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ABSTRACr

The distribution of fluidization flow of a variable speed 3-în (7.5 cm) Knelson

centrifugaI concentrator was first studied. Its performance was men investigated for

different types of synthetic ores. and the effect of rotation speed. tluidizing water,

gangue density and size distribution, and feed rate detennined. Ta obtain some

fundamental information relative to the recovery mechanisms of the Knelson

Concentrator, the percolation or migration of dense particles in a gangue bed was

investigated in the gravitational field, using a fluidization column. The equations for

determining the instantaneous radial settling velocity of a spherical panicle in the dilute

zone of the inner bowl were derived for the Stokes' Law region.

Recovery of tungsten from magnetite and silica gangues and recovery of

magnetite from silica gangue were studied. Results indicate that rotating speed of the

Knelson Concentrator affected both the movement of mineral panicles and tluidization

of the separation zone, which in tum affected KC perfonnance. For a11 types of feeds

studied, the fluidizing water tlow rate needed to achieve a maximum recovery increased

with increasing rotating speed. The study of capture kinetics showed mat tungsten

recovery from silica decreased gradually and almost linearly as the feed rate increased

from 0.5 to 5 kg/min; chis decrease became smaller with increasing Os. However, the

recovery drop (or the corresponding capture rate constant) was small for coarse (> 106

Jtm) tungsten and moderate for rme « 106 ~m) tungsten, suggesting tbat for typical
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applications of gold recovery from the circulating load of a grinding circuit, Ceed rate

should he maxiInized. Further, accelerations of 30 to 60 Gs were adequate for very

good recovery of tungsten above 25 #Lm. The recovery of Magnetite from a -425 #Lm

silica gangue was limited to a dsOc: of 40 #Lm. Rotation velocity had little impact on bow

fme magnetite could he recovered, especiaUy above the velocity corresponding ta 60 Os.

At 1 Gs (Le. in the gravitational field), an optimum tluidization flow was also

observed for ail systems studied. High density gangue, especially when coarse, bad a

detrimental effect on percolation and migration. Particles of high density percolated or

migrated (aster man those \Jf lower density. When the gangue bed was weil tluidized,

the migration rate of coarse particles was higher than the percolation rate of rmes.

These observations are basically consistent with the effect of fluidization water, gangue

size distribution and density on Knelson performance.



RÉSUMÉ

Nous avons d'abord étudié l'effet de la vitesse de rotation d'un concentrateur

Knelson de 3 pouces sur la distribution de l'eau de fluidification. La performance du

Knelson en fonction de sa vitesse de rotation, du débit d'eau de fluidification et du taux

d'alimentation a par la suite été étudiée à l'aide de minerais synthétiques de densité et

granulométrie différentes. Pour comprendre les mécanismes de récupération, nous

avons étudié l' infl1tration et la migration des particules denses dans un lit de gangue

contenu dans une colonne fluidifiée. Nous avons également dérivé les équations

décrivant la sédimentation radiale de panicules sphériques dans la zone diluée du rotor

interne du Knelson, dans le régime de Stokes.

La récupération de particules de tungstène de gangues de magnétite et silice et

de magnétite de gangue de silice a été étudiée. La vitesse de rotation du concentrateur

Knelson a un impact et sur le niveau de fluidification de la zone où s'effectue la

séparation. et sur la vitesse de sédimentation des panicules denses; la récupération de

celles-ci dépend de l'interaction des ces deux phénomènes. De façon générale. la

récupération maximale est obtenue à débit de fluidification intennédiaire, qui augmente

lorsque la vitesse de rotation augmente. La récupération des panicules de tungstène

diminue lorsque le taux d'alimentation augmente de 0,5 à 5 kg/min; cette baisse de

récupération diminue lorsqu'on augmente la vitesse de rotation du Knelson. Cene

diminution est limitée aux panicules de tungstène inférieure à lOS "m, et même pour
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ces particules plus fmes, elle est moins prononcée que l'augmentation du taux

d'alimentation. ce qui permet de conclure qu'un Knelson utilisé au sein d'un circuit de

broyage devrait être alimenté à taux maximum. Généralement, une vitesse de rotation

donnant des accélérations de 30 à 60 Gs est suffisante pour très bien récupérer du

tungstène de taille supérieure à 25 ~m. De plus, la récupération de la magnétite d'une

gangue de silice plus fme que 300 pm est généralement limitée aux panicules de taille

supérieure à 40 ~m (DSO>; augmenter la vitesse de rotation du Knelson n'a que très peu

d'effet sur la récupération de panicules plus fmes, sunout au-dessus d'une vitesse de

rotation correspondant à une accélération de 60 Gs.

Le travail en colonne fluidifiée a également identifié un débit de fluidification

optimum qui varie selon la granulométrie et densité de la gangue et de la phase dense.

La vitesse de percolation des panicules denses diminue de façon très marquée si la

densité de la gangue augmente, sunout si celle-ci est grossière. Les panicules de densité

élevée s'infiltrent plus rapidement que celles de densité plus faible. Lorsque le lit de

gangue est bien fluidifié, le taux de percolation des panicules denses grossières est plus

élevé que celui des fmes. Ces observations sont en bon accord avec l'effet du débit

d'eau de fluiditïcation et du type de panicules denses et de gangue sur le fonctionnement

du concentrateur Knelson de 3 pouces.
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éln constant coefficient (the subscript n can be any number.)
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Cn constant coefficient
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d50c
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f
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80% mass passing apenure

collision frequency of a panicle in the separation zone, l/second

buoyancy force in the gravitational field
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drag force
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Fcù' Fca X-component of drag force
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CHAPTER 1 INTRODUCTION

1. 1 The Knelson Concentrator

The Knelson Concentrator (KC) is an innovative centrifugai separator which was

patented by Byron Knelson in Canada in the early 1980's. It bas since received

industrial acceptance worldwide, and exlùbited excellent perfonnance for bath gold vein

and alluvial applications (Laplante et al, 1990; Knelson et al, 1990; Damton et al, 1995;

Poulter et al, 1994; Cloutt, 1995; Hart et al, 1995; Mesa et al, 1994; and Sutti11, 1990).

It combines the advantages of a simple strUcture, a high capacity, a wide size range of

recoverability and the ability to yield very high enrichment ratios. It is used in aver 70

counuies and accounts for more than 1200 separate installations. A new generation of

Knelson Concentrators, including the Centre Discharge mode1, have since been

commercialized: a continuous prototype is also under developed (Laplante et al, 1997;

Brewis, 1995).

Despite widespread acceptance, the Knelson Concentrator is still undergoing

intensive research and development. So far, a number of research projects on its

effective use have been carried out at McGill University. Effons have focused on the

characterization of ore types (Laplante, 1993; Laplante et al, 1997, 1995, Woodcock et

al. 1993), the evaluation of plant performance (Laplante et al, 1994, and 1992; Putt et

al, 1993; Zhang, 1998), and the study of concentration mechanisms with a laboratory
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KC (Laplante et al, 1996a, 1996b, 1995, 1994, and 1992; Huang, 1996). Some anempt

al modifying its bowl geometry have beeo made, and results, though inconclusive, bave

shed additionallight 00 how the uoits works (Laplante al al, 1998).

The separation principle of the Ke, for all models, is based on the differcnce in

centrifugai forces exened upon gald and gangue panicles and on tluidization of the

concentrate bed. The standard KC is designed as a roughing concenttator for gold ores,

working at a constanl rotating speed that generates an average centrifugal acceleratioo

of 60 GS,I Since the magnitude of centrifugai force applied on a panicle depends on

the rotating speed of the ioner bowl of the KC, il is important to investigate thoroughly

the effect of rotating speed. However, very Unie infonnation on this subject bas been

published 50 far (KnelsOD, 1985), whicb means that the relationship betweeo rotating

speed and unit perfonnance remains as yet unprobed. As some users of the KC are

wondering, why does the KC have ta work al 60 Qs? Could it be possible for the KC

to work at 30 Os so as to reduce power and water consumptions? Cao the KC run at

120 Gs or even faster in arder ta increase its capacity and gold recovery, or recover

other, lower density, minerais? Practical questions such as tbese are obviously related

to the rO[8ting speed of the KC. Answers are not trivial. Recovery is achieved when

panicles can radially move ta the concentrate bed before being rejected with the tails

160 Os. or 588.6 mls2, is sixty limes 9.81 mls2
, the acceleration of falling abjects

in eanh's gravitational field al sea level. Il is both average and theoretical because (i)
the rotating radius increases as the feed nows upwards from the bonom of the Knelson
inner bowl, and (ii) it is assumed that the sluny bas reached the same rotating velocity
as the bowl itself.
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stream. Particle radial movement can take place either by percolation or by migration

after radial settling (to be defined in Section 3.4.1). Funber, panicles aIready recovered

must not he rejected by concentrate bed erosion before the end of the recovery cycle.

AlI these mecbanisms are affected by fondamental operating variables such as feed rate,

rotation velocity and fluidizing water flow rate, but in different ways. The responses

are very dependent on panicle sile and density, and are also significantly affected by

the size distribution and density of the gangue.

This project will anempt to develop a phenomenologicaI understanding of how

tbese variables interplay, using a variable speed centrifuge, in tbis case a 3" (7.S cm)

laboratory concentrator (LKC), a unit whicb bas been extensively studied al its normal

centrifugai acœleration of 60 Os. The study was deemed worthwbile because il would

lead to a bener understanding of fundamentals relating to the recovery mecbanisms of

the KC. and it might provide useful information for the development and application of

industriaI centrifuge concentrators.

1.2 Objectives of the Study

In this research work, a series of experimenlS and necessary theoretical anaJysis

of the fundamentals and performance of the variable speed centrifuge was conducted.

The researcb work was designed to:
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a. study the percolation behaviour of dense particles in a fluidized bed in the

gravitational field. and investigate the effects of tluidizing water, gangue density

and particle size on the percolation and migration process.

b. study the effect of ratating speed on the tlow rate and pressure of fluidizing

water.

c. investigate the effect of rotating speed on separation of dense panicles from

gangue.

d. investigate the interactions of fluidization warer. gangue density , panicle size

distribution and feed grade on the performance of the variable speed KC at

different rotating speeds.

e. study the etfect of rotating speed and feed rate on ring-by-ring recovery of the

KC.

f. explore mathematically the effect of centrifugai acceleration and water

tluidization on panicle settling velocity.

1.3 Structure of the Thesis

This thesis consists of nine cbapters. Chapter 1, as seen above, introduces

brietly the background. rationaJe and objectives of the research project and then outlines

the strUcture of the thesis. Chapter 2 reviews the prior application and research on

cenuifugal concentrat(jrs, including the Knelson Concentrator, and on the fundamentals

of this field. Chapter 3 deals with theoretical considerations. stlessing the analysis of
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the settling of dense panicles under the influence of both centrifugai acceleration and

water tluidizatiOD.

Cbapter 4 describes the percolation behaviour of dense panicles in a f1uidized

bed in the gravitational field on the basis of laboratory measurements, and discusses the

implication of the micromodel of percolation in the study of the Knelson recovery

mechanisms.

Cbapter 5 shows (llSt the experimental set-up for the variable speed centrifuge

concentrator and then presents some characteristics of the unit which are essentially

related to its operation, followed by a discussion on the effect of rotating speed on the

f1uidization f10w rate.

Chapters 6 and 7 repon on a series of gravity concentration tests on a number

of synthetic ores with the Knelson. Chapter 6 mainly deals with separation of tungsten

from silica and magnetite gangues, while Chapter 7 focuses on separation of Magnetite

from silica gangue. These three systems represent separations of increasing difficulty.

Bath cbapters discuss the effect of acceleration on the optimum fluidization and the

particle sile distribution in the concentrates.

Chapter 8 demonstrates how feed rate affects the performance of the Knelson and

how the mass and panicle sile of the concentrate are distributed in each ring of the inner
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bowl. A 9-test program was conducted to determine tuDgsten recovery from silica al

different retention time and rotating speed, and a set of mbber stoppers was used to

exttaet concentrate from each individual ring.

In Chapter 9, conclusions based on the thesis experiments are drawn, and claims

to original knowledge and suggestions for future work are a1so presented.
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2.1 History of Centrifuge Concentrators

The early centtifuge technology was described by LEONARDO DA VINCI (1452­

1519) who suggested the idea of using centrifugai force for lifting liquids. The fll'St

centrifugal device known in the history ofengineering was a centrifugai pump wbich bad

operated in a copper mine in Portugal in the firth century (Lazarkiewicz, 1965). In the

field of minerai processing engineering, centrifuge concentrators for gold recovery

predate this century, as cnide early versions were developed when the industrial

revolution was spreading from Great Britain to the rest of Western countries.

The Hendy Concentrator was one of the earliest fonns of centrifugai

concentrators employed in California, patented in 1868 (Rose~ 1898: Louis, 1894). It

is shown in section and in plan in Figure 2-1 (Louis, 1894). It consisted of a shallow

cast-iron pan, 1.2 m or 1.8 m (4 feet or 6 feet) in diameter, supponed on a venical shaft

in the centre, and rotated by bevel gear. The pulp was fed inte the pan near the

periphery, and then, as a consequence of a rapid oscillating motion given by the

revolution of a crank sbaft, the heavy panicles moved oUlWards by centrifugai force and

accumulated in the peripberal guner, while the lighter panicles were discharged into the

central circular basin and were removed by opening discbarge gates at intervals. A

somewbat similar machine was the Duncan Concentrator, which was made of wrought
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iron instead of cast iron (Rose, 1898; Louis, 1894). The pan revolved at a speed of 8th

rpm, while the pulp was supposed to malee about 3 revolutions in the pan. Both the

Rendy and the Duncan Concentrators were used to a cenain extent in Califomia, and

were capable of doing very fair work in the recovery of sulpbides, except on fme slime

(owing to their insufficient rotating speed). These two types of crude centrifugal

concentrator were later replaced to a great extent by conventional gravity devices of

some form or other.
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Figure 2-1 Rendy Concentrator ( after Louis, 1894)
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It should he mentioned tbat the principle of centrifugaI concentration was also

employed in the early pan amalgamation in America and Australia. The Baux and

Guiod Amalgamator (phillips, 1867) migbt he a typical example. This machine, which

is shown in Figure 2-2, was occasionally used for the extt8ction of gold from tailings.

As described brietly by Phillips (1867), water and ores were introduced at the bottom

of the pan, through a hopper bolted on its side (at A). The substances being ground

were thrown by centrifugai action upon a bed of mercury lying in a groove around the

internai circumference, whilst the tailings was discharged from the centre of the lid ta

the spout B.

Figure 2·2 Baux and Guiod's Amalgamator (Phillips, 1867)

Perhaps the Ainlay bowl (Taggart, 1945), which had been used to a limited

extent on doodlebugs and small placers operations in the years prior to 1945. was an

embryonic form of some contemporary advanced centrifugai concentrators. This device
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was a vertical bowl-sbaped basin. 30 10 90 cm (12.. to 36-in.) diameler al the rim.

rubber-riftled on the inner surface. The peripheral speed al the bowl rim could he up

ta about 300 m (1000 feet) per minute. The slurry was fed into the bowl and moved

around upward taward the bowl periphery onder the influence of centrifugai force: gald

was caught between the riffles. and the overlying lighter sand passed on upward and

aver the rim. The gold concentrate was washed out of the bowl al intervals by shuning

off feed. It was claimed that capacities were 0.38 to 1.15 m3 of <5 mesh gravel per

hour for the 30 cm bowl and 3.8 to 7.6 m3 of <9 mm material per hour for the 90 cm

unil.

[n addition, the following types of centrifuges, which have been tried or

designed. may he recognized as a contribution to the evolution of centrifugal

concentralors.

In the period of 1910-1912, the Peck Centrifugai Separator was tried al

Anaconda. Montana, U.S.A., producing a commercial concentrates (Truscott, 1923).

This device consisted of (wo pans. whicb were rotated independently in the same

direction. The pulp passed through the bottom of the inner and smaller pan iota the

space between the lWO pans. The heavy minerai panicles could then form a bed upon

the inner wall of the outer pan, which would he removed after each concentration cycle,

while the gangue was rejected to the overtlaw through appropriate nozzles around the

Hp.



CHAPTER 2 UTERATURE REVIEW Il

In 1913-1914, the Laist Centrifugai Separator was tried at Anaconda as a

continuous separator of granular slime from colloidal material and excess water

(Truscon, 1923). This machine consisted of a number of radial chambers which were

used to colleet the settled material during rotation. The design of this centrifuge boosted

sorne of the features of the prototypes of the nozzle-bowl and the ejecting dise

centrifuges (Loggia et al, 1994) for solid-liquid separation of today.

In 1912, the Trent Centrifugai Separator worked to separate minerai particles

from gangue or separate solids from water (Truscan, 1923). 115 structure appears

complex because of the embodying of a number of features such as the feeding by a

centrifugai pump and the discharging by a narrow apenure.

ln 1935, Mr. MacNicol patented a centrifuge of novel construction in Australia,

which is supposed ta resemble ta sorne modem centrifuges, including the KC (Napier­

Muon, 1997). For example, the rotating bowl was equipped with grooves, and

fluidization water was added at their bottoms. Unfonunately, this device was not

adopted by the mining industry. An obstacle in its commercialization was the lack of

necessary wear-resistant materials for the bowl and moving parts.
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2.2 Recent and Contemporary Development and Application of

Centrifugai Concentrators

2.2.1 Introduction

With the rapid development of technology and science, Many new centrifugaI

concentrators have come into being, either in the stage of development or in full

commercialization. The advent of new materiais and electric and electronic technology

has made possible centrifugai concentrators with features such as high centrifugai

acceleration and capacity, acceptable wear rates, and high efficiency and automatic

operation. As a resuIt, centrifugaI concentration has been increasingly used for the

processing of various materiais in particular ores, and instilled a renewed interest in this

field. Basically, the centrifuges aiready used or potentially suitable for a vanety of

industriai applications may ail be divided into (wo types ~ the mono-centrifuge and the

multi-gravity concentrators. The fonner can he sub-divided into the ordinary centrifuge

and the water-injection centrifuge. Among them, the Knelson Concentrator. one of the

water-injection type, will be introduced in more detail latter on, since it is the focus of

this research.

2.2.% The mooo-centrifugai coocentrators

Mono-centrifugal concentrators May he defined as gravity concentrators that

separate heavy malenal from lighter gangue mainly by the mechanism of centrifugaI

separation. They may he sub-divided. according to whether or not there is a baek-
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injection water system, into two types: the ordinary (single wall) centrifuges and the

baek-injection centrifuges.

The ordiDary coocentrator

The bateh <Bl or continuous (Cl Falcon Coneentrator is a venical centrifuge

consisting of a concentration rotor. The rotor is actually a cane plus cylinder-shaped

bowl with a length equal to approximately {Wice its diameter. The processing (inner)

surface is covered by a wall of wear-resistant material sueh as mbber and urethane.

Figure 2-3 shows B6 Falcon Concentrator.

Feed material eoters to the base of the high speed rotor mechanism in a slurry

fonn through a central downcomer. The impeller at the very base of the rotor evenly

1 r.,Diw..tp 1

Flleon B6 Coneentr.tor

Figure 2-3 Experimental Set-up for the B6 Falcon Concentrator (Laplante et al, 1994)
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distributes the slurry to the internaI wall and provides an initial acceleration. Under the

action of the centrifugai force. heavy particles settle down over a bed of materia! wbich

bas already accumulated closest to the wall al the very beginning of the feeding cycle.

layering as a concentrate, and lighter particles are rejected out the rotor top with the

water tlow to repon as tallings. The concentrate is discharged either at intervals or

continuously depending upon the design of the rotor. Thus, as described by Falcon

Concentrators Ioc. (1997 a), the Falcon Model 'B' units rinse out periodically the

concentrate through the hollow drive shaft at predetermined "batch" iotervals; the

·Falcon Model 'c' unÎts bleed the concentrate off at a controlled variable rate through

a series of plane mass flow hoppers, pincb valves and discharge orifices. The rotating

speed of both models can generate up to 300 Gs centrifugai field. The largest unit bullt

to date, the model C40. is claimed to have a maximum solids capacity of 200 tons (180

tonnes) per hour for a feed panicle size below 850 ~m (20 mesh) (Falcon Concentrators

Inc., 1997a). It is also claimed by the manufacwrer that the Mode1 'B' units are

suitable for fme feed applications requiring very low weight recoveries, such as rme free

gold recovery and tailings scavenging, while the Model 'c' uoits are suitable for a wide

range of minerais and fine feed applications requiring low to high weight recoveries,

such as fme gold primary recovery, fine coal cleaning, and rme iron and tin recovery.

However, applications of the Model 'B' units might be limited since barren gangue

material pinned to the rotor at the beginning of the recovery cycle malees up most of the

concentrate.
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Laplante (1993) compared the performance of the Falcon concenttators with tbat

of the Knelson concentrator and pointed out mat the batch Falcon is typically effective

for gold (mer tban 37 ~m, for short recovery cycle. For the B6 Falcon, Laplante et al

(1994) demonsuated that goId recovery from a fme gold-pyrite-silica flotation tail witb

characteristics of a low suJphide content and a fine size ranged from 30 to 70% at

upgrading ratios of 5 to 15. but results with a massive sulphide ore were very poor due

to the characteristics of high density feed, with gold recoveries typically around 10 to

20% at very low upgrading ratios. In a study conducted by Lins et al (1992), the results

of pilot plant tests using the Falcon 86 and B12 to recover gold from a hydrocyclone

overtlow showed that gold recovery was between 24% and 44% at 15-30 minute

operation cycles. This perfonnance is reasonably fair since the results of amalgamation

analysis suggested that only 2S % of total gold in the feed was gravity recoverable. In

processing ultrafine tantalum for bench scale testwork, the Falcon B unit was shown to

he capable of recovering very rme tantalum and superior ta the Knelson Concentrator

and the Kelsey Iig, though its perfonnance was not as good as that of the Mozley Multi

Gravity Separator (Bun et al. 1995). A fundamental and practical study of the Falcon

B unit was carried out by Buonvino (1993), who used a synthetic ore (5% magnetite,

9S % silica) and [wo natural gold ores of different gangue densities (a massive gold­

copper sulphide ore and arme gold-pyrite-silica tlotation tails) ta investigate the

relationship between me perfonnance of the centrifuge and Inajor operating parameters.

The results of his study showed that the recovery of mid-size panicles (53 to 150,um)

was poorer than that of fmer size « 53 ~m). Regarding the recovery mechanisms of
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the Falcon B unit, he suggested that panicles were captured into the concentnUe bed in

two different ways: either by burying of coarse panicles in the bed (migration) or by

lodging of rmer particles in the interstices between the coarse panicles (percolation).

Recent research work bas shown the potential of the continuous Falcon for rme

coal cleaning. Honaker et al (1996) conducted a series of cleaning tests of fine coal

from the Illinois No. 5 seam. using a CIO Falcon as the principal separator and

comparing its performance to that of a Knelson Concentrator. a MDL LD-9 spiral and

a Pack-tlotation Column. Their results showed that owing ta its relatively high

centrifugai acceleration (300 Gs) the CIO Falcon was the Most effective in rejecting the

coal pyrite and ash-bearing panicles from a 210 x 37 #lm size feed. For the teed below

37 ~m. however, their results indicated that the ash rejection values achieved by the

Falcon were not significant probably due to an insufficient centrifugaI force. Besides

the effect of panicle size. Honaker et al (1995) also discovered that the performance of

the Falcon Model 'c" was a function of bowl geometry, feed solids content and feed

rate. Based on the testing above and various stages of successful pilot scale [esting.

Honaker et al have carried out an industrial scale testing using the C40 Falcon to clean

fine coal streams (Falcon Concentrator [ne.. 1997b). Over a one year period of full

production good metallurgicai results were confirmed.

The Yunxi Centrifuge originated in China and has become a popular gravity

device in the Chînese minerai industry since its development in the early 196O's. Its
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principal concentration component is a rotating tapered drum which in most cases is

horizontally aligned (Sun,1982), and may he venically aligned for some models (Li et

al. 1984). Figure 2-4 shows a simple schematic illustration of the horizontal Yunxi

Centrifuge. The pulp is fed into the small end of the rotating drum by Dozzles and the

tailings is discharged from the large end of the drum. The concentrate is also

discharged to the large end of the rotating drom by flushing water, once the feed is

stopped or transferred to another centrifuge. at regular time intervals, as frequently as

every 3 to 5 minutes. AlI operations, including feeding and discharging of the

concenttate, are electronically controlled.
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The sile of the commercial Yunxi centrifuge is designated by both the diameter

of the small end and the length of the drum. The centrifugaI acceleration generated

inside the drum can he varied from 20 ta 172 Os by varying the rotating speed of the

dnun (Teaching and Research Divisions of Mineral Processing, 1978). Normally, the

low Os unit is used for roughing, while the high Gs unit is employed for cleaning. The

centrifuge is used mainly for the recovery of cassiterite, wolframite and hematite (Li et

al. 1984; Liu et al. 1984; Sun et al. 1984; Bun et al. 1984). Its throughput is low: for

instance. the t1J800x600 rougher unit has a throughput of 30 tonnes per day, a water

consumption of 50 m3/day, an enrichment ratio of 2.5 to 3.0, and a recoverable size of

10 to 74 #,m for tin slime treabllent (Li et al, 1984).

The SL-type Separator is a continuous discharge centrifuge patented in 1985 and

used for the fine and ultrafme cassiterite recovery in China (Lu, 1985: Ren et al, 1994a,

1994b). Figure 2-5 illustrates schematically this centrifuge, whose worldng components

,
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Figure 2-5 The schematic illustration of the SL-type Separator (Ren et al, 1994)
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consist essentially of a horizontal drum and a water jet. The pulp is fed onto the inner

wall of the rotating dmm through a pipe (3); due to a very high centrifugal acceleratioD,

heavy particles settle down close to the wall of the drum and are flushed away as

concentrate continuously (6) by the impact of a water jet (4) acting against the

longitudinal tlow, which results in a "hydraulic weir lt (Ren et al. 1994a) to prevent

heavy particles from travelling to the tailings stream. Lighter panicles are spun witb

water tlow off the drum as the tailings (5).

There are three models of the SL-cype separator available. which are designated

by the drum diameter. The SL-300 model is a laboratory unit which can generate a

1500 Gs acceleration; the SL-600 and the SL-1200 models are the indusuial scale units

generating 660 and 330 Gs forces, respectively (Ren et al, 1994b). The througbput of

the centrifuge is between 110 and 2000 kg/hour for -10 ~m slimes. depending upon the

drum size. It is claimed that the SL-type is capable of treating 10-7~ ~m cassiterite with

high recoveries, provided operating parameters are properly adjusted.

The DTsS Refining Centrifuge, and another similar unit. the TsBS unit, were

developed in the former Soviet Union and used for the treatment of auriferous marine

sands with a gold recovery of over 90% in less than 0.01 % of the bulle (Bun, 1984).

They are unfluidized and venieal rimed cone type units. When the feed slurry tlows

inlo the rotating cone. heavy panicles in the feed are centrifuged and trapped between
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the riffle rings, from which they are removed at intervals, while lighter particles tlow

up and out of the cone as the tailings.

The soninl centrifuae was developed and being tested on plant-scale in Germany

for soning of plastics waste into different sons (Hoberg, 1993). It is a horizontal

double-cone centrifuge with a screw conveyor and can generate up to 1500 Gs

centrifugai acceleration. When operating, the centrifuge uses either water or a sodium

chloride solution (specifie gravity: 1.1) as the separating liquid. Three plastics products

of different specifie gravity can be continuously recovered from a waste plastic mixture

sized at 8 - 10 mm.

The Rotatina Tube, developed by Ferrara (1960), is an experimental seale device

consisting of a horizontal Perspex tube. 1100 mm in length and 20 mm in diameter,

capable of rotating at up to 2200 rpm. Separation in the rotating tube is achieved with

the help of centrifugai aeeeleration. which enables heavy panicles to remain in the

rotating tube while lighter panicles are spiralled towards the other end of the tube and

then discbarged. Batch tests on cassiterite and einnabar ores showed that the tube eould

aehieve good recoveries, but at enrichment ratios lower tban 9 (Ferrara, 1974).

The back-injection centrifuge

The distinctive feature of chis type of centrifuge is the use of injection water to

tluidize the concentrate bed from behind. Two of the baek-injection centrifuges tbat
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bave been commercialized will he discussed, the Knelson Concentrator (to he described

in 2.3) and SuperBowl. Other separators are also available, such as the Hy-G.

The SuperBowl is a bateh centrifuge for gold and precious metals, recently

developed and manufactured by the Falcon Concentrators IDe (Plummer, 1995). Figure

2-6 (Falcon Concentrators Inc., 1997) shows the Model SB4 laboratory SuperBowl. The

heart of the centrifuge is a vertical plastic rotor bowl; its lower pan is inward tapered

and smooth walled so as to provide a migration zone for centrifuged minerai panieles,

and its upper part is composed of by two concentration grooves and riffles. The

grooves are evenly perforated for back-injection water to fluidize the coneentrate bed.

_
----ir-r---'-'_'--__)__, ~ ruNNEL

lit. rAiUNCS

Figure 2·6 The Model SB4 laboratory SuperBowl (Falcon

Concentrators IDe., 1997)
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Feed slurry is directed into the rotating rotor bowl and then imparted an

acceleration of up to 200 Os acceleration. Thus, heavy particles settle rapidly on the

lower wall of the rotor and Most of them migrate into the riffles, where the concentrate

is fluidized and cleaned by baek-injection water. Lighter panicles are washed out of the

bowl due to their lower specifie gravity or small size. When a concentration cycle is

fmished and the centrifuge and injection water are shut down, the concentrate inside the

bowl is rinsed into a pan after removing the rotor bowl. For the larger scale

SuperBowls. the concentrate is rinsed by a built-in spray manifold.

SuperBowls are currently manufaetured in four sizes, from laboratory scale to

high capacity models. either automated or manual (Suner, 1997a). Since the unit worles

at higher G fields than the Knelsons and employs back-injection water technology, it is

claimed that it will capture a significant part of the market. Recent statistica1

infonnation shows that SuperBowls are found in 12 counuies and used for alluvial­

primary recovery, concentrate eleaning, recovery in grinding circuits, and metallurgical

testwork, etc. (Sutter, 1997b).

2.2.3 The multi-gravity concentrators

Compared with the mono-centrifugal concentrator (i.e. the concentrators that

achieve separation mainly by centrifugation), the multi-gravity concentrator may he

defined as gravity concentrators that separate heavy material from lighter gangue by the

combined meehanisms of centrifugaI separation and other conventional gravity
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separation. Examples of this type of concentrators include the Kelsey CentrifugaI Iig,

the Mozley Multi-Gravity Separator (MGS), and the Rotating Spiral.

The centrifugai jig works by combining j igging and centrifuging. At Ieast there

are two types of centrifugai jig available from different manufacturers: the Kelsey

Centrifugai Iig (Brewis, 1995) and the Altair' s Centrifugai Jig (Altair International,

1997), also known as the Campbell Centrifugai Jig (Environmental Management of the

U.S., 1997).

The Kelsey Iig was invented in Australia and is manufactured by the Geologies

Pty. Lui. (Brewis, 1995). The basic operating principle of the Kelsey centrifugaI jig,

Feed stream

Ragging bed

: Sereen

l l----

•
• Dense minerais ""---"". Spin

..
Concentrate

(~
-~ U

Plunger --- '_-----------

Figure 2·7 The spinniDg Harz Iig - Vertical orientation (Beniulc et al, 1994)
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as illustrated in Figure 2-7. can he concisely demoDStrated by a spinning Harz jig

(Beniuk et al, 1994). In Figure 2...7, the huteh of the Harz jig is turned from a

conventionally horizontal to a vertical orientation and spun about an axis. Feed enters

the rotating jig and is then distributed onto the ragging bed by centrifugai force.

Pulsation of water generated by the plunger causes the ragging to dilate and contract,

thus resulting in differential acceleration of the feed and ragging panicles aceording to

their specifie gravity and eventually allowing the centrifugally senled dense particles in

the feed to move thraugh the sereen and he discbarged through a spigol. Lighter

particles are displaced over the surface of the ragging layer by the incoming feed and

carried away to tailing.

The commercial Kelsey Centrifugai Jig bas a number of concentrate hutcbes and

incorporates a side pulsing mechanism. rotated by a spin drive (Beniuk et al, 1994).

The centrifugai acceleration generated by the centrifugai jig can he as high as 100 limes

gravity (Brewis, 1995), thereby leading to increased panicle separation efficiency.

panicularly at fine sizes below 40 #Lm mat cannot he effeetively recovered by

conventional jigs. Another key feature of the unit is its ability for continuous operation

since bath concentrate and tailing are continuously discharged. Consequently, the

Kelsey has found applications in the treannent of mineraI sands, and the recovery of rme

cassiterite and tantalite (Brewis. 1995; Wyslouzil. 1990). It bas and still is being tested

for fine hematite recovery (Laplante, 1998). In addition, an empirical mode1 of the

Keisey bas been developed by using a laboratory-scale jig to pracess tungsten slime
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tailing and by considering the effects of the main operation parameters such as g-force,

ragging cbaracteristics and strate length (Tucker, 1995).

The Altair's Centrifugai Iig is similar te the Ke1sey Centrifugai Jig in many

ways. It bas several potential commercial applications, including the development of

gald and heavy minerai sand deposits; coal cleaning and preparation; and environmental

remediation (Altair International, 1997). However, because little teebnica1 information

is available, and no iDdustrial application bas reached a commercial development, it is

very difficult to assess the efficiency of the unit. Because water is injected as a pulse

without negative Dow (i.e. the minimum Dow is zero), its water consumption is high and

the average Dow heing bigher than that of the Kelsey jig, fine heavy panicle recovery

is likely to suffer.

The MozlCY Multi-Gravity Scparator (MGSl acbieves very fme minerai

sepantion tbrough a combined action of bath the conventional sbaking table and the

centrifuge. In other words, it is a type of dnam-sbaped sbaking table which rotates al

speeds variable enabliDg a centrifugai acceleration equal to S.S to IS.1 Os to be

generated al the drum surface while sbaking in the axial direction. Figure 2-8 illusttates

a general arrangement of C900 MGS. The drum is tapered al one degree wim the

smaller diameter al the concentrate end, the axis of wbicb CID be inclined to about 10

degrees.
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On operating, feed slurry enters the rotating and sbaldng drum about balf way

and wash water is added via a perforated ring near the open end of the dJUm. Under

the iDtluence of both centrifugaI acceleratioD and a sinusoïdal shaking, heavy panicles

seUle radially lhrough the slurry ftlm and fonn a layer of concenttate bed pinned ta the

inner wall of the dnIm. The concentrate is then moved counter-current to the flow by

scrapers wbich are assembled inside the dnun and rotate at a sligbdy higher speed tban

\
".
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Figure 2-8 The laboratoryIpilot plant MGS general arrangement

(Traore et al. 1995)
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the dnml, and discbarged from the smaller end of the dnIm ioto the concentrate laonder.

Lighter panicles are conveyed down the dnml by water tlow and discbarge into the

tailing laUDder.

The MGS bas been experimemally proven to he a bighly effective gravity device

for the recovery of fme and ultrafme particles. Chan et al (1991) conducted gravity

testwork with a plant scale MGS to treat tin, chromite, celestite and magnetite fine,

comparing performance with that of conventional devices such as the sbaking table and

spiral. Their experimental results demonstrated tbat the MGS could deliver a superior

performance in treatment of very rme materials. Recendy, Traore et al (1995) used a

synthetic ore made up of ferrosilicon and quanz and a natura! tungsten ore to carry out

a comparative perfonnance study between the MGS and a rme table. They pointed out

tbat the MGS appeared to obtain better results than the fme table, especially for particles

below 20 ~m. When experimentally compared with other three new types of centrifugai

concentraton, including the Falcon B and the Knelson centrifuges, Burt et al (1995)

reported tbat the performance of the Mozley MGS was superior in treabDent of tantalum

slime with a sile typically 45 % below 12 ~m. In testwork on rme cbromite slime and

table tailings, Ozdag et al (1994) demonstrated tbat it was possible for the MGS to

upgrade the slime and table tailings to 56.8% and 53.8% Cr20) in the concenttate witb

60.0% and 48.5 %Cr;!O] recovery t respectively. In addition, research wode showed tbat

the MGS could reject some 75-85% of the pyritic sulphur from seam coal in Virginia
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(Brewis, 1995). (The MOS is commercially used ta recover fiœ cassiterite in AUSb'Ilia

and Russia.)

ln iDdustrial applications, the MGS bas largely duplicated its labontory

performance. At the Bristol Mineral Company in OK, treating a cyclone UDdertlow with

a panicle sile ranging between 75 and S pm grading 67~ celestite, the MOS wu able

to acbieve the 94~ grade required al a recovery of 65~ tbereby successfully m'king

a saleable produCl (Chan et al, 1991). AllO, as reportcd by Brewis (1995), the MGS

bas found its applications in ulttafme cassiterite recovery, al the WbeaI Jane plant in

Comwall; wolframite recovery from the plant tailinlS al MiDeral Regina SA in Pem;

upgrading IRPhite flotation concemrates in South Australia; the separation of lold from

flotation concentrates in the Czecb Republic, ete. Reœnt1y, the capacity of the unit bas

been increased to 4 tlhr for the C902 MGS and 60 tlhr for the MeGaSep (Richard

Mozley Limited, 1998). The Mozley Double Drum MOS, wbicb is construeted with

(wo idcntical units, bas bcen used in a number of coUDtties.

The Baratina Spiral was developed in 1978 by the Sinkiang Institute of

Metallurgy t China, its fll'5t commercial application being on tantalite and columbite ores

(Hou, 1983). It is composed of a spiral and a ratating device driven by a motar 50 as

to enable the spiral to spin aroUDd the venical sbaft. Anotber fealUre is tbat tbere are

many riffles built radially on the spiral surface, wbich are similar ta mose on the deck
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of the conventioDal sbaking table. Therefore, it is claimed tbat this device combines tbe

features of the cODventional spiral, the centrifuge and tbe sbaking table.

Practice in treatments of tantalum, columbium, tin and gald ores bas shown tbat

the Rotating Spiral is a bighly effective gravity concentrator since it bas a high

tbrougbput and a bigh enricbment ratio (up to 1(0).

The cenbifulal mapetoOuid scprator was developed and being tested in Russia

and il is claimed tbat tbis device was able to accurately divide fme non...magœtic

particles of raw materials based on density (Lepekbin et al, 1995). The device is a

multi-gravity centrifuge that worles not only by combining techniques of centtifugal

sepantion and separation in magnetic tluids, but also by means of magnetic separation

(wben there is a magnetic component in the feed). As described by L.epekhin et al

(1995), the venieal concentrating rotor of the device consists of a storage space for a

heavy fraction, and of a row of rectilinear Nd-Fe..B permanent magnets placed in a

circle to generate a magnetic field. At the beginning of operation, a ferromagnetic tluid

is fcd to the rotor and fllls the heavy fraction storage space and the gaps between

magnets up to a cenain level. Then, the raw material slunied with water is fed 10 the

rotor rotating al about 50 Os. Under influence of centrifugai acceleration, beavy

panicles overcome the buoyancy force of the magnetic fluid and settle down in the

storage vessel of the beavy fraction, while lighter panieles flow away through the

discbarge mbe. Arter a certain processing period, the accumulated heavy fraction is
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discbarged from the rotor. The device was tested to recover fine copper or gold from

quartZ, baving acbieved a recovery exceeding 90%. A similar unit, the MAGSTREAM,

is markeœd by the Intermapetics General Corp., Guilderland, New York, USA. Low

capacites, the cast of the magnetic tluid, and poor performance below 75 #Lm limit its

industrial potential.

2.3 Development and Applications of the Knelson Concentrator

2.3.1 Development 01 the KneisoD Concentrator

The fml and very crude Knelsol1 Concentrator (KC) 'Nas commercialized in 1980

in Canada by Byron Knelson, whose inspiration of the Knelson design arose from a

desire to "scientifically increase efficiency and reduce gold loss" in placer processmg

aCter his seven-day visit to Yukon placer mining sites in the early 19705 (Knelson, 1992,

and 1985; Knel50n et al, 1990). This early stage of the KC was a vertical back-injection

centrifuge with two concentric bowls. The inner bowl was a concentration cone whicb

had a straight perforated wall outwarclly' inclined at approximately 30 degrees with S cm

flat metal rings spaced S cm apart. Tbis farst machine, which bad a variable speed by

virtue of a mecbanical belt system, led to the selection of a rotating speed of about 240

rpm to acbieve a centrifugai acceleratioD of 60 Os (Knelson, 1985). Fluidization of the

concentrate bed in the inner bowl waS achieved by utilizing a hollow drive 5haft to

deliver pressured water to a jacket between the outer and inner bowls, which enables the

water enter the concenttate bed thro~gh the perforated wall. Because of a water
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pressure imbalance in the rings, the manufacturing of the first concentrator design came

to a stop alter a number of these machines were used.

In order to overcome the problem of pressure imbalance in the ring and retain

a greater volume of concentrate, the second Knelson Concentrator design was made by

using a cylindrical shaped inner bowl, by increasing ring depth from the bottom to the

top to form a cone shape, and by introducing taDgential back pressure water injection.

However, due to the excessive volume of the bottom ring, a problem of imbalance

became apparent when building a large machine, as the water pressure required to

tluidize the bottom ring was much bigher tban the top ring.

The tbird generation of the KC was designed in 1984 with a 'V' sbaped profile

to the rings of the comcal inner bowl, which is claimed to allow even greater depth of

concentration. This improvement bas resulted in a number of benefits including the

ability to mould rings and much greater bowl life due to abrasion resistanee of

polYUrethane or special rubber (used in tropical countries).

Presendy there are six different siles of the KC ranging from 3n (7.S cm) to 48"

(122 cm), or from laboratory scale to high capacity production models, which are

capable of processing up to 100 tonnes of minus 6 mm solids per bour. According to

how the concentrate is discharged, they may be classified inlo three models. The fmt

is the standard model. wbich requires manual tlusbing of the concentrate after each
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recovery cycle. The second model is the Centre Discbarge unit or the CD model. only

available for 12-in to 48-in UDÎts. Its concemrate removal cao he acbieved automatically

in about IWO to four minutes by mecbaDically flushing the concentrate to the CODCeDttlte

launder tbrough the multi-pon hub alter diversion of the feed and reciuction of tluidizing

water pressure and rotation speed. The third and latest model is the experimenta1

variable discharge concentrator, wbich removes the concentrate by means of variable

extraction manifolds mounted to the inDer bowl. Figure 2·9 shows a schematic drawing

of the 12" (30 cm) Knelson Variable Discbarge Concenttator.

POLYURETHANE INNER caNE
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ARRANGEMENT

CONCENTRATE
DISCHAReE
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OUAL PASSAC[ ROTATINe UNION
FOA AIA INTAKE

FIpre 2-' 12-in Kœlson Variable Discbarge Concentrator (Knelson et al. 1994)
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Owing to its excellent performance, KC-based gold gravity recovery bas become

a common practice in oew and existing gold mills tbroughout the mining industl'y. In

fact, the KDelson Concenttator cm he found in over 70 coUDlries and accounts for more

tban 1200 separate installations (Laplante et al, 1997; Brewis, 1995), as will DOW he

detailed.

1.3.2 IDdustrial appUcatioDS

2.3.2.1 The n;covery of lold in pjndiol circujts

In Canada, the processing plant of ~s Mines Camchib, whicb originally used

a flotation - cyanidation circuit to treat a copper-gald ore, was the fllSt one tbat applied

the KC in a non-placer gold operation (Laplante et al, 1990). In the carly 198O's, a

gravity circuit consisting of a pincbed sluiœ, IWo KCs and a home made table wu

developed in the grinding circuit in order to recover gravity recoverable gold in the

circulating load. The overaU gold recovery to the gravity concentrate was progressively

improved from 20 ta 40% and the overall mill recovery of gald increased by 1 to 3".

This successful installation was then followed by a simüar one at the Belmoral Mine

near Val d'Or (Knelson, 1992). An installation of an automated KC followed by a

single stage of tabling in the griDding circuit prior to cyaDidation at the Golden Giant

mine in Ontario, operated by Hemlo Gold Mines Inc, could he able to accoUDt for

approximately 2S % of the site gold production, producing total cast savings estimated

to reach $250,000 annually in reduced stripping costs (Honan et al, 1996).
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ln mid-l990, a 3o-in KC was used to replace the jig in the grindiDg circuit at the

Est Malartic mill, Canada, wbere a massive copper sulpbide/gold ore was treated to

produce a gravity gald product, a copper flotatioD concentrate and a gald precipitate

(Hope et al. 1993). This improvement (the use of the Knelson-based gravity circuit)

yielded a signiticant economic benefit, increasing total gold recovery from original

10.8% (with the jig-based circuit) to approximately 40%. The higher upgrading ratio

(1000: 1) of the KC alsa solved the overload problem of the cleaning table which was

caused by the jig high yield.

In 1995, the Campbell gold mill at Balmenawn of Ontario, one of the gald mi11s

of Placer Dome Canada L:d, installed two Knelson CD 76 cm concenttators to replace

the existing jigs.in a rodIball mlll grinding circuit (Folinsbee et al, 1997). SiDce then,

this change bas increased gravity recovery from 35% ta 50%, which translates into

economic value through a reduced gold inventory in the plant process (panicularly in

the pressure oxidation autoclave circuit), an ability to increase mill throughput, and

reduction in sccurity risks and manpower requirements in the gravity area.

In Australia, the Basement Plant of the Boddington Gold Mine is one of the bard

rock processing plants tbat have successfully used the KC in the grinding circuit (Han

et al, 1995). The feed grade of this plant is quite high, averaging about 12 g/t afier

blending, and research shawed that up to 30% of gold in plant feed could he recovered

by gravity concentration. Originally, there had been a conventiana1 gravity sepantion
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circuit consisting of spirals and tables to recover gravity recoverable gold (GRG) from

cyclone undertlow bleed which was split from the recirculating Joad of the grinding

circuit. Since the spirals could Dot efficiently recover coarse liberated gold, a SO cm

fully automated CD Knelson Concentrator was rettofitted ioto the existing gravity circuit

to process the 1.S-3 mm material (whicb contains the majority of coarse gald) and the

minus 1.S mm concentrate and middlings from the rougher spirals in October 1992.

This improved gravity circuit operated weil above initial design expectations, and a

further development of the circuit, whicb would exclude the spirals for security's sake,

was proposed. Another example in Australia is the Paddington Gold Mine, where the

gravity circuit (within the grinding circuit) was modified by replacing the plane table and

installing (wo 7S cm KCs with pre-scalping of the feed with a 2 mm OSM screen

(Owen, 1991). Gravity gold recovery improved from 3.2% (original gravity circuit) ta

33% (after installation of the KCs), which corresponded to an improvement in overall

plant recovery of 2%. Funhennore, the KC installation at Paddington resulted in

improved leach kinetics due to the lowered grade to the leach circuit, thus saving

$206,000 p.a. in chemicaJ reagents.

Among the reœnt installations in Austra1ia is that at Pasminco Mining Group's

EZ Rosebery base Metal mine in Tasmania, which led to the decommissioning of the

conventional gravity jig circuit and, since then, the recovery of gold to doré bas doubled

to 30% (Brewis. 1995). Installations of the KC inside the grinding circuit in Australia

were also made in the St Ives Gold IJlant (Cloutt, 1995), where three 75 cm KCs are
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used to treat the cyclone underflow witb a gold recovery of 37 % of the feed, and the

Sundowner plant of the Darlot Gold Project (Beer, 1991), where a gravity circuit

including a SO cm KC complemented the CIP circuit to produce in excess of 15% of the

total gold in the ore.

In the U.S.A., the Monrana Tunnels miU installed a gravity circuit to recover

coarse gold from the circulating load of the grinding circuit in 1991 (Damton et al,

1992). Essentially, the circuit consisted of a pinched sluice ta upgrade cyclone

undertlow, two 75 cm Knelson concentrators for roughing and cleaning of the sluice

concenttate, and a Wiltley table to produce fmal concentrate for fmal melting.

Production data, including those for leach and flotation, indicated that average overall

gold recovery for the period since gravity stan up was 2.7% higber than 1990 without

the gravity circuit, and a projected gravity circuit expansion and relocation project would

yield an estimated 50% iocrease in gravity gold production (Damton et al, 1995).

Another American plant, the Leadville Unit of the ASARCO Incorporated. also installed

a 75 cm Knelson Concentrator in the primary grind circuit in early 1991; the early stage

of operation bas resulted in an increased gold recovery, producing a gravity gold

concentrate of 36 oz/ton (Lloyd. 1991).

It is weil known that separating gold from a complex sulphide ore May be one

of the most difficult applications of conventional gravity concentration, since the specific

gravity of the gangue (sulphides) is high and the occurrence of gold is usually
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complicated. Installation of a Knelson within the grinding circuit can improve gold

recovery t but it is seldom over a level of 30%, as it bas happened in the Pasminco

Mining's Rosebery concentrator (Poulter et al, 1994). In many cases t this natura!

problem of high sulphide ores, Le., poer liheration and fme gold panicIe sile, will

possibly resuit in another two problems in separation: high concentrate bed erosion rates

and low percolation rates (Laplante et al, 1997). In order to enhanee the unit reeovery,

promising solutions have been recently proposed for these tbree problems (Laplanœ et

al, 1997, 1998, 1996b; Zbang, 1998). For the flISt problem, it is neeessary ta eonduet

eareful and simple GRG charaeterization test ta study the feasibility of a gravity circuit

(Laplante et al, 1996b). If a gravity circuit is adapted, carefui remaval of oversize from

the gravity unit feed, such as by pre-sereening, can he an effective approaeh ta minimize

the erosion rates (the second problem). A study condueted by Zhang (1998) on the table

tails (the Knelson feed) of Barriek's Est Malanic's gravity circuit (within the grinding

operation) is a case in point. The results of Zhang's testwork showed that gold recovery

for the -850 ~m feed with a lab KC was 76% al a fluidization water pressure 28 kPa,

whilst for the -212 ~m feed, Le., the feed prepared by removing the +212 ",m fraction,

the highest gold recovery, 91 %, was achieved at the same pressure and same feed grade

(around S60 glt Au). The third problem, Le., law gold percolation rates through the

slurry, seems to require mueh more effort to overcome. One of the possible alternatives

is ta inerease the retention time for specific applications (Laplante et al. 1997). If the

finest goId accounts for ooly a small portion in the feed or can he recovered in the

subsequent leaching operation, the second option can he to increase fluidization water
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flow to minimize the collapse of the flowing film to the intennediate sizes (Laplante et

al, 1998).

2.3.2.2 Treatment of low Krade alluvial ~old ores

As the mineralogy is usually simple and the difference in specific gravity between

gold and most gangue minerais is considerable in the case of alluvial gold ores. the KC

offers a high recovery. The 20" (50 cm) and 30" (75 cm) models are the mast common

sizes used.

Bateman Engineering Inc.. Lakewood. Colorado of the U.S.A.• was one of the

fust mining companies that used the KC for recovery of fine gold from placer deposits

in the early commercial stage of the KC (Anan.• 1983). The fU'St separation stage of

the gravity circuit operated by Bateman Engineering Inc. was conducted by six large

KCs working in parallel. and then a smaller unit was used for the second stage ta clean

the rough concentrate of the fust stage so as to produce a fmal concentrate for refming.

Another example is the Metana Minerals N. L. treatment plant in Australia (Knelson et

al. 1990). This plant was first commenced with a rypical trommel-jig gravity circuit to

treat a sandy ore in 1986. Because of clay balls fanning within the trommel and failing

to break up, fine gold was locked within the clay balls which tloated aver the jigs and

into the tailings dam, or were ejected with diny oversize from the trommel, thus causing

considerable recovery losses. In arder to improve the gravity circuit. the plant

commissioned a new gravity circuit consisting of a trommel, 30" (75 cm) Knelson
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Concentrators and j igs in 1989. The minus 6 mm trommel product. which contains

about 80% of the recoverable gold in the feed, is processed by the 30" KCs. while the

plus 6 mm minus 20 mm material is blended with the minus 6 mm tailings from the KC

and treated by the jigs. Production results showed that the KCs completely broke up the

clay; gold recoveries increased by about 35 %.

Recently, the installation of the largest Knelson-based gravity circuit in Nonh

America was completed al the Dome Mine, Ontario, owned and operated by Placer

Dome Canada Ltd (Brewis, 1995). The design of this new circuit was based on the

results of an intensive pilot project conducted to compare the perfonnance of the KC

with the existing jig-based circuit. It was reponed from the project that a single fully­

automated Knelson concentrator ueating only 10-12%of the j ig feed could recover more

gold than the jig circuit.

2.3.2.3 Treatment of flash tlotation concentrate

Flash tlotation bas become one of the recognized approaches to recover gold

bearing sulphide minerais from hard-rock ores mainly because it can recover gold from

the circulating load of grinding circuits and improve overall recovery. In Canada, this

approach is currently being applied in a number of gold mines, 5uch as the Lucien

Béliveau (Putt, 1994), Est Malanic, Macrea, and Chimo mines (Laplante et al, 1998).

Sînce there is frequently a significant amount of GRG in the concentrates of tlash

tlotation, gravity recovery of the GRG from these products before smelting (to maximize
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economic retum) has been increasingly accepted. The Lucien Bélveau mill is a gold

plant who used Knelsons to treat its flash flotation concentrate (Putz et al, 1993; Putz,

1994). Recently, the mill was moved to the Chîmo mine, and recovery from the flash

flotation concentrate was supplemented by Knelson recavery from the cyclone

undertlow, for coarser gold (+300 ~m) mat would not readily tloat in the flash cell.

The Merro De Ouro Gold Mine in Brazil ranles as one of the lowest grade (0.65

g/t gold) gold mines in the world (Sunill, 1990). Most of the orebody is weathered and

native gold is associated with the quartz boudins. and graphitie and sulphide pockets.

The basic plant flowsheet eonsists of crushing, grinding, flotation, cyanidation of

tlotation concentrate fol1owed by CIP. Before cyanidation, the tlotation eoncentrate

(grading up to 600 g/t Au) is centrifuged in a 30" Knelson Concentrator to colleet eoarse

gold. It is reported that the concentrate of the KC accounts for about 50% of gold

production.

2.3.2.4 Other applications

The KC can he occasionally used to recaver free gold from plant fmal tailings.

Le Boumeix goid mine in France is a case in point. where the grade of the flotation

tailings varied from 0.3 to 1 g/t. 90% of which was caarser than 106 #Lm (Meia. 1993).

The mine installed a 50 cm (20") KC to recaver free gold from > 106 ~m fraction of

flotation tailings, and production showed that gold in the KC concentrate graded more

than 1800 g/t and accounted for 1.5% of the total gold recovery. At the Leadville mill
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in Colorado, operated by ASARCO !ne., a 76 em KC was projected to recover gold

from the mill fmal taUs so as to produce a 120-180 g/t gold concentrate (Lloyd, 1991).

%.3.3 Laboratory appUcations

The small Knelson Concentrator units (3- and 7.S-in) have found four

applications in minerai processing applied research. As seen below, the fll'St two

applications are as conventional as other gravity devices, while the last two, developed

at McGill University, are quite novel.

2.3.3.1 Feasibilitv studies of the KC based gravit)' approach

Patchejieff et al (1994) canied out gravity experiments at a copper flotation mill

aimed at the characterisation of gold occurrences and a feasibility study of KC-based

gravity recovery. Tests with final tlotation tailings and flotation concentrates indicated

that sorne gold in the copper ore was gravity recoverable, and could he easily upgraded

up to a 1000 times by a 7.5" (19 cm) KC. Thus, these researchers concluded that

additional extensive pilot and plant testing bad to he pursued in arder to determine in

more detail the feasibility of a large scale implementation of the gravity module and the

subsequent tlow sheet arrangement.

The Noranda Tecbnology Centre has investigated the potential of gravity

concentration of gold from Noranda's base metal flotation mills by means of a 7.5" KC

(Ounpuu, 1992). Testwork on samples from Westmin Myra Falls, Bell Copper and
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Heath Steele mines showed that fme (-150 ~m) free gold/electrum. sorne of which could

not be recovered successfully by flotation. could he recovered by gravity techniques

from the grinding circuits of base metal tlotation mills. Among the testwork mentioned

above. perhaps the testwork on Heath Steele ore sample was the most interesting,

because the geologists had never seen any visible gold in the ore and microscopy had

never indicated any free gold in mill products even though the mill feed averaged 0.5

g/t Au. The 7.5" KC circuit obtained up to 20% unit recovery and produced a

concenttate assaying 500 ppm Au from a cyclone undertlow bleed.

Meza et al (1994) used 7.S cm and 19 cm Knelson Concentrators to study the

recovery of alluvial gold from four types of placer sand in Colombia. A number of

operating variables were investigated during their srody t and it was observed that the

tluidizing water pressure was the most impottant variable affecting recoveries. Gold

recoveries of over 98 % were obtained from three-stage tests under optimum operating

conditions.

It should he mentioned that a lS cm (6") KC of the second earlier bowl design

(
ltdeep ring straight wall" design) had been used for pilot-scale tests by Forssberg et al

in Sweden (1987). Tests on an anificial ore containing 1% of milled lead shot (to

mimic free gold) demonstrated that feed rate and water pressure were decisive

parameters for the performance of the KC. Tests on naNlal auriferous sulphide ores

yielded gold recoveries of 70% to 7S % with enricbment ratios of 20 to 2S :1.
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For research related to the recovery of lower high density minerais rather than

gold, the Iron Ore Company of Canada (IOCC) had used a continuous discharged early

Knelson prototype to separate iron mineraIs from silica gangue in the -74 #-Lm fraction

(PeMey, 1996). However. testing halted in the summer of 1992t as the early Knelson

prototype could not be operated satisfactorily. Testing of a second prototype is taking

place at Montana tunnels (Laplante, 1998).

2.3.3.2. Evaluating plant &ravity circuits

The use of a laboratory KC to study the perfonnance of plant recovery units bas

been reponed by a number of researchers. Laplante et al (1992) conducted a study

focusing on the perfonnance of a 30" plant KC operated at 2S tlh and 80 kPa of back­

water pressure by using a 3Il laboratory KC. As a higher recovery of fme gold could

be achieved by the laboratory KC than the plant KC. they suggested that two plant KCs

of Les Mine Camchib Inc. be operated in parallel. rather man operating with one on,

one off. They also recommended that recovering fine gold below 300 #lm he fumer

favoured by fmer screening of the plant KC feed to yield a higher grade and more

tightly sized feed.

Putz et al (1993) used a 3-in Knelson ta evaluate (WO gravity circuit

configurations treating a flash flotation concentrate al the Lucien Béliveau mill. Their

experimental result showed that gold recovery in the 30-in Knelson averaged 45 % in the

KC and Deister table circuit and decreased to less than 32% wben using a
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hydroseparator, a spiral and a 2ü-in Knelson. Mineralogical changes were panly

responsible for the decrease, but the ore itself had a GRG (gravity recoverable gold)

content in excess of 84% (Woodcock et al, 1993). This is a good indication tbat the use

of the gravity circuit after tlotation was not entirely satisfactory. Their further

investigation of the free gold content in the ball mill products and the cyclone underflow

indicated that much of the gold in the bail mill recirculating load was tao coarse for

significant recovery in the flash flotation cell and should he recovered by gravity from

the cyclone undertlow or ball mill discharge. This was subsequently implemented in the

Chimo miU.

2.3.3.3. Detenninina sold content and GRG

(1) Measuring gold content

Detennining the correct gold content in an ore can he a particularly difficult task.

Obviously, this involves the statistical problem of measuring the concentration of gold

panicles occuning with a very low frequency. Sorne minerai processing studies

(Laplante et al, 1992; Banisi et al, (991) have shown that this problem becomes

panicularly acute with increasing panicle size. This had long been recognized by

geologists (Clifton et al, 1969; Griffith, 1960; Giusti, 1986).

Physical processing, either by laboratory tlotation or gravity separation, is a

better route to determine gold content in a sample, since it is easier, safer, more cost­

effective and less hannful than chemical processing. Compared witb tlotation, which
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bas a low reproducibility due to the difficulty of tloating coarse gold (Graham, 1989),

laboratory gravity separation provide more reproducible results and can bandle larger

samples. 1be laboratory Knelson eoncentrator bas been proved to he a legitimate taol

to estimate gold content in samples. and a 3-in Knelson based procedure which caB yield

reHable estimates of overall gold assays in 5 to 70 kg samples, usually finer than 850

~m, bas been sueeessfully used at MeOill University (Laplante et al, 1992. 1993b, and

Putt et al, 1993; Zhang, 1998). This procedure concentrates GRO iota subsamples of

100 to 150 grams, which can he fully assayed size-by-size, thus eliminating any Dugget

effeets.

(2) Measuring GRG (gravity recoverable gold) in an ore

The defmition of GRG (gravity recoverable gold) is gold that can be recovered

gravimetricallyas 'free gold' under optimum conditions of gravity separation (Laplante

et al, 1995b). The amount of GRO in a given ore is an imponant critenon for circuit

design and separator selection.

A 3-in Knelson base procedure bas been developed to characterize the GRG

content in a gald ore (Woodeock, 1994; Laplante et al, 1996b). This procedure is a

three stage process: a representative ore sample (from 40 to 120 kg) crusbed and rad

milled to 100% -850 J-Lm is first processed with a 3-in Knelson, the entire concentrate

is assayed and tail samples taken; about 27 kg of the rails of this step is then ground to

a fmer sile (45-55 % -75 ~m) to achieve funher gald liberation, and processed witb the
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KC; the third step repeats the above process with a tail sample from the second step

(usually 25 kg) ground at 75-80% -75 pm. A wide variety of ores were tested; three

basic responses (represented by the cumulaùve percent ORO retained for ail the three

stages) were deserved, ranging from very poor (below 30% ORO) to the exceptionally

amenable (up to 97% GRO); most samples retumed between 60 and 70% GRG

(Laplante et al, 1996b).

2.3.3.4. Predictina lold recovery

A novel methodology to predict gold recovery in industrial gravity circuits bas

been developed by Laplante et al (1995). As described by the authors, tbis

methodology, wbich is designed for gravity circuits located in the circulating load of

secondary grinding mills, malees use of a population balance model which represents

gold liberation, breakage and classification behaviour and applies GRG pre-concentration

and recovery data to predict overall recovery. The GRG content of the ore is estimated

from the test presented in the previous section. Case studies on three gravity circuits

with greenfield, retrofit and optimization applications indicated that the above

methodology predicted the very large circulating loads obser\'ed in an actual plant with

acceptable accuracy; predictions of gold recovery were also in good agreement with

plant perfonnance.
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2.4 Theoretical Studies of Centrifugai Separation and Interstitial

Trickling

2.4.1 Theoretical studies of centrifugai separation

2.4.1.1 The eguations of motion of a solid particle in the centrifuKal field

In the field of minerai processing, the early (perhaps the fllst) anempt to unfold

the physical principles of centrifugai separation process was made by Ferrara (1960),

who intended to ascenain the reasonable prospects of separating panicles of different

specifie gravity by means of a routing tube and to gain an idea of some parameters

which might he useful in the design of experimental centrifuges. After making several

simplifications. chis author derived an equation for the motion of a panicle sliding aiong

the wall of a routing cylindrical tube under viscous tluid tlow conditions:

where ft is the inside radius of the tube; w is its angular velocity; dp is the diameter of

the partiele; Ps and p are the densities of the panicle and the tluid; t/; is the non-

sphericity coefficient of the panicle; Il is the viscosity of the fluid; Q is the tlow of the
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fluid in the tube; v is the velocity of the partiele along the tube wall; k is the coefficient

of the non-sphericity of the panicle.

On the right hand side of Equation (2.1), the fllst term represents the frictional

force between the partiele and the tube wall; the second, third and founh tenns express

the thrust of the fluide

When dy/dt = O. Ferrara funher derived the expression of the tenninal velocity

of the particle travelling along the tube wall, Le. Vm:u' as follows.

(2.2)

Admittedly. Ferrara' s equations described above only deal with the axial

movement of a panicle along a horizontal cylindrical tube. In other words, these

equations describe merely the transponation behaviour of a particle in a rotating

centrifuge. For the radial movement of a particle in a single wall centrifuge, a detailed

and reasonable analysis of centrifugai settling process can be found in Coulson et al

(1990). In brief, for the Stokes' Law region, the equation describing the settling

velocity of a spherical particle in the radial direction under the iDtluence of a centrifugai

field can he expressed in the following form:
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dr
dt

(2.3)

2
dp(p~ - p), rCAl2 rw"= ="0- (2.4)

18~ g g

wbere r is the radial position of a particle; dr/dt is its instantaneous velocity; and \Jo is

the terminal velocity of the same particle in the gravitational field.

Thus, the instantaneous velocity (dr/dt) is equaJ to the terminal velocity \Jo in the

gravitational field, increased by a factor of rw2/g (Coulson et al, 1990). It sbould he

pointed out that Equation 2.3 is derived for the motion of a rigid spberical partiele ooly

in the Stokes' law region (or the creeping flow region). This means that the drag

coefficient for this panicle is equal to 24/Rep, wbere Rep is the panicle Reynolds

number. Since panicles may move in different flow regimes in the centrifugai field,

different relationships for drag coefficient must he considered for different panicle

Reynolds numbers. CUft et al (1978) bave reviewed and compared many expressions

for the drag coefficients, whicb may he useful for this work to make theoretical

consideration of panicle movement in the Knelson Concentrator. Other authors

discussed the drag coefficient with similar expressions, such as Dallavelle (1948) and

Madhav et al (1995).

For separations in a rotating ferrofluid, Svoboda (1996) has recendy developed

a similar general model of the balance of forces acting on a panicle in a rotaling
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ferrotluid separator, wbicb includes the hydrodynamic drag and magnetic traction force.

This study showed that the model allows, to some extent, to detennine more precisely

the eut-point density and to improve the selectivity of separation than another older

model.

2.4.1.2 The confi&Uration and structure of the sium stream in a centrifuge

With respect to the configuration and strUcture of the slurry stream inside a

single wall centrifuge, Sun (1982) proposed that the slurry tlowing along the inclined

surface of the rotating drum of the Yunxi Centrifuge is a weak turbulent tlow t and that

this flow could be divided ioto four layers from the top to the bonom of its intersection:

1) the dilute layer, which is the top flow with lower turbulence intensity and containing

very few panicles; 2) the suspended layer, wbere small vonices (or swirls) are well

developed and a great amount of Iight panicles are suspended under diffusive turbulent

tluctuations; 3) the rheologicallayer, in which there is weak turbulence and the slurry

tlows slowly along the bottom layer: 4) the sedimenwy layer, which is formed by

senled heavy panicles. Thus, separation takes place within the rheologicallayer, where

panicles are subjected to the Sagnold effect and weil stratified, heavy panicles settling

down into the lower layer while lighter panicles are suspended up to the upper layer.

As to the basic configuration for the flow-field in the centrifuge, Ungarish (1993)

bas proposed an interesting fundamenta! mode1 for tluid in a rotating cylindrical

container. As described for the spin-up of the fluid from rest, the resulting velocity
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field consists of three regions: a shrinking non-rotating inner region (1), an expanding

partially spun-up outer region (m), and Ekman shear layers (II) which suck fluid from

<n and feed il iota the spinning region (m). Ungarish's fundamental model might

implicate a general separation principle of centrifuges. which shows how heavy partJcles

centrifugally settle down from the non-rotating region to the spinning region. Another

tlow field associated with the centrifugai separation of polydispersed suspensions, Le.

suspensions of panicles which differ significantly in size or density, was recentIy

investigated by Ungarish (1995). He analyzed mathematically the configurations in long

and finite rotating cylinders, and obtained the formulation and solution of polydispersed

rotating tlow problems in the framework of the "mixture model".

2.4.2 Theoretical studies of iDterstitiai trickling

Since separation in back-injection centrifuges involves also an interstitial trickling

process. which may also be called percolation, it is necessary to review sorne references

that might present peninent information for the present work. Unfortunately, linIe is

known about interstitial trickling in centrifugai fields. However, much progress bas

been made in the understanding of interstitial trickling in the gravitational field. In view

of Many obvious analogies to centrifugai trickJing, il is believed that the fundamental

knowledge in the gravity field will offer useful insight in understanding and interpreting

the centrifugai trickling process, and in enhancing peninent research so as to close the

major gap of knowledge between gravity and centrifugai systems. The following

presents a brief review on this subject.
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2.4.2. 1 Interstitial triclding in a Hg

In the case of jigging, interstitial trickling, or consolidation trickling, is one of

the three imponant mecbanisms for the idea1 jigging process which were proposed by

Gaudin (1939). It takes place al the end of each pulsion stroke in the jig when the jig

bed begîns to compact and the larger particles interlock. Under the influence of gravity

and of the tluid stream, smaller particles continue to move downwards through the

interstices of the larger ones, thus completing the interstitial triclding process.

However, this process is complex and the trickling velocity of fme panicles depends a

number of variables such as the sile of the fme particles and of the interstices. In spite

of mis complexity, great efforts bave been made by research workers to indicate or

estimate the maximum relative size of panicle tbat can trickie interstitially. For

instance, the maximum sile ~' of a panicle that cao pass between four equisized Hght

spheres of diameter d" can he easily estimated (Burt, 1984):

dp' = {2dp2)O.S - ~ = 0.41 dp (2.5)

A recent research was conducted by Witteveen (1995), who predicted

mathematically and measured experimentally the porosity (a parameter relative to

interstices) distribution in a jig bed as a function of time and location in the bed during

operation. This author fll'St proved a qualitative relationship between transmission and

porosity, and then measured transmission in a transparent laboratory j ig and in a

transparent laboratory tluidized bed by means of an optical bench with a laser source.

Based on the similarity between the transmission values measured and the porosity
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values calculated by a mathematical mode1, Witteveen concluded that the calculated

porosity distribution in a uoifonn jig bed is comparable in a qualitative way with the

porosity distribution in reality.

2.4.2.2 Panjcle percolation in a centrifule

A more recent research which includes a study 00 the distribution of concentrate

in the Knelson concentrator rings bas been completed by Huang (1996) at McGill

University. At the begiDning of this study, he used a 3-ÎD KC with an inner bowl that

is vertically separable in two halves to recover tungsten (used to mimic of gald)

concentrates from synthetic ores. He then removed the concentrate cakes ring-by-ring

from eacb half of the inner bowl after freezing it. The photograpbs of the concenttate

cakes demonsttate tbat most tungsten was recovered on the surface of the coocenttate

bed due to partial tluidizatioo. Huang came to the conclusion that the separation of

wngsten panicles from the gangue took place at the surface of the rings and depended

mainly on competing forces and on acceleration of the consolidation trickling of tungsten

and the high density of the separation zone.

For the Falcon Mode1 'B' uoits, Buonvino (1993) proposed (wo different

recovery mechanisms: i) coarse panicles are captured by burying themselves in the

concentrate bed; ii) fme particles are captured by lodging themselves between the

interstices on the surface of the bed. Obviously, these two mechanisms can be regarded

as particle migration and percolation, and they may take place in a two step process
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(Laplante et al, 1994). As suggested by Laplante et al (1994), the rust step is migration

and percolation of dense partieles to the slurry interface and concentrate bed, wbich is

a function of feed rate; the second step is actual capture of dense partieles in the

coneenttate bed, wbicb is relatively unaffected by feed rate. A mathematical model of

the Falcon's performance was also constructed in three different phases by these authon.

2.4.2.3 Particle percolation and migration in the Iravitational field

ln the case of dry and cohesion1ess panicles, Bridgwater and bis co-workers

(1969, 1971, 1978, 1983; Masliyah et al, 1974; Stephens et al, 1978a, 1978b) bave

published many teebnica1 and academic papers involving interpanicle trickling in the

gravity field sinee the 1960'5. As classified by Bridgwater et al (1983), partiele

percolation consists of strain induced interpanicle percolation, defmed as the drainage

of one species thraugh a shearing panicle anay, and spontaneous interpanicle

percolation, defmed as the drainage of one speeies lhraugh a panicle array in the

absence of strain. On the ather band, the motion of large panicles through an array of

smaller ones was termed "paniele migration" (Bridgwater et al, 1983; Stephens et al,

1978b).

Strain induced percolation is considered a process of partiele release and capture.

Bulk panicle motion in a shearing particle array may he described as that of a number

of blacks between wbich are found failure zones several panicle diameters across

(Bridgwater et al, 1983, 1978; Stephens et al, 1978a, 1978b). From the movement of
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percolating panicles in a simple shear apparatus which contained a cell of bulk panîcles

and was sheared manually, it was observed that the bulle particles were shuffled with

respect to each other due to the strain applied across the failure zone (Bridgwater et al,

1983). If the sttain rate in the fallure zone is high enough, sufficient space will

eventually he provided into which a smaller particle MaY drop. Should the space be

insufficient for the smaller panicle to pass through, it is not likely to be projected back

to its original location since a ratchet mechanism may then operate.

Regarding the interstitial trickling bebaviour of large panicles, it was considered

tbat they move towards the region of maximum strain rate, the movement heing

conttolled by the strain rate gradient rather than the sttain rate as for percolation of

smaller panicles (Stephens et al, 1978).

In an early study of percolation conducted by Masliyah and Bridgwater (1974),

a numerical procedure was used to gain sorne insight into the motion of a panicle when

it was undergoing spontaneous interpartiele percolation. These authon pointed out tbat

a particle rapidly attains a Mean downwards velocity upon entering the array, and that

the Mean downwards drift velocity is insensitive to paeking voidage fraction.

As funher shown by Bridgwater et al (1983), basically, the dimensionless

percolation velocity is inversely proportional to the ratio of the percolating paniele

diameter, dp, to the bulk partiele diameter, db. This means that the percolating velocity
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of a smaller panicle is higher than that of a larger one under the same bulle material

conditions. Bridgwater et al aIso found that panicle shape bas a marked influence on

percolation velocity t and that increases in percolating particle density give a small but

signifieant increase in percolation velocity. On the other band, Bridgwater et al pointed

out tbat the effect of tluid Dow on percolation would he to produce an apparent change

in the magnitude and direction of g.

In another research, Donsi et al (1988) investigated experimentally the

contribution to segregation given by percolation of fme particles through the voids of

the eoarse bed material which was tluidized by compressed air. They observed tbat the

volumetrie concentration of fmes (Iead spheres) contained by the coarse bed (glass

beads) depended on the gas velocity and aIso on their terminal velocity and size. They

also discovered that a f10ating layer at the top of the bed fonned above a defmed value

of the tluidizing gas velocity. This means that the percolation velocity of the rmes had

been greatly redueed.

2.4.2.4 Measurement of percolation velocity in the gravitational field

There is a rypica1 methodology for measuring percolation velocity and studying

the movement of fines in a tluidized or packed bed of coarse in the gravity field

(Morooka et al, 1989; Kusakabe et al, 1991). In the case of a tluidized bed, a

fluorescent tracer technique was used by Morooka et al (1989) to measure the movement

of fine porous catalyst panicles of 6O.()5 #lm tbrough a tluidized bed of 1.54 mm silica
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of rme porous catalyst particles of 60 -65 #Lm through a tluidized bed of 1.54 mm silica

gel spheres. In this study, the fme catalyst panicles were coated with a fluorescent dye

so as to he the tracers. and the tluidized bed was formed in a transparent acrylic

fluidized column, undemeath which ambient air was introduced to tluidize the silica gel

bed. The flow pattern of the tracers was detected by means of an array of bifurcated

optical fibre probes when they were passing through the tluidized bed. The results of

this study showed that in the presence of gas bubbles percolation of fmes increased with

increasing gas velocity and height from the gas distributor. In the case of a packed bed.

a methodology similar to the above was employed by the same research team (Kusakabe

et al, 1991), but the percolatîng fines were not coated with a fluorescent dye. The

results of this study also demonstrated that the percolation velocity of fmes increased

with increasing gas velocity and size of packed panicles, and that the measured

percolation velocity agreed with the value calculated from a flow mode1 of fmes.

However, even though Kusakabe et al (1991) claimed that the model was based on the

successive collisions of fmes with coarse particles, they simply used the free settling

velocity of a panicle. rather than the hindered senling velocity of a panicle, ta derive

their mode!.
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3.1 Introduction

3.1.1 Structure of the OoWÏDlslurry iD tbe KC

The movement of the slurry in the Knelson centrifugai concentrator (KC) is three

dimensional. As saon as the slurry is fed on the bonom of the conical inner bowl, il is

accelerated radially t axially and tangentially. It tlows upward in a spiral motion along

the near venical sides of the inner bowl (7SO to the horizontal), until it is discharged at

the top. As the result of the tangential acceleration, Most solid panicles are centrifuged

out of the inner layer! of the tlowing slurry, causing this layer to he highly diluted.

The remaining panicles then concentrale themselves near the surface of the concenttate

bed, forming the second zone where the slurry cames in contact with a radial (and

tangential) inward fluidization tlow and thus both the motion of the tluid and individual

panicles is much more difficult to describe. Sorne panicles will eventually percolate or

migrate ta the surface of the concentrate bed. Whether or not this is successfully

achieved will depend on their density, sile and shape. as weil as the extent of

tluidization in mis second zone.

Hence, according ta the previous Iiterature review (Laplante et al. 1994; Sun,

1982; Ungarish, 1993), it is expected that the structure of the flowing slurry inside the

lInner layer: the layer of slurry closest to the rotation axis. It is in faet the surface
of the flowing slurry.
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Axis of rotation
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Figure 3.1 Schematic illustration of the structure of the slurry in the inner bowl

inner bowl consists of (wo zones in the radial direction. As illustrated schematically in

Figure 3.1, near the central axis of the inner bowl is the dilute zone, which generally

contains ooly very rme light (gangue) panicles. Between the dilute zone and the middle

section (Huang, 1996, p.98) of the concentrate bed is the separation zone (or recovery

zone), where solid particles already centrifuged are highly concentrated and panially

fluidized due to the action of the fluidization tlow. In fact, the separation zone consists

of the outer layer of the flowing slurry and the inner section (Huang, 1996, p.98) of the

concentrate bed.
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3.1.2 Movement of a soUd particle in the KC

60

CentrifugaI separation of minerais in the KC is a complex process, during which

minerai panicles are subjected to a number of forces including centrifugai, drag (or

tluust), buoyancy, and shock resulting from inter-panicle collision. Based on the

structure of the flowing slurry, the movement of a partiele in the inner bowl of the KC

can he divided into (WO stages: 1) a centrifugai accelerating motion through the dilute

zone of the inner bowl. and 2) percolation or migration through the separation zone

towards the concentrate bed.

3.2 Accelerating Motion of a Spherical Solid Panicle in the Dilute Zone

in a Knelson

3.2.1 The major forces on a spberical solid particle accelerating in the dilute zone

Considering the motion of a smooth spherical solid particle of mass fi in the

dilute zone of the t10wing slurry inside ioner bowl of a Knelson, at sorne lime t the

particle will he moving with a velocity üp• As illustrated in Figure 3.2. this velocity

vector up can then he resolved into three components in the positive directions of the

cartesian coordinare system: the radial velocity up~, the axial (vertical) velocity upz' and

-the tangentiai velocity upY •

Figure 3.3 illustrates the movement of the particle towards a ring of the KC inner

bowl. The major forces acting on this radially settling panicle are discussed as fol1ows:
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Figure 3-2 Three-dimensional motion of particle

(1) The centrifugaI force Fe:

Fe = (1r/6)dp3psrw2 (3.1)

where r is the displacement of the moving panicle from the rotation axis ta its present

position. dp the diameter of the panicle. Ps its density, and w the angular speed of the

inner bowl.

(2) The drag force Fd (Weber, 1998; Odar et al, 1964):

_ 1td,'1. Co _
Fd = "4T P 111,1",. (3.2)

where Co is the drag coefficient of a sphere; p is tluid density; ûr is the relative velocity

of the fluid to the panicle, which takes the form:
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z
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Fdz f b

co

x

a section of the riffle

fluidization
.....-- water

the concentrate bed

F c = the centrifugai force
FdJl = the X-component of the drag force
Fdz = the Z-component of the drag force

F b = the buoyancy force in the centrifugai field

f = the gravity of the panicle
g

f b = the buoyancy force in the gravity field

U f = fluid velocity

Figure 3-3 Forces on a partiele in the dilute zone
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Ur = Ur - up (3.3)

wbere ur is tluid velocity; 1ur 1 is the magnitude of Ur'

63

The X-component of the relative velocity, Un' is equal to the algebraic sum of

the X-components of ü'r and 'ûP' i.e.

(3.4)

The X-component of the drag force. Fd., can he expressed as follows (Weber,

1998):

where T is the unit vector in X-direction.

Similarly. the Z-component of the drag force. Fdz. can he expressed as follows:

where k is the unit vector in Z-direction.

lt is noted that the drag coefficient Co is a function of the panicle Reynolds

number based upon the magnitude of Ur (Weber. 1998):
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Iœ = d, lu,1 p
p ~

where p. is the viscosity of the tluid.

(3) The gravity of the particle, Cg:

1
9

= mg = (1r/6)dp3psg

(3.7)

(3.8)

where Ps is the density of the panicle. m the mass of the panicle.

(4) The buoyancy force in the gravitational field, f b:

(5) The buoyancy force in a centrifugai field, Pb:

Pb = (1r/6)dp
3prw1

(6) The effeet of the hydrodynamic mass, M h:

(3.9)

(3.10)

Regarding the total mass of a panicle aecelerating in a centrifugai field. the

contribution of the hydrodynamic mass (or the added mass) should he taken into account

since the surrounding tluid is also aceelerated if the panicle is accelerated. The

hydrodynamic mass of a sphere equals one-half of its displaced mass (White. 1994).

Thus:

(3.11)

where M' is the total mass of the panicle. and Mn the hydrodynamic mass of the panicle.
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Using Newtonts Second Law of motion. the behaviour of the particle in the

radial direction (X-direction) can he generally described by:

(3.12)

In the axial direction (Z-direction), it can he expressed by:

(3.13)

Because the magnitude of Ur' which is the square root of (u2rx + ul
ry + u2rJ, will

exist in the expressions of the drag for high Reynolds number flows and malee the

mathematical derivation complicated, discussion of the equations of motion of a moving

panicle in the KC will he limited to the Stokes Law or creeping flow rcgion. The

following sections surnmarize mis mathematical analysis, while more details are given

in Appendix 1.

3.2.2 The equation of motion iD the radial direction in the Stokes' Law regioD

In the Stokest Law region, the drag coefficient can be expressed by (Weber,

1998):

c = 24 =
D 1&,

24",

pd,I",1
(3.14)

Combining Equations 3.5 and 3.14 gives the X-eomponent of the drag:

(3.lS)
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In this work. it is assumed that the components of tluid velocity Uf are constant.

The X-component of panicle velocity, Op" is variable with tilDe, that is:

Üpl = dr/dt (3.16)

where r is the X-component of the displacement r. Thus, Equation 3.15 can he

expressed as:

(3.17)

Substituting Equations 3.1, 3.16, 3.17, 3. 10 and 3.11 in Equation 3.12 and then

rearranging yields the equation of motion in radial direction:

1t 3 2 ~ dT ) (~] 1t 3)d
2
r-d (p - p)r6J -31t~d - +"". = -d p +-d p -

6 ' $ dt ,. 6 p $ 12' dt2
(3.18)

Since Ufx is assumed invariable with time, Equation 3.18 is an ordinary

differential equation containing only ordinary derivatives of r.

If the panicle slarts (t=O) at a radius f] with zero radial velocity (dr/dt =0), then

the solution of Equation 3.18 is given by:

(3.19)
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WMre
a: (p.l-p)w1

kt = -+----4 '
(p +i.)

~ 2

If the inenial term on the right-band side of Equation 3.18 can he neglected (or

when the instanraneous velocity is close to the terminal velocity), then the expression

of the inslalltaneous velocity of the panicle is:

dT d;(p, - p)rw2

dt = 18~ - "J%
(3.20)

Thus, the physical meaning of Equation 3.20 is that the instantaneous radial

velocity of the panicle is equal to the difference belWeen the instantaneous velocity of

the panicle in the static water and the radial velocity of the tluid.

3.2.3 The equation of motion in the axial direction in the Stokes' Law region

The axial movement of a spherical panicle (in Z-direction) towards the top of the

KC inner bowl has been shown in Figure 3.3. The drag component in the Z-direction

can be expressed by:

where h is the Z-component of the displacement r.

(3.21)
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Substituting Equations 3.8. 3.9 and 3.21 in Equation 3. 13 and rearranging yields

the equation of motion in the axial direction:

(3.22)

If the particle stans at t=O. h=h t , and dhldt=O. then the solution of Equation

3.22 is as follows:

kz =

If the inenial term d2h1dt2 on the left-hand side of Equation 3.22 is equal to zero,

the panicle venical velocity can he given by:

dh

dt

2
d,g(ps - p)=" -------

'Ir. 18J1
(3.24)

The second term on the right-hand side of Equation 3.24 is the well-known

expression for the tenninal senling velocity of a sphere in the Stokes' Law region, thus,

ie can he expected that the vertical (axial) velocity of the particle in the inner bowl is
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equal to the differenee between the axial velocity of the fluid and the tenninal settling

velocity of the partiele in the gravity field.

Separating variables and then integrating Equation 3.24 gives the time for a

particle to move up for a venieal distance of h:

h
t = ------

2
dpg(ps -pl

u -~---
f:. 18J.L

(3.2S)

Sinee panicles of the feed slurry stans nonnally at the bonom of the inner bowl,

the time taken for a panicle to move ta the top of the inner bowl, ~, is equal ta:

H
tb =---2---

dpg(ps -p)
u -----

ft. 18~

(3.26)

where H is the height of the inner bowl (assuming the full motion takes place in Stokes'

Law region).

3.3 Comparison of the Maximum Radial Settling Velocities of Particles

Sinee a paniele moving in a centrifuge never reaches an equilibrium velocity

(Coulson et al. 1990), comparison of the radial settling velocities of panieles in the

Knelson is made in terms of the maximum radial settling veloeity, which is calculated

with Equation 3.20. In this work, the maximum radial settling velocity of a solid
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•

panicle in the Knelson, l1pxo mu' can be defmed as the radial instanraneous settling velocity

at the surface of the largest ring of the inner bowl, i.e. dr/dt when r = R. To simplify

the calculation of \Jpxomu witb Equation 3.20, it was assumed that the X-eomponent of

tluid velocity is equaJ ta the superficial velocity of tluidization flow, which is the

volumetric tlow rate of tluidization tlow divided by the totallateral area of the five rings

of the inner bowl. Figure 3-4 and Table Al.! (in Appendix 1) show the calculated

maximum radial settling velocities of tungsten, magnetite and silica particles as a

function of panicle size at Gs and fluidization flows that were shawn to yield optimal

operation in actual tests.

It can he seen in Figure 3-4 that the maximum radial settJing velocities of all the

three types of panicles are positive over Most of the size range, suggesting that most

panicles of different size and density will be able to seule on the concentrate bed if the

retention time is long enough, and if panicle..panicle interactions are neglected. Il also

shows that the difference in radial settling velocity between high and Iow density

particles becomes smaller with decreasing panicle sile. As a maner of fact, as will he

shown in the following chapters, dense particles can he separated from lighter panicles

under conditions used in Figure 3-4. Funhermore, for the same dense material such as

tungsten or Magnetite, the difference in the maximum settling velocity between coarse

and very fine particles is extreme: nevenheless the latter can he recovered weil with the

Knelson. Therefore, using the theory of centrifugai settiing velocity to explain the

recovery process is not complete and hardly convincing. This point of view is in
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Figure 3·4 The calculated maximum radial settling velocities of panicles as a

function of partiele sile under conditions of (a) 30 Gs and a tluidization

superficial velocity of 2 cmls; (b) 60 Gs and a fluidization superficial velocity

of 4 emls; (c) 115 Os and a tluidization superficial velocity of 6 cm/s.
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agreement with Huang's (1996), who had calculated the tenninal settling velocity of

panicles in the absence of fluidization. As will be discussed below, another mechanism,

percolation or migration of dense panicles, must he invoked.

3.4 Percolation and Migration of a Dense Particle in the Separation Zone

3.4.1 Definition of particle percolation and migration

As defined by Bridgwater et al (1983), panicle percolation can be defined as the

drainage of small panicles through a bed of coarser bulk panicles, while panicle

migration is the passing of large particles through a bed of smaller bulk panicles.

Obviously, the voidage of a bulk panicle bed is one of the imponant factors that affect

panicle percolation or migration since a suitable voidage is required for the panicle to

percolate or migrate successfully through the bulk bed. Where the bulk panicles bed

cornes in contact with a counter-current tluid tlow, the voidage is affected by the

tluidization behaviour of the bed. Typically, as generalized by Davidson et al (1971),

panicles of low density, small size and spherical shape are more easily tluidized.

For the KC. the direction of panicle percolation and/or migration is radial in the

inner bowl due to the action of the centrifugai force. Percolation or migration May take

place. depending on a number of variables such as the average panicle size of the bed

and dense panicles. the voidage of the separation zone, momentum of the moving

panicle and the degree of fluidization.
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3.4.2 The equation of motion for a particle percolating or migratiDg

in the radial direction

3.4.2.1 Relation between the collision freguency and fractional vojdaae

73

Since the concentration of bulk panicles increases as the spherical panicle moves

furtber from the dilute zone to the separation zone. a resistance or a dynamic friction

force mainly due to inter-panicle collision in the separation zone should he added in

Equation 3.12. The collision frequency of a moving spherical particle in the separation

zone of the inner bowl can he the analogy of the kinetic theory of gases (Serway, 1996),

that is:

(3.27)

where f is the collision frequency, or the number of collisions per second; d is the

distance between the centres of the moving panicle and bulk particle; IL.. is the number

of the bulle panicles per unit volume.

The fractional voidage of the separation zone. E, can be expressed by:

(3.28)

where db is the average diameter of the bulk panicles in the separation zone. Vr the

volume of the separation zone.

Thus. the number of the bulk panicles per unit volume can he expressed by:
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II = 6(1 - E) (3.29)
v 1Id~

Inserting Equation 3.29 in Equation 3.27 and rearranging gives:

f = 3 !il, 1(de +d,)2(1 -e)

2d:
(3.30)

3.4.2.2 The expression of the dYnamic friction force

The dynamic friction force FL proposed in this work May he a function of the

momentum of the percolating or migrating particle and collision frequency:

(3.31)

where CL is the dynamic coefficient of friction between the bulk and percolating or

migrating particles, a concept proposed in this work based on the hypothesis that

percolation velocity is a function of the ratio of percolating la bulk particle densities

(Bridgwater, 1983), and talces the fonn:

(3.32)

where lep is a dimensionless correction factor; Pb is the density of bulk panicles.

If Cp is used to stand for ail the constants in Equation 3.31 (the fractional

voidage, f, is supposed to be constant), the dynamic friction force FL can he expressed

by:
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FL = C,!ü,lü, (3.33)

The X-component of FL can be expressed by:

The Z-component of FL can he expressed by:

F = c 1dii1 dh (3.36)
Lt 1dil dt

3.4.2.3 The equation of motion in the radial direction in the Stokes' Law reaion

Since the action of fluidization tlow is more significant in the separation zone

than in the dilute zone, it is assumed that the X-component of tluid velocity is

approximately equal to the interstitial velocity of tluidization tlow with respect to the

wall of the system, denoted by Uj • This interstitial velocity of tluidization tlow is a

function of the fractional voidage and can be expressed by (Wineveen, 1995):

(3.37)

where UF is the superficial tluid velocity. which is the tluid tlow rate divided by the

lateral area of the bowl rings and bas uDÎts of cm!s.
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The equation of motion in radial direction in the separation zone is given by:

1t 3 1 ~d') {dr)1 (1t 3 1t] )d2
r-d (p -p)r~ -31t~d -+Ut -c - = -d p +-d p -

6' • dt dt 6 ' 8 12' dt 1
(3.38)

Assuming mal the centrifugaI acceleration of the panicle, rw!, is constant, the

above nonlinear differential equation with constant coefficients becomes:

or

(3.39)

(3.40)

where

When the panicle stans at t = 0, r = f\. and dr/dt = \1pxo t the solution is given

as foUows:
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(3.41)
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If the inenial tenn on the right-hand side of Equation 3.38 can he neglected (or

when the instantaneous velocity is close to the tenninal velocity), then the instantaneous

velocity takes the fonn:

dT
dt

=
(

31t JoLdp)2 +

2C,

1td;(pJ - p)'tI)2 -l81t'"'"'

6dp C,
(3.42)

Equation 3.42 can not be confirmed at present since the dynamic coefficient of

friction, CL' is unknown. It is recommended that the correction factor le" he determined

with extensive experiments in the future.

3.4.3 The equation of motion for a particle moving up tbe inner bowl aloDI the

separation zone

To simplify the following discussion. the coordinates will be shifted 15 degrees

(0.26 radian) so as to enable the Z-direction to he parallel to the wall of the inner bowl,

which is denoted by the Z'-direction. As shown in Figure 3.S, there are five main
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whicb is denoted by the Z'..(1irection. As shown in Figure 3.5, there are five main

forces on the panicle moving in the Z' direction in the separation zone (plus the effect

of the hydrodynamic mass):

(1) The Z'-component of the centrifugaI force:

Fe Sin Q = (1r/6) dp3psrw2sin a (3.43)

where a is the slope angle of the bowl wall, equal to 15 degrees (0.26 rad).

Fdz COS Cl

f cosa
b

F sina
c

Z Z'

f g COS a
F Lz cos a

a section of the inner bow1

Figure 3-5 Forces on a particle in the Z'- direction
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(2) The Z'-component of the gravity force:

f. cos cr = (11"/6) d/p,g cos Q

(3) The Z'-component of the drag:

1ld 2 C
F.casez = _,_.2. P lu,1 (u_ -u/t.)cosœ (3.45)

4 2 r"

(3.44)
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The Z'-component of the drag in the Stokes' Law region is given by:

where h' is the Z' -component of the panicle displacement r.

(3.46)

(4) The Z' -component of the buoyancy force in the gravity field:

(5) The Z' -component of the dynamic friction force:

(3.4-7)

~
1 ( )2dh dh Cp dh'

FL:,cosa, = C .J1-cosez = -- --dit dt cosez dt
(3.48)

Thus, based on Newton's Second Law of motion, the equation of motion for the

particle moving up along the separation zone is expressed by:
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( )

1
1t 3 Cp dia' ~ 3 p d21a'

+-d pg cosœ --- -- = -d (p +-)--
6 P casa dt 6 P J 2 dt%

(3.49)

Assuming that the centrifugaI acceleration of the particle (rw2) is constant, and

that when t = 0, h' = h' l' and dh' /dt = l1p20 (the initial velocity larger than zero), the

solution can he obtained using the same approach as for Equation 3.38 and is expressed

by:

where C7

where
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Ta confmn the above solution. it is recommended that the dynamic coefficient

of friction1 CL' he determined with extensive experiments in the future.

3.5 Tbe equatioD or tbe tangential veloclty of tbe particle

It is assumed that the tangential movement of the particle in the inner bowl is a

uniform circular motion. Thus, the tangential velocity (or the velocity in the y-

direction), UpY' bas the relationship:

u = r(,)py

3.6 Conclusion

(3.~1)

The equations for detennining the instantaneous velocities of a spherical solid

panicle in the Knelson centrifugai concentrator (KC) have been tentatively derived based

on Newton's Second Law of motion. Sinee the mathematical analysis was canied out

in the presence of radial fluidization flow, which made the differential equation more

complex1 the derivation may he considered an extension to the theory of centrifugai

separation of solid panicles in the presence of a static liquid deseribed by Coulson et al

(1990).

Although the solutions of the equations of motion were derived ooly for the

Stokes' Law region. their physical meaning might he applied to the panicle motion in

high Reynolds number tlows. It can be expected from the equations of motion for a
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spherical panicle in the radial direction tbat the instantaneous radial settling velocity and

percolation (or migration) velocity of a particle moving in the inner bowl of the KC

depend Dot ooly on the centrifugai acceleration. particle sile and density, but also 00 the

fluidization tlow velocity. This suggests that il is possible to reduce significandy bath

the settling and percolation (or migration) velocities of gangue particles by controlling

the rotating sPeed of the KC and tluidization tlow so as to acquire a satisfactory

recovery of dense particles from light panicles.

Il is also inferred from the equations of motion for the panicle in the axial

direction that the magnitude of the axial velocity of a particle is a function of centrifugal

acceleration, the axial velocity of the following film. and the physical characteristics of

the particle. Conversely, the retention time of a panicle or the height of the inner bowl

may be estimated if the vertical velocity of the panicle is known.

As a whole. the balance between the ability of the KC to iocrease the radial

settling and percolating velocity of dense panicles and to decrease the retention time of

gangue panicles without unacceptably erading dense panicles already captured is quite

a delicate process. Among the variables which migbt affect this balance. the centrifugaI

acceleration of the KC and appropriate fluidization of the tlowing slurry are the most

critical.
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It was noted that the maximum radial settling velocity in the dilute zone could

not explain the selectivity normally observed in Knelson concentrates. Huang (1996)

bad observed the same phenomenon, but he had assumed statie tlow, which clearly is

incorrect for fmest paniele sizes and operating conditions. As a result, apparent settling

rates (Le. percolation and migration rates) in the zone closer to the concentrate bed,

where most panicles are rejected, will detennine how selective the recovery is (henee

this zone, as well as the inner section of the concentrate bed, is referred to as the

separation zone). Unfonunately, the percolation and migration rates cannot be derived

from Newton's Second Law of motion. In this work, it is proposed that adynamie

friction force can be used to aid the description of particle percolation and migration.

Testwork will be conducted to deterrnine separation performance, and then analyzed

using the proposed concept.



CHAPTER 4 PERCOLATION AND MIGRATION

OF DENSE PARTICLES IN THE

GRAVITATIONAL FIELD

4. 1 Introduction

Percolation and migration of dense particles into a bulk material bed are quite

common phenomena in mineraI processing. They can take place in gravity concentrators

such as a jig, a sluice, a shaking table, or a centrifuge. Percolation and migration can

also he observed when screening, grinding, feeding, mixing, and even transponing

minerai materials, eimer wet or dry. For the Knelson Concentrator, cenuifugal

percolation and migration of gold iota a concenttate bed of the inner bowl are especially

important because they largely determine ilS perfonnance. As mentiooed in Chapler 2.

the fundamentals of percolation in the gravitational field have many obvious analogies

to centrifugai percolation, including the neeessity for voidage of the hulk bed and the

effeet of solid partiele propenies. Moreover, gravitational percolation is more easily

observed and measured than centrifugai percolation since the movement of panicles in

a bulk bed in the gravity field can he created in a stationary transparent tube.

Percolation and migration of dense particles in the gravitational field (one g) was

conducted in this work in arder to gain insight inta the hehaviour of dense panicles

percolating or migrating in the inner bowl of the KC. Since the gold grade of the KC

feed is usually very low (normally below 0.01 %, or 100 gft), gold partieles percolate
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or migrate tbraugh a material essentially made up of gangue particles. This is the

system which this f1I'St phase of research sought to mimic.

Systems wbere gold is separated from silicates (s.g. 2.7-3) or sulpbides (s.g. 5)

display a significant s.g. differential. A third system with a much lower s.g. differential

was aIso investigated: magnetite was used to mimic the dense phase, and silica the

lighter one. This lower s.g. differential is very common in minerai processing, and

corresponds to a large number of minerai separations. sorne at very large capacities (e.g.

hematite-quartz. or many other oxide-silicate separations).

4.2 Experimental Methodology

4.2.1 Materials and device

Grey polyhedral tungsten panicles from the Zhuzhou Cemented Carbide Work

of China. with a tungsten content of ~ 99.92 %. and a density of 17.98 glcnt. were used

to mimic natural gold. Three sizes of the tungsten. with the maximum sile fraction

between 4.8 and 1.4 mm. were purchased so as to test a wide size distribution. In

Appendix 2. the natural appearance of these tungsten panicles. in the 300-425 ~m sizc

fraction. is shown in Figure A2-I. SEM back-scattered images of 25-38 ~m and -25 #lm

tungsten panicles are also shawn in Figures A2-2 and Al-3. It can he seen in these

photographs mat most of the tungsten panicles are irregular in shape. with a submetallic

lustre.



CHAPTER 4 PERCOLATION AND MIGRATION OF DENSE
PARTICLES IN THE GRAVIIATIONAL FIELD

86

Magnetite (with a density of 4.78 g/cm3
) and minor amounts of coarse (> 425

~m) hematite (with a density close to that of magnetite) from Iron Ore of Canada Ltd.

(Carol Lake plant) were used as the dense 'desired' minerai or dense gangue, after wet

cleaning with a band magnet.

Silica sand (with a density of 2.65 glcm3
) from Unimin Canada Ltd. was used

as low density gangue: to achieve the desired size distribution, some was ground, and

then combined with fmer silica sand and cleaned with a LKC (Laboratory Knelson

Concentrator) and a band magnet to remove bath heavy and magnetic impurities.

The three feed materials were individually screened into separate size fractions.

The minus 2S #lm size fraction of tungsten was funher classified with a Wannan

cyclosizer to remove the minus 4 ~m fraction.

The device used for observation and measurement of the percolation and

migration of dense particles in a gangue bed was a cylindrical venical tluidization

column made of plexiglass. It was modified for this work from the design described by

Couderc (1985). Figure 4-1 shows the dimensions of the modified COlUIDD. Essentially,

it is composed of two sections, the upper and lower sections, which are connected

tightly by a pair of tlanges and a rubber ring during testing. The distributor consists of

an evenly perforated plexiglass plate covered by a 106llm (ISO mesh) melal screen, and

is mounted inside the lower section of the column.
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tluidized bed

distributor

feeding tube

piston

valve

overtlow

dense particles

tlanges

flowmeter

water...
Figure 4-2 Experimental setup for percolation and migration measurement

4.2.2 Methodology

Figure 4-2 illustrates the experimental setup for percolation and migration

measurement. At the beginning of each test. 80 grams of silica or 145 grams of

magnetite/hematite of monosize gangue panicles was added inlo the column and

fluidization water was introduced to the bonom of the column al a high flow rate for 5

minutes 50 as to remove air bubbles from the system. A smal1 amount (2 grams of

tungsten or 1 gram of magnetite/hemalite) of monosize dense panicles was loaded in the

feeding tube along with a given amount of water. The tube was shaken manually until
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the dense particle surface had been wetted (in the case of dense panicles of very rme

sile, a few drops of 0.1 %Aerosol OT solution were added to the pulp inside the feeding

tube to aid the wening process). Then, tluidization tlowrate was adjusted at a given

reading; the feeding tube was placed and held al 4.35-4.50 cm above the surface of the

gangue bed in the tluidization column. Next, the dense particles were fed by pressing

the piston away from the feeding tube. Time was counted as soon as dense particles

touched the gangue bed, and the test was stoPPed at a given time by turning off the

tluidization tlow. After gradually and slowly discharging water inside the column from

the bottom valve, materials in the upper and lower sections of the column were eut off

manually from their interface between the tlanges and then flushed into two separate

containers. Matenal inside the lower section, accounting for about two thirds of the

gangue particles, was analyzed for the recovery of Percolated or migrated dense particles

by meaos of a Mozley table. a hand magnet. or by screening. (The accuracy of this

approach will be discussed in Chapter 6.) Each test was repeated once, and the

recovery of dense panicles was averaged: the amount of dense panicles that bad

percolated or migrated and still remained in the upPer section of the gangue bed was not

measured.

4.3 Results and Discussion

4.3.1 Relation between the beigbt of tbe gangue bed and ftuidization ftuid velocity

The height of the panicle bed affected by upward fluidization tlow is useful for

detinition of the behaviour of the partiele bed. To investigate the expansion



CHAPTER 4 PERCOLATION AND MIGRATION OF DENSE
PARTICLES IN THE GRAVITATIONAL FIELD

90

phenomenon, Le. cbaracteristic of tluidised beds, the height of the gangue bed was

measured al different fluidization tlow rates withaut adding dense panicles. Figure 4-3

is a graph of the height of the gangue bed as a function of superficial fluid velocityl for

four types of gangue beds with two monosizes (+212-300 ~m and +600-850 #lm) and

two densities (2.65 and 4.78 g/cm3
). It can be seen that, as fluid velocity increased, the

height of the bed increased at different rates depending on bath panicle size and solid

density. In facto each bed experienced expansion with increasing fluid velocity and

began to tluidize at a cenain fluid velocity. This incipient fluidization condition could

not he identified as precisely as that of the ideal system described by Couderc (1985),

since there was an intermediate region on each curve where the bed was partially

fluidized. However, the minimum fluidization velocity, Ume, at which fluidization of the

bed begins. could be detennined visually. 115 magnitude varied from 0.2 to 2.4 cm/sec,

in the order of 212 ILmsilica. 600 ILm sHica. 212 ILm Magnetite. and 600 ILffi hematite.

As fluid velocity was funher increased. channelling of the bed took place due to uneven

fluid velocity distribution over the cross section of the column. Generally, fine gangue

panicles cauld reach a well-tluidized state more easily than coarser gangue panicles

could; a low density gangue bed was easier ta fluidize and expand than with a higher

1 The flowrate divided by the cross section area of the tluidization column.

2 The lower size limit of the sile fraction.
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density gangue. This observation of particle behaviour was in a good agreement with

the conclusions of the propenies of the solid made by Richardson (1971).

As a particles bed expands, the voidage of a bed will change. The following

equation can he used to calculate the fractional voidage (E) of a particle bed.

(4.1)

where VI is the volume of the bed not occupied by solid material, Vs the volume of solid

material. and Vb the volume of the bed.

Figure 4-4 shows the fractional voidage of these four types of gangue beds,

calculated from Equation 4. 1, as a function of superficial tluid velocity. The fractional

voidage of the fine or low density gangue bed was more easily increased than that of the

coarser or higher density gangue bed. For the 600 #lm magnetite, the fractional voidage

increased by only 0.09 at a tluid velocity of 3.0 cmls compared to that measured al a

zero fluid velocity, whereas for the 212 #lm silica, a fluid velocity of 1.0 cmls created

an increase of a fractional voidage of 0.28.

4.3.2 Relation between tungsten recovery and the percolation (or migration) lime

With a coarse silica (600-850 #lm) bed at fluid velocities of 0.8 and 1.4 cm/s, the

recovery of tungsten (106 #lm and 600 ~m) was measured as a function of time. Results

are shown in Figure 4-5. As shawn, tungsten recovery increased with increasing
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percolation (or migration) time. Two observations can he made from Figure 4-5. The

ftrSt is that al the same tluid velocity (0.8 cmls), wbere the bed was panially tluidized,

the recovery of 600 I-&m tungsten was bigher than that of the l06 ~m fraction. This

indicated that under conditions of partial tluidization, the mass of a tungsten particle bad

a positive effect on the percolation rate. The second observation is that for the same

size fraction (i.e.. 106 #Lm) of tungsten, when the fluid velocity was as high as 1.4 cmls

(i.e., the minimum fluidizing velocity, UmC' for 600 #Lm silica), recovery could quickly

reach 78% within 5 seconds, while it took 60 seconds for the same tungsten particles

to reach the same recovery al 0.8 cmls of tluid velocity. The percolation (or migration)

rate of tungsten al UmC was higher than at a lower tluid velocity. This bebaviour can he

attributed to the increase of voidage of the bed when fluid velocity increased.
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Figure 4-5 Tungsten recovery as a function of lime (fluidized bed: 80 grams

of 600-850 ~m silica)
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4.3.3 Effect of particle size and gangue density on percolation and migration of

tuapten

(1) Percolation and mimtion in (me aangue beds

Figure 4-6 shows tungsten recovery as a function of tungsten particle diameter

for 212-300 ~m silica and magnetite beds. For silica, tungsten percolated quite weil for

ail sizes even at a very low fluid velocity (0.1 cm!s), where the gangue bed was only

partially tluidized. Sînce the fractional voidage of the bed at this low fluid velocity was

as low as 0.54 (fractional voidage in the stagnant water was 0.52), the main reason for

the high tungsten recovery may he related to the low density and small size of the silica,

wbich resulted in a very low resislaDce to the motion of tungsten panicles. It was
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Figure 4-6 Tungsten recovery as a function of panicle sile for {wo types of

rme gangue beds (212-300 ~m silica and Magnetite, tinte: 30 s)
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observed during the measurement that most sizes of tungsten could pass through the fme

silica bed easily. This indicates that the resistanee or the dynamic friction force of the

bulle panicles ta the movement of tungsten is not ooly a function of the bed voidage but

also a function of the size and density of the buUc panicles.

For the magnetite bed, at tluid velocity of 0.2 cm/s, tungsten panicles below 425

ILm could almost not percolate. Above 425 ~m. the recovery increased up to 64% as

tungsten panicle size increased to 1180-1670 1J.m. It was observed during the testing

that these very coarse tungsten panicles pushed gangue particles aside and then buried

themselves inside the panially fluidized gangue bed, rather man passing through the

interstices of the bed. Therefore, il might be deduced that coarse tungsten migrated into

the gangue bed in an intrusive manner, the result of high panicle mass and settling

velocity. When tluid velocity increased further to 0.6 cm/s, which was more than 5

times the tlow rate for the silica bed on the same graph, the recovery increased

significantly for ail sizes of tungsten~ as a result of the increased voidage of the gangue

bed.

(2) Percolation and miKration in coarse zan&\le beds

Figure 4-7 consists of two graphs presenting tungsten recovery as a function of

panicle size for two types of coarse gangue bed. 600-850 p.m silica and hematite. For

coarse silica, as seen in the upper graph, al a tluid velocity of 0.7 cmls, the recovery

of tungsten panicles below 850 p.m was almast nil. which means that they could Dot
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percolate or migrate because al tbis low tlow rate the bed was almost packed. However,

tungsten recovery increased up to 87%for the 850-1670 #lm sile fraction, indicating tbat

these particles were able to intrude into the gangue bed due to their very high mass or

momentum. When the tluid velocity increased to 0.8 and 1.4 cm/s, where the silica bed

was partially or well fluidized, tungsten recovery increased significantly 1 except for the -

38 ~m sile fraction. As a reference, Table A2.1 of Appendix 2 lists the terminal free

settling velocities of tungsten, magnetite and silica for different size fractions, calculated

for the -106 #lm size fractions in the Stoke's law region and the +106 ~m size fractions

in the intermediate region. Il can he seen in Table Al.l that the tenninal free settling

velocity for the 25-38 ~m tungsten is 0.9 cm/s. Thus, the recovery of this very fme

tungsten dropped as fluid velocity increased to 1.4 cm/s. Experimental observation also

showed that there was sorne of the -38 ~m tungsten lost in the overtlow.

In the case of the hematite bed, as seen in the lower graph of Figure 4-7, at a

superficial tluid velocity of 1.4 cm/s, where the bed was still highly fixed, the recovery

of tungsten below 425 #-Lm was almost nil for ail sizes. As tluid velocity increased to

2.4 cm/s, where the hematite bed was weil tluidized, tungsten panicles above 75 #-Lm

percolated and migrated weil. But those below 75 ~m bad a very low percolation

velocity, especially for the -53 ~m tungsten whose terminal free senling velocity is

below 2.0 cmls (as shown in Table Al.l). Comparing the results of the hematite bed

with tbat of the silica bed~ it can he expected that higb density gangue. especially at

coarse sile, bas a detrimental effect on the percolation of the fme dense particles.
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This section deals with the third system, i.e. a system with a relatively lower s.g.

differential than the two systems discussed above. Figure 4-S illustrates Magnetite

recovery as a function of particle size for a coarse (6OO-S50 ~m) silica bed of three

different tluidization velocities, O.S, 1.4, and 2.0 cmls (corresponding to the fractional

voidages of 0.53, 0.58 and 0.61, as shown in Figure 4-4). Magnetite recovery

increased considerably as tluid velocity increased from 0.8 to 1.4 cm/s, except for very

tine magnetite, which, as shown in Table Al.i, bas a terminal free settling velocity

much lower than the tluid velocity of 1.4 cm/s. As tluid velocity increased to 2.0 cm/s,

the recovery of Magnetite below 150 ~m was lower than at lower water flow rates (1.4

cmls). This indicates that the reocvery of the -150 /Lm Magnetite no longer increased

with increasing fractional voidage when fluid velocity was up to 2.0 cm/s. In fact, it

can be expected that there was a delicate balance between the percolation (or migration)

velocity and the tluid velocity. In other words. if fluid velocity was too low, there was

not enough voidage in the bed for tungsten to percolate or migrate, and if tluid velocity

was too high. the settling and percolation (or migration) velocities of tiner sizes of

magnetite were dramatically reduced.
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Figure 4-8 Mass of percolated magnetite as a function of panicle size

(tluidized bed: 80 grams of 600-850 #lm silica; percolation lime: 30 s)

Comparing Figures 4-7 (a) and 4-8, at a fluid flow of 1.4 cm/s, it can he seen

that particles of lower density percolated more slowly than those of very high density.

The difference in the recovery was small, since the percolation (or migration) lime (30

seconds) was long enough to enable more Magnetite panicles to percolate when the bed

was weil fluidized.

It should he noted tbat there is a plateau between 106 and 425 #Lm for the

recovery curve at fluidization flow rates of 1.4 and 2 cm/s. Experimental observation
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showed tbat the fluidized bed under these conditions was channelling due to the uneven

tluid velocity distribution in the column. According to the diffusion (Le. dispersion)

theory of panicles, solid particles can disperse if the fluid is in a state of agitation or

turbulence (Dallavalle,1948), and large panicles can remain relatively undisturbed by

turbulence due to their lower eddy diffusivities (Lyman, 1994). Particles fmer than 106

~m have such a low terminal settling velocity « 1.7 cmls) that they are washed out of

the bed with decreasing panicle sile (despite a relatively bigh eddy diffusivity) by the

drag of the tluidization tlow. Between 106 and 425 pm, Magnetite was relatively evenly

dispersed in fluidized bed, and thus exhibited a recovery similar to that of the bed

(approximately two thirds), hence the observed plateaus. The relatively even diSPersion

of 106-425 ~m magnelite is an interesting phenomenon. Magnetite larger man 425 ~m

could migrate and stay near the bottom of the tluidized bed due to its higber migration

velocity and lower eddy diffusivity, especially at a tlow of 1.4 cm/s.

It was observed that at fluidization flow of 1.4 and 2 cm/s, channelling took

place (although the full column was fluidized, some sections exhibited net upward

motion, others net downward motion). It is theorized that this tlow regime yielded

relatively high eddy diffusivity which dominated in the 106 to 425 ~m size range over

whatever net downward or upward velocities Magnetite panicles might have had.
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4.4 Tentative Expressions of Particle Percolation and Migration in the

Gravitational Field

Considering the motion of a spherical dense particle percolating or migrating into

a gangue bed in the gravitational field. the key forces acting on this panicle t as

illustrated in Figure 4-9. are the gravity t the buoyancy t the drag, and the dynamic

friction force due to inter-panicle collision in the gangue bed. It is also assumed that

bath tluid and the panicle are moving only in the venical direction (the Z-direction) and

thus there is no velocity component in the X and Y directions. The expressions of the

drag and the equations of motion of a dense spherical panicle for different intervais

z

• dense particle; o gangue panicle

Figure 4-9 Forces on a percolating (or migrating) panicle in the gravity field
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of panicle Reynolds number will be brietly presented in the following sections, whereas

more details are presented in Appendix 2.

4.4.1 The drag force in different Dow regions

Figure A2-4 (CHft et al, 1978) shows the drag coefficient of a sphere as a

function of panicle Reynolds oumber (standard drag curve). The standard drag curve

may be divided ioto four regions, such as described by Coulsoo et al (1990). The

subintervals of R~ corresponding to these four regions are: the Stokes t Law region, or

Region (a), 104 to 0.2, Region (b) 0.2 to 1000, Region (c) 1000 to 2 x lOS, and Region

(d) > 2 x lOS. In this section, ooly the drag forces in the first three regions of the

graph will he considered as panicles do oot nonnally attain the extremely high Reynolds

numbers of Region (d).

(1) The drag in the Stokes' Law region (Region a):

Similar (0 Equation 3.17, the drag on a spherical dense panicle moving down in

the tluidization column can he expressed as:

(4.2)

where Uj is the interstitial velocity of tluidization flow with respect to the wall of the

system.
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An approximate expression of the drag may he as follows:

(3) The drag in Region (c):
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The drag force in this region can he expressed by Newton's Law (Coulson et al,

1990):

(4.4)

4.4.2 The equation of motion for the Stokes' Law region (Region a)

Assuming that the interstitial velocity of tluid, lit, is constant, the equation of

motion of a spherical dense panicle in the Stokes' Law region is given by:

1t 3 ~dh ) ~dh)2 (1t 3 1t 3 )d2h-d (p -p)g-31t~d -~"i -c - = -d p +-a p -
6 P S dt dt 6 P S 12" dt2

(4.5)

When the panicle stans at t = O. h = hl' and dhldt = upzO' using the same

mathematic approach as in Section A1.2.3 to solve Equation 4.5 can result in the

following solution. i.e. the instantaneous displacement of the panicle. h:
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4.4.3 The equation of motion for Region (b)

Based on Equations 4.3, 3.36 and 3.13, the equation of motion of particle for

Region (b) can he expressed by:

(4.7)

When the particle starts at t = 0, h = hl' and dhldt = upzOt using the same

mathematical approach as in Section A1.2.3 to solve Equation 4.7 results in the

following solution:
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lOS

4.4.4 The equation of motion for Region (c)

The equation of motion for a spherical panicle in Region (c) can he written by

combining Equations 4.4, 3.36 and 3.13 and then rearranged, Le.

n ] 2. (dh )2 (dh)2. n p d2h-d D(p -p)-O.OSS1td p - +u. -Cp - = _D 3(p +-)-
6 po S p dt' dt 6 s 2 dt2

(4.9)
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When the particle stans at ( = 0, h = hl, and dhIdt = upzO' the solution of

Equation 4.9 can he obtained with a mathematical approach similar (0 that used in

Section Al.2.3:

" ... b J,. - b 1 - C e -é,'
h = ~ 71n(1-C e -i.,t) - ~ 71n 13 +C (4.10)

11- n 13 .,,, n _... ' 14
..-,-, --r-1 C13e

2.tLu + b - z, ,--::----
h C -, pr.O 7"1 ~ ::: ./,,2 - 4111J'J-w er~ 13::: .,.., V"'7 "ïI

2a,upzO + b7 +le.,

2 2O.331tpdp +6Cp O.66pu, O.33pu; -gdp(pJ - p)
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4.5 Conclusion

(1) The tluidization propenies of the four types of gangue beds have been studied

in this work by detennining the height and voidage of the bed al different tluid velocities

and the minimum fluidizing ve:ocity for each type of the gangue bed. The results have

confumed the conclusions made by Richardson (1971), that is, the minimum tluidizing

velocity, Um(' of fine or low density gangue bed was lower than that of coarser or higher

density gangue bed.
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(2) The percolation and migration behaviour of the (wo types of dense panieles

(tungsten and magnetite) was investigated by measuring the recovery of percolated or

migrated dense partieles under different conditions. It was found (such as from Figure

4-8) that in the gravitational field, percolation of dense partieles was maximized al an

intennediate fluidization flow, below wllich insufficient voidage wouId inhibit or limit

the percolation of all but the coarsest dense particles, and above which fme dense

panieles would he prevented from percolating because of the drag force of the ascending

tluidization flow. It was also observed that high density gangue, especially coarse size,

had a detrimental effect on percolation and migration. Panicles of high density

percolated or migrated faster than those of lower density. When the gangue bed was

weil tluidized, the migration rate of coarse panicles was higher than that of fmer size.

(3) Tentative expressions of panicle percolation and migration in a tluidization

column was made for the gravitational field. The equations of motion of a spherical

dense partiele included the effeet of inter-panicle collision and were derived for three

different particle Reynolds number regions.



CHAPTER 5 EXPERIMENTAL AND MACHINE

CHARACTERISTICS OF THE CENTRIFUGE

5.1 Experimental Set-up for the Knelson Concentrator

The centrifuge used in the research work was a modified 3" (7.5 cm) Knelson

Concenuator (KC) , equipped with a variable speed control (a OC motor and a

potentiometer). Figure 5-1 shows schematically the experimental set-up. and other

details such as the position of the water pressure gauge are shown in Figure A3-3

(Appendix 3). Photographs of the set-up are shown in Figures A3-1 and A3-2. Figure

5-2 provides a schematic description of the tluidization water supply system.

As seen from the figures mentioned above, the KC is essentially comprised of

a conical shaped and riftled inner bowl. which is made of polyurethane and installed

concenuically within a cylindrical stainless steel outer bowl. Table 5-1 lists the

distribution of surface area and number of water-injection holes of the five rings in the

inner bowl. The defmition of the ring in this work is the groove between the riffles,

while a riffle is a rib of the inner bowL as illusuated in Figure 5-2. The diameter of

each hole is 0.79 mm or 1/32 inch. The designed concentrate volume of the inner bowl

is approximately 65 ml (Knelson Gold Concentrator Inc., 1994).
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The rotating speed of the drive motor can be varied by adjusting the

potentiometer rotation. Motor velocity can reach 3967 rpm, corresponding to a bowl

rotating velocity of 2024 rpm, and developing an acceleration al the ring surface varying

from S8 Os for the bottom ring to 115 Gs for the top ring. Table 5-2 shows a

distribution of computed Os in cach ring of the inner bowl at 1040, 1465 and 2024 rpm

of bowl rotating speeds. At a given rotating speed, centrifugai acceleration at the ring

surface decreases from the top ring to the bottom ring due to the reduction in ring

diameter. Smce the diameter of the bottom ring (#1) is equal to a balf of the diameter

of the top ring, the acceleration al the bottom ring is half tbat at the top ring.

oc line output

AC line input

1 i

@
motor

potentiometer

TheKC

Figure 5-1 Experimental set-up of the KC



CHAPTER 5 EXPERIMENTAL AND MACHINE CHARACTERISnCS 110
OF THE CENTRIFUGE

./
//

,/

outer bowl

~'"

bowl rotation clockwise

)

----L

1A

rime

inner bowl
__ fluidizing water

1/
~........-.:.

t-
A V

hole

fourth ring

Section A-A

Figure 5-2 Fluidization water supply system of the KC

Table S-l Distributions of lateral area and injection holes of the inner bowl

Ring Ring Lateral area Number of holes
number diameter cm2

cm Number Density*,
boles/cm2

5 5.0 11.32 42 3.7

4 4.4 9.80 35 3.6

3 3.8 8.33 30 3.6

2 3.2 6.71 24 3.6

1 2.5 5.33 18 3.4

Sumo 41.49 149 3.6

* The density of hales is defmed as the number of hales per unit ring area.



CHAPTER 5 EXPERIMENTAