydrophobic. Selection of
collector is dependent upon the charge, positive or negatitiee chemical makep of the
mineralto befloated Activators and depressants are then used to allow or prevent the collector
from physically or chemicallydsorbing to a mineral surface, respectively. Lastly, and very
i mportantly, pH modifiers are necessary to

oftenbecomes more positivas a solutiomlecreases in pHom alkalineto acidic conditions.

In additionthe importance of collectors and other chemical reagents in promoting the
development of bubbiparticle aggregatefrothertype anddosagelictatebothbubble size and
rise velocity withinaflotation cell.Frothercanbe either avater solubleor insolublepolymer
thatstabilizes thedispersion of air bubbles inflatation pulp by decreangits surface tensian
As surface tension declines, bubble population grows and average bubble ditietases

Although many ffothers have been developed, the two nclasse®f frother are alcohols and

15

co



polyglycols Polyglycols help to quickly stabilize a froth, while alcohols are used to é=pbd
increase of gas holdy@appuccitti & Finch, 2009Much work haseenperformedo generate
relationships between gas velocity and gas holdup using numerous frotharigipes
concentrationgYianatos, Finch, & Dobby, 1987; Finch & Dobby, 1990; Lee, 200¢pically,

as frother concentration increases, in parts per milli@ambpubble diameter reduces and gas
holdup risesln addition to thecalculationof gas holdup within a laboratory coluraeing a
measurement giressuralifferential and pulp densitynethods of measuring and
mathematicallyestimating bubble sizes usinggiography have also been developed to better
understandhe effects of numerous flotation operating paramg¥enatos, Finch, & Dobby,
1987) Although operational sgioints can be altered to impact flotation recovery and grade, the

actualmethod ofbubble generation is integral obtaining desired flotation performance.
2.4 Flotation Sparging

In column flotation processes, internal and external spargers are utilizeshtiuog and
disperse air into Bquid-mineral pulp Proper spargetesign and performance is essential to
column flotation as spargease usedontrol bubble size, air distribution, and air holdup within
the flotation columnExternal spargerare used taeratea moving slurry which is pumped from
a flotationcell bottom andrecirculat@ as a pulgir mixtureto the columnpwhereas internal
spargersnjectair or an aikwater mixture directly to the flotation ceExternal spargerand
some internal spargers, such as the Eriez Slahelat,expedited the developmentofumn
flotation asthey can benaintained during operation of the column and are easily ope&itex:
the development of column flotation, numerous spargers haveebtdlished and industrialized
to improve bubble dispersion, minimize bubble stexrease operational cosisd reduce

maintenance difficulties
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As expressed by Rubenst€it®95) Callow developedie first pneumatic column
flotation spargem 1914 using a perforated metal frame that was wrapped in a woolenAgtoth
was then intmduced to a slurry through the covered fraMany similar spargers were proposed
andtestedn the early tanid-190® ,dutall suffered fronplugging, improper distbution of air,
and poor reliabilityAs sparging technologies have rapidly developedimptoved in the last
few decades, the popularity of column flotation has grown. Althdligloverall goal of air
sparging remains ostant for each type of sparg#re designsparging methadand features
vary substantiallypetween sparger typeBue todifferences in operating conditions present in a
laboratoryin comparison tahose found inndustrial applications, certalow pressuresparging
devicesareonly feasiblein a laloratorysetting.Though sparging iappliedto industrieoutside
of mineral processingolumnflotation sparging fothe purpose of valuable mineral recovery
will be strictly examinedn this report.A detailed explanation of the design and operation of
existing spargers mineral flotation applications provided toliustrate the advancements and
differences in column flotation spargitechnologies
2.5Internal Spargers
2.5.1Low PressurePerforated and Porous Sparges

The perforatedpargeicharacterizethe beginning of sparging a pneumatic flotation
cell. Spargingdevicesdeveloped n t h e efarwude in prie@atc dotumidten
consisted of agrforatedmetal frame or structuthrough whichlow pressurair was
introduced sometimes inclusive of a porous filter covétter cloth coversvere usedo
generatdiner bubble szes at low pressures, but suféetfrom fouling ordegradation over
extensive periods of usAs a resultyarious materials, such as glass, ceranmd,fabric, have

been used in construction miore rigidporous spargerutthe sintered metal spardeas
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becomehe most widely accepted form pbrous sparger. This is due to its rigid construction
andability to produce the mosiiform dispersion ofine air bubblesof existinglow pressure
porous aeratorSinteredmetal spargerare comprised of powderagetalwhich has beerfused
together due to subjection to heaart h e  mmettireg [pangMott Corportation, 2014)The
averagepore size of sintered metal spargers rariges 60 to 10dmicrons; therefore allowing

the production of extremely fine bubbl@gott Corportation, 2014Mouza and Kazaki€007)
studied the effects of porous sparger apedizme and found thaintered metal spargers with a
smaller average pore diameter have a more uniform porosity and therefore maintain a more even
air distributon (Kazakis, Mouza, & Paras, 200According to a studperformedby the

University of Floridatheaverage diameter of a bubble emitted from a sintered alunonum
stainless steedparger ranges frod7 to 0.9 millimetergEl-Shall & Svoronos, 2001Although
sintered metal spargease capable of producing a more fine bubble distribution when compared
to otherinternal and external sparging methods, sintered metal spéikgsvise possess the
inability to resist plugging when exposedaalurryor pulpin an industrial environmensuch
sparging inefficiencies have primarily been documented in wastewater treatment applications

and the separation of oil and water.

As reviewed by Ross@005) periodic cleaning of fine pore spargers using water and
acid is necessary to prevent aidgperformancealecline in wastewater treatmeayplications
due to slime pluggingn a study of porous spargaearation efficiencies wastewater treatment
applications, ominishingsparger performance was obviouihanalyzed wastewater facilities
(Rosso & Stenstrom, 2003)orous spargers require filtered air and water to promote successful
continuous flotatiorand minimize performance deterioratidaoth of which ar@ot feasible in

most industrial beneficiation plantSingle and twephase porouspargeraresometimespplied
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in deinking flotation wastewater treatmergnd in the separation of oil and water, but are
primarily usedin alaboratory settingn mineralflotation effortsdue to uneconomical
maintenance requiremenss single phase sintered metal spangérducesair only through a
porous membraneithin acolumncell, whereas &wvo phase sintered natsparger, as shown in
Figure 7 injects air through a pous mediunsurroundinghe circumference of moving stream

of water.The aeratetiquid then flows into the columar aerated tank

Water

Figure 7. Two Phase Sintered Metal Porous SpargdEl-Shall & Svoronos, Bubble Generation, Design,
Modeling and Optimization of Novel Flotation Columns for Phosphate Beneficia@iod) Used under fair use,
2014

2.5.2Single and Two Phasdetting Spargers

In addition to low pressure porous spargers or buhlitegt)S Bureau of Mines
(USBM), Cominco, andCanadian Process Technologies (CRayedevelopedrariousforms of
high pressure jettingnternalspargersin contrast tahe operatiomporous spargerthe jetting
actionof thesehigh pressurspargers allows for the emergencaomerous air bubbles from a
singleor multipleorifices with a reducedisk of plugging Although sparger fouling is less likely
at higher pressures, horsepower requirements for the generation of higher air pressures greatly
increase operational cos@ominco and USBMbroduced the firstwo phasehigh velocity
internalsparger that mixelsothwater and high pressure air before injecting the air/water mixture
into the columrcell through a perforategipe To improve the distribution of water in air,
USBM also formulated a modtHat uses bead filled mixing chamber to mix water and high

pressue air stream3/Nater addition is used to she¢he incoming air, therefore creating a finer
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bubble distributior{Finch, 1994)To improve the concept of dme maintenangeunattainable

by USBM and Cominco spargefSPT later industrialized singleair phaseSparJet sparger. The
SparJet is a removable air lance that ejects high velocity air from a srifgle through the
column wall.Multiple air lances ofraryinglength can be instrumented around the column
perimeter to aerate the full cross sectl@raa of the column. To adjust the air flow through the
sparger orifice or to close the orifice in the event of pressure lossl\ets locatedat the
opposite end of the sparger to increase or decrease the total orific@Rifdaterreplaced the
needle valve with a high tension spring that controls the orifice area depending upon the
providedair pressureThe spring is located at the sparger end opposite the orifice and is used to
control the position of an internal rod relative to the spargelf @ pressure is lost, the spring
closes the orificef the SlamJeto prevent the backflowf slurry into the air system

(Kohmuench, 2012)

As detailed by Finch, a lorar jet length stretching from the spargeifice is desired to
increase the total population of bubbles. By increasing the density of air by addition of water, the
jet length inceases and bubbles become figiénch, 1994)As a result, EFD enhanced the
SlamJetpictured in Figure 8yith the aldition of wateras high pressure air and wagerter the
lance togetheMultiple SlamJet spargers consisting of unique orifice sizes exiahfor
specified flotation dutyThe largest SlamJ&t operated at pressures in excess of 80 psi for
optimal perbrmance in fine coal flotationThe SlamJet sparger is commonly used in flotation of
asomewhatoarser feed or deslime circuits which require less collision eri€ajymuench,

2012) For the flotation of finer particles less than 325 mesh in size, @tgpargers using

direct rapid bubblgarticle contacting have been developed.
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Figure 8. Eriez SlamJet Sparger(CPT,Canadian Process Technologies, Sparging Syst&tamJet Series), Used
with the permission of Dr. Michael Mankqs014

2.6 External Spargers
2.6.1 Static Mixer/Microcel

Many internal spargers suffer from limited control of bubble size, plugging of openings,
low collision energies, and poor-ine maintenance capabilities; therefore the development of
external spargesuch as the static mixer and cavitation tube have greatly expanded the use of
column flotation through the use of microbubbles and picobubbles in mineral processing
applicationsiln  t h e miLultrelle®aBifvénsed and patentete MicrocelM flotation
column using a static iline mixing spargefor the purpose of bubble particle contact{blpited
States of America Patent No. 5761008, 198&tatic mixer as shown in Figure, & a tube
consisting of a series of geometric shapes usad-akiry mixing componentsPotential
tailings surry is removed from the colunttottomusing a pump anig delivered to a static

mixer in addition to high pressure ainpplied before the mixer inlby an air compressor

Significant air pressuref at leas60 to 60psi is requiredor properoperation of
industrialscalestatic mixesto provide 4Qo 50percent aiin slurryby volume and to overcome
the 20 to 25 pspressuralropexperienced by the aslurry mixture following its movement
through the stat mixer. The aerated slurry is then recirculated to the flotation column.
Microbubbles generated using a static mixer range from 0.1 to 0.4 mm in size and vastly increase

the rate of flotation as bubbles remain small at increased superficial gas ve(baitiee|l,
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Yoon, Adel, & Mankosa, 2007Ysing a static mixer, high separation efficiencies are realized as
a result of a decrease in bubble diameter which increases probabilities of collision and

attachmenénd decreases the probability of bubpéetide detachment.

Slurry

T Microbubbla
Suspension

Figure 9. Microcel Static Mixer Sparger (Luttrell, Yoon, Adel, & Mankosdhe Application of Microcel Column
Flotation to Fine Coal Cleaning, 2007, pp. 1188), Used with permission of Dr. Gerald Luttrell, 2014

As reviewed by Luttrel(2007) the use o& static mixer or other external sparging
technologiesin column flotation applicationallows for the development of a three stage
flotation process within oneell (Luttrell, Yoon, Adel, & Mankosa, 2007This is illustrated by
the successful functicality of the MicrocelV. As air rises withira flotationcolumn, downward
flowing hydrophobic particlesollide andattach to air bubblégs the pulpzonein aroughing
stage. Risenubbleparticle aggregates are then washed or cleantiekifroth bedo minimize
hydraulic entrainmenh a cleaning stagé.astly, theimplementationof directrapid particle
contact within astatic mixer recycle circuit gives particles a final opportunity for attachtoent
air bubblesn a scavenger phasehis multistage processs shown in Figure 1@epresents
distinct advantagef column floationthat is made possible using exterimaline spargers such

as the static mixer and cavitation tube

To demonstrate the valwé a static mixer spargingpparatusn the cleaning of fine coal,

Luttrell et al.(2007)completeda flotation test program on multiple minus 28 mesh coal samples
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using both column and conventional flotation methods. The separation efficermliference
betweerthe combustibleecovery of coal and ash recovery, was 6 to 16 percent greater using a
single twelvanch diameter columequippedwith a static mixer than a bank of four, three cubic
foot conventional cellgLuttrell, Yoon, Adel, & Mankosa, 2007l addition to its application in

fine coal flotation, the static mixer has also displayed proven performanoarse particle
flotation. In a coarse phosphate flotation study performetdeatUniversity of Kentucky2006)

both a static mixer and porssparger wermdividually employedfor the flotation of a minus

1.18 mm phosphate ore. The effecadfivensparger type on the concentrate grade and total
phosphate recovery was determined at varying gas velocities. #ptineum operating poinor
elbow of the ROs recovery and grade curvestablished for each spargtre static mixer

provided twelve percent higher phosphate recovery at a slightly better concentrate grade than the

porous bubblefTao & Honaker, 2006)
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Figure 10. Microcel™ Process Diagram(Luttrell, Yoon, Adel, & Mankosdhe Application of Microcel Column
Flotation to Fine Coal Cleaning, 2007, pp. 1188), Used with permission of Dr. Gerald Luttrell, 2014
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2.6.2Cavitation Sparging

In addition to the static mixer, hydrodynamic cavitation based spargers functichres in
aerators utilized in fine particle flotation. Cavitation is the formation of cavities or bubbles
within a liquid due to rapid changes in fluid pressure. Bubblesaties begin to open up within
aliquid at the location of highest fluid velocity where pressure is negative in an attempt
relieve pressur&Zhou, Xu, & Finch, 1993)Such fluctuations in pressure are obtained by the
alteration ofliquid velocities usg a venturi tube configuration. To induce hydrodynamic
cavitation in sparging applications, slurry pressure is reduced below its vapor pressure through
an area constriction, increasing slurry velocity, and is then returned above its vapor pressure
following an increase in slurry flow path cross sectional area. In addition to deviations in fluid
pressure, the presence of solid particles and high gas flow rates both help to promote the
development of cavitieg\s discovered by Zho(11993) high dissolved gavolumes and the
addition of frother to decrease the surface tension of a slurry prevent the collapse or implosion of
bubbles in the cavitation process, allowing for the successful flotation of fine particles. Using
hydrodynamic cavitation, the bubkpaticle collision stage iurther assisteds bubbles directly

form on hydrophobic surfaces immediately during cavitafgirou, Xu, & Finch, 1993)

Although several spargers are operaldimg the principles of hydrodynamic cavitation,
the cavitation tubadeveloped by Canadian Process Texdtbgies is the most cost effective, high
performing, and wear resistacdvitationbasedsparger. Other spargers which rely upon
hydrodynamic cavitation include the eductor and two phase gjéctibr of which use a paliel
throat and diffuser to promote cavitatjdnut are not operated-lime with recirculated middlings
or tailings streamgEl-Shall & Svoronos, 2001)he cavitation tuheas shown in Figure 1is a

completely inline aerator constructed of a wear resistant material in the shape of an hour glass.
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Using an hour glass configuration, slurry pressure is rapidly lowered and increased to support
cavitation.Wear resistivityof the inner hour glass limg and the lack of internal mechanisms
within the cavitation tube are noteworthyths static mixemelies upon &eries of mixing
components in the direct line of slurry flow. Unlike the eductor or two phase ejector, the
cavitation tubenow produced bthe Eriez Flotation Divisiondoes not employ a feed jet nozzle

or airslurry mixing chamber before entrance to a cavitation inducing structure.

Figure 11. Eriez Cavitaton Tube Sparger(Canadian Process Technologies, Cavitation Sparging System), Used
with the permission of Dr. Michael Mankosa, 2014

Similar to theoperation of thestatic mixer, a pressure drop of approximately 20 to 25 psi
occurs across the length of a cavitation tube as a result of rapid modificatiiojsdvelocity.
An operatingpressure of 50 to 60 psi is also recommended for industrial applications. As
reported by Komuench, cavitation tube spargirsgcommon to fine, byero, coal circuits that
are operated under significant material throughputs as aoésulh e s p alitygper 6 s abi
formulate numerous bubbles less than 0.8 meize(Kohmuench, 2012)The benefits of
cavitation and picobubble sparging in fine particle flotatioraése evidencetly improvements
in product recovery in the flotation bbthzinc sulfides andlposphats (Zhou, Xu, & Finch,
1997; Tao & Honaker, 2006/ cavitation tube was used to gerate the feed to a conventional

cell and in unison with a static mixer in each scenario, respectively.
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2.7 Sparger Comparisos

The air holdup, or percentagéair within anaeratedulp, is directly related tthe
bubble sizegenerated by a given sparger tygmel the associatesiperficial gas velocityAs
averagebubblesize decreases, tla@r or gas holdup directly increases. Air holdup also increases
as aresult of an increase in superficial air velocimtil air begins taoalesceln a studyof
varioussparging technologiesonducted athe Universityof Florida(2001) the performane of
multiple sparger types wasviewed under changing operating conditions. Most importantly, the
test effort analyzed the effects of increasing superficial air veloniboththeair holdup and
bubble size produced by eaahalyzedspargerDuring the sparger performance analyaisne-
phase porous sparger providbe greatest air holdugs gas flow ratesereincreased, but
cavitation based spargegeneratd the finestoubble sauter diameteas small as 0.4 mm, at low
superficialair velocities(El-Shall & Svoronos, 2001 A completeassessmerf the air holdup
produced byorous, perforated tube, static mixeydrodynamiaavitation based, and jetgn
spargersas superficial air velocity was increaseghown in Figure 12As evidenced by this
figure, spargingnethod strongly dictates the relationship between a specified superficial air

velocity and resulting air holdup within a flotation column cell.
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Figure 12. Comparison of Performance for Various SpargergEl-Shall & SvoronosBubble Generation, Design,
Modeling and Optimization of Novel Flotation Columns for Phosphate Beneficiation, 2001), Used under fair use,
2014

In an analysis of the sparging performance generated by the selection of aerstonss
of air holdup,it is apparent that similar spangy methods provide varying results at increasing
superficial air velocitied-or example,iieoneand two phase porous spargars comprised of
anidenticalporous sintered medium, yéiet air holdupgyenerated by thgingle phase sparger
wastwo to thredimes greateatincreasedir velocitiesdueto an escalatiorin bubble
population and lower bubble entrance velocitiesomparison to the two phase porous sparger,
the static mixer producealsimilarminimum bubblesize of0.7 mm but atslightly greatergas
holdup percentages as rateswvere increasedhlthoughtheair holdupinduced by the static
mixer and two phase porous spargaremuch less than that of a one phpeeoussparger, this
study didnot consider the effect ohcreased bubblese velocitiegesulting from the use of high
velocity fluid flows. It is also possible that an insufficient recirculation liquid velocities were

delivered to the static mixer as the superficial air velocity was increased.
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Although anin-line cavitation tube was n@&valuatedn thistest effort, other
hydrodynamic cavitatiobasedcaeratorsvereassessed, such as #akictor and two phase ejector
sparges. Each of these cavitation sparging technologies supplied an average bubble diameter
and a holdup equivalent to those yieldeg a single phase porous sparggrpically, external
spargergprovide superioair holdup fine bubble diametersndincreasedubbleparticle
contactingnecessary toptimizeflotation performancebutoperational osts are greatue tothe
utilization ofsignificantcompressed awolumes To further support the advantages of both static
mixer and cavitation tube technologies, the University of Kentucky conducted a phosphate
flotation review using multiple spargemes.As reviewed by thé&niversity of Kentuckythe
use of a static mixer or cavitation tutnedecrease particle detachmemreassthe recovery of
a 16 x 35 mesh phosphate comsiderablyTao & Honaker, 2006 However, $ing a single

phase porousparger, phosphate recovery remained sicpguifily lower as appamt in Figure 13

100

—0— Static Mixer and Cavitation Tube

P,Os Recovery, %

70 . . ]
—0— Static Mixer and Sparger
—o— Static Mixer Only
—&— Sparger Only
60 1
50 1 1 I 1 I 1 L 1
0.4 0.6 0.8 1.0 1.2 14

Gas Velocity, cm/s

Figure 13. Effect of Implemented Sparger Typson Phosphate RecoveryTao & Honaker, Development of
Picobubble Flotation for Enhanced Recovery of Coarse Phosptaatieles, 2006), Used under fair use, 2014
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Althoughcurrently employed aerators, such as the static mixer, cavitation tube, and
SlamJet spargers, agasily operable, neplugging,and offer increased recoverie$ fine and
coarse particles, each religson high pressure compressed Brminimize operational costsa
nonplugging, low pressure, and-lime porous spargerapable of sustaining comparable, if note

better, flotation performanaaust be established
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3.0EXPERIMENTAL

Seeing an opportunity t@duce operational costs associated waiumn flotation
sparging systems, the Eriez Flotation Divist@signedan innovative low pressure drop sparger
capable of resisting plugging and degradatinrdesign planning ofrain-line,non-plugging
andporous sparger, it was determined that magnetic material be employed as a medium through
which air be dispersed and introduced to a moving slGugh a sparger would maintain an
inherently low pressure drop due to the use of a glilow path of a uniform cross sectional area
and the absence of aimyline mixing componentsAlternatively, such @orous sparger would
rely upon the dispersion of air through more narrow paths, allowing fanttieeluction of fine
bubblestreamdgrom a magnetic media bedlpon entrance to the flow path, bubble streams
would undergo further shearing as a result of high velocity liquid flMegnetic material was
chosen for the fact it can be manipulated using changes in magnetic fields or movemosht of
magnets to clean the material during operation. In addition, magnetic materialsteucheed
without need for screens or mesh mialeéo hold the media in place;dhefore eliminating the
possibility ofplugging of apertures through which air shtravel.Using the theoreticaloncept
of directing air through a porous magnetic media for the purpose of aeratiogciedslurry
stream a labscale magnetic sparger was designed, constructed, and tested at the Plantation Road
Facilities in the Minng and Minerals Engineering Department at the Virginia Polytechnic and
State UniversityAlthough the full scope of the projestto ensure the agnetic material can be
cleanedthe first stage of the project was focused esighing of the sparger itselhd testing
the concept of aerating a slurry througHine injection of air through a porous magnetic media
bed. Before flotation testing progressed, sparger aeration performance was first evaluated under

air, water, and frother only conditions.
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3.1Sparge Development

A preliminary prototype wafirst constructed using a ring magnet assemsyshown in
Figure 14 This approach was first takémstem from previous research completed byghez
Flotation Division which consisted aderatinga moving coal slurrpy the injection of air
throught he cr evi ce4d i dil&xiblmdidcst Eaghldisc wisenticallymilled or
groovedto promoteundeviatingaeration of the coal slurnpAlthough such a novel sparging
deviceyielded both dine bubble dispersiaand high fine particle recovergrooved air paths
began to plugvithin hours ofbeing subjectetb a 15% solids coal slurryAperture plugging
resulted ina decrease in recovery and air distributidsing this aeration conceptwas
believedthatceramic magnets, protected or layeredbyagnetic mediuntouldbe used to
alter the previously tested sparger desigpravent the plugging of crevicasd create a filter

through which air must travel.
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Figure 14. Conceptual Diagram ofIn-Line Magnetic Ring Sparger

Theconstructegrototype, inclusive of an inner perforated pipétooduce air from
behinda surrounding groupf ceramicring magnets, is shown in Figure.Both ends of the
sparger wergéapered to kow moving slurryto more evenly flovpastthe surface of the sparger
for uniform aeration. Rubber gaskets wemaployed at either end of the ring magnet collegtion
simulating a spring, to allow for expansion of ghpsnveen magnets support air flowFor the
purpose of this effort, sparger air distribution was observed within a clear wateAtahdgous

to the performance of the disc sparger, the ring mapeeger producea predominantly fine
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bubble flux butair distributionwas uneven and lardribbles were frequently emitted from the
sparger surface at confined locations due to inconsistent magnet contruction and magnetic grit.
During limitedstatic water testing, ceramic magnatso became worquickly, further

hampering aeration uniformity.

Figure 15. In-Line Magnetic Ring Sparger

Due totherapiddeterioratiorof ceramic magnetwhen introducedo wateror high
velocity slurriesan improvednagnetic spargavas dsigned to ensure that primary magnetic
elementde keptexternal toslurry or liquid flows in a dry environmenPreservation omagnets
external to slurry flow also allows for easier manipulation of magnetic fagltteemagnetic
medium itselffor cleaning purpose3o protectceramicmagnets, improve air distribution, and
simplify operation, amexternal inline sparging flow boxvas constructedas shown in Figure 16
To aerate a recycleglurry or liquidusing thedesignednagneticspargera magnetic mediuns
held perpendicular téiquid or slurryflows by use of external cerammagnetsasincoming airis
dispersed through thmediumto dynamically aeratea liquid or solidsliquid mixture A plexi-
glass side housingas usedn either side of the spargerdbservethe aeration proess

throughout the testing effort
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Figure 16. MagAir Sparger Prototype Design

Theexternal magnetisparger was design&dth completelyalterable parametets
better understand their effect on sparging perfocaalue to a lack of researchpoe-existing
information regarding design of such an aerafbese parameters inclutleross sectional area
of theliquid or slurryflow region magnetianediumbed depth, and magnetic bed arEae
sparger, as presented iiglre 17 wasassembledavith atwo inch by two inch cross sectional
areaand a length of 28 inche&tthes p a r g e,rad%inch pipe eifgple and union were
utilized to feed the sparger and easily remove it from the testingpsetspectively
Additionally, atwo inch by two inch square pipe was affixed to the outlet end of the sprarger
replacemenof a succeeding pipe nippl€his allowed aconstant cross sectional atede
maintainedollowing the introduction of aito preventthe coalescence of air i to departure
of the aeratetiquid from the spargerA one inchinterchangeablspaceras shown in Figure 17
(left), wasalsofabricatedn orderto decreas¢he cross sectional area of flow increase the

liquid velocityacrosghe magnetic media béd overcome pumping limitations
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Figure 17. External Magnetic Flow-Box Sparger Design

Within the air inlet chambgrerpendicular to the slurry flow regipan adjustable
perforated pedestal and slots of fixed height incremeeats engineeretb allow for preparation
of a magnetic bedf desired depthlThe air chamber was constructed 2 %2 inches in length and
assembled equal in width to the flow reg{or2 td nsure complete angean air distribution
across the recirculatesdurry orliquid. Theperimeter of the perforated pedestal was wrapped in
an aluminum tapand caulkedo promote air distributiomndprevent the shostircuiting of air
around the media beddongthe chamber walldMagnetic material wasontained by thair inlet
compartmenandheldflush with theliquid flow region boundaryy use of two large ceramic
magnets on either side of the air chamber, external to the sparging @mede the generation
of astrongmagnetic field, the aluminumpedestal was magnetized and theretweateda level
foundation for the media bed to compact andupsin Opposite the aipedestala threaded
magnetic feedholewascreated to allovmagnetic materiab be fedonto theperforated pedestal
without needing to disassemble the spargipgaratusThis permitteceasier transitions between

testing of different media typekiring aeration performance testing

34



3.2Equipment Setupand Test Work
3.2.1 Gas Holdup Testing

To verify themagnetics p ar g e r Gcapabdites amaptintalnoperating parameters, a
testassemblywas deviped toquantifythe airholdup produced by the sparger undarous
equipment arrangements dioehctional conditions. In air holdup testing, water andVIBC
frother were strictly utilized. Mineralurry or pulp was not employed for these exerdises
allow for complete visualizatioof the proceswiithin the sparger and the succeedingpdeation
liquid holding cell Dynamic external spargers are often operated with a combined digadd
velodty of 17 to 20 ft/s, therefore a variable speed centrifpgatp wasnstrumentedo
producean arrayof water flows.Optimalarrangemenand installatiorof the sparger wafirst
defined using a simple recycle system consisting @0ayallonsump andentrifugal pump Both
horizontal and verticapargermorientationsvereimplementedo understand the effect of sparger
positioning on air pressure requirements koaid-air mixing, as shown in Figure 18lorizontal
orientationof the spargewas quicklyneglectedas air naturally rose and coalesced at the ceiling
of the spargeupon introduction through the magnetic medidnbottom fed vertical orientation
promoted the mitureof air and water and decreased the coalescence of air, but increased the air
pressure required faeratoroperationSuch an increase in air pressu@&s attributed t@an
increase in water pressure which adgtedpposition to théncoming air. To solve this issue, a
top fed vertical orientation was @ben. Using this method, aimamore naturallydrawninto the
liquid flow zonedue to the downward flow of a high velocity liquid, significantly decreasing the
necessary air pressure by a factor of thogeur. Following the selection of an optimal sparger

orientation necessary ftine aeration of a recycled liquid or slurry, a more complex test
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assembly was fabricated to determine the effect of superficial air velocity and recirculated liquid

velocity on air holdup.

Figure 18. Horizontal and Vertical Magnetic Sparger Orientation Evaluation

To perform an analysis of sparger performanié regards to air holdyg test assembly
circuit consisting ofa primary sump, centrifugal pump, magnetic flow meter, araedation
tank was developed two dimensional re@sentation of the equipment-sgt and flow Beet is

illustrated in Figure 19
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Figure 19. Residual Air Holdup Evaluation Test Assembly SetUp
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A de-aeration tank was applied to ttestcircuit toincrease fluid retention timéncrease
total fluid capacity,andallow water to deagate before recirculation to a feed sump and
succeedingariable speedentrfugal pump.In addition, ontrolled iquid de-aerationin
conductedperformance evaluationgas necessary properly quantify thair holdupproduced
by thespargefand to prevent cavitation within the pump hebal determine air holdughange
in liquid elevationwithin the tank was measured with respect to a fmedsurement port at a
known depth of théank using several elevation rods or meament tubeslhis method of air
holdup measurement is illustrated in Figure26ing the difference in water elevations
determinedht transparenmeasuring ports locatgdst above the sparger outlesidethe tank
andbelow the overflow flumgand theknown distance between each gpog c dhet er s
percentage of air holdupithin the tankwas calculatedlo ensure accurate and precise
measurements weescertainedevel readings were taken at@lectionof time intervals and
then averaged.o determine the effect of superficial air velocity and recirculated liquid velocity

on air holdup, a muHiacet air manifold and magnetic flow meter were employed, respectively.
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Figure 20. Holding Cell Air Holdup Measurement Method

Compressed air wasovided to thexperimentakystem via an air manifoldhich

consisted of a regulatorariable aredlow meter, and pressure gau@s shown ifrigure 19 and
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Figure 21 Usingair pressure and flow rate measurersetite actual aiflow ratedelivered to

the magnetic media bexd standard cubic feet per minwt@s calculatedAir was supplied to the
manifold at approximately 110 psi froamearbyair compressoin addition to theemployment

of anair manifoldto measuresupplied sparger airelocities amagnetic flow meter was
calibrated and utilized to measwraterflow ratesfor each teseffort. The maximunwaterflow
produced by the centugal pump was approximately 90 gallons per min@ace steady state
air and water flowso the deaeration tankvereobtained, air holdup measurements were taken

and recordedsing a documentegroupof sparger operating conditions

Figure 21. Magnetic Sparger Air Holdup Measurement System

Before air holdup measurements could be taken, spavge@gtional parameters were

chosen and employed. Operational parameters which were altered during testinglinclude

- Magnetic media type (magnetite, steel shot powder, spherical magnetic,media)
- Magnetic medium bed depth

- Air fraction (percentage of air nater within sparger),

- Cross sectional area of liquid flow region,
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- Flow rate of water (gallons per minute), dgnather dosage

Due to thesubstantiafjuantityof operational parameteranoptimalmagnetic media
typewaschosen using visual observatiomsiring preliminaryevaluationst wasconcludedhat
densemagnetite andine steel shotmediumswereincapable of providing uniformair
distribution due to significant compaction of particles upon introduction to vestelepicted in
Figure 22 As aresult, airquickly short circuited to the peneter of the impenetrable baden
such forms of media were implement&barse magnetiterushed in two stages to a size
fraction of 1000 x 500 micrqmpromotedair flow andconsisted of particlegiverse inshape and
size but increasedir distributionvariability due to a lack of uniform porositdditionally,
magnetite and steehotmediums became oxidized, or rustedthin 24 hours of water

submersionfurther compacting magnetic particles and obsitngair paths

Figure 22. 250 x 150 Mcron Wet Magnetite Media Sample

To improveair dispersiorand maintain a more uniform porous filter medjunvariety
of ferritic stainless steel magnetic spheres were empldysthinless steel coatiralowsthese
magneticspheredo better resist oxidatiofollowing extensivesubjection to liquid or solid§ o

perform theestingeffort, 1.0and1.6 mm magnetic beadas shown in Figure 2@ereutilized.
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Figure 23. 1.0 mm(Left) and 1.6 mm(Right) Spherical Magnetic Media

Using aspherical media, distribution of air through fh@rousbed greatly improvecds
displayed inFigure 24 It should be noted thaailger bubbles shown in Figure 2 water
droplets external to the sparderusing Exhausting both sizes of magnetic matandividually,
sparger testing waserformedat varying liquid velocities and gas injection rats.array of
tests were also conducted when no magnetic medium was employed to demonstrate the effect of

the porousnedium on air holdup.

Figure 24. Sparger Air Distribution Using 1.0 mm Ferritic Stainless Steel Beads
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3.2.2 Flotation Testing

Succeeding the completion of air holdup evaluations, optimal sparging parameters
determinedhroughout the air holduiest effortwere utilized ina laboratory scalBotation
study.To complete flotation testing,rainus 150 microrwoal sample with a feed asbntentof
20 percenby weightwas utilized.Thefeedcoal sampleroughly fourpercent solids by weight,
was removed from 85 gallon drunusing a siphon as the tank was thoroughly agitated. To
obtain a representative samplee siphon was guidextross théull cross sectional area of the
drum To conducta continuous flotation test programing the obtained samplen altinclusive
flotation assemblyvas constructed using a melével steel and wood shelvinmit, as displayed

in Figure 25
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Figure 25. External Magnetic Sparger Flotation Test Assembly

The primary components of the assembled flotation system included gesmgaillon

flotation cell, 15 inches in dmeter, with an affixed froth laundand a combined feed and
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tailings sump. Avariable speeg@eristalticoump was used to pump feed matefiatation
concentrate, ancecycled tailingslurry at a rate of two gallons per mindtem the sump to the
external porous magnetic sparg&mate of two gallons per minute permitted the necessary
mixing or residencéime within the sump and wasisained to maintain a consistgnilp-froth
interface levelln addition to thigmixture of slurry streams high velocity refusslurry stream
removed from théowermostzoneof the flotation celby use ofvariable speedentrifugalpump
was deliveredo therecessedparging unifrom aboveat approximately 14 gallons per mintite
simulate a column flotation cell external spargangangementrogether, these slurry streams
provided theequireddownwardconstantraveling fluid velocity to the spargair interfaceThe
aeratectoal slurry was lastly injected at the cell bottdoe to the scale of this test, a smaller
form of the magnetic sparger wiabricatedusing a hose barb inherent ofialayedperforated
screerand two external ceramic magsased taretain the magnetic medias shown in Figure

26. Compressed air wateliveredfrom behind the magnetic beds i n gair-kne. 13 0

Figure 26. Flotation Test Magnetic Sparger Media Housing
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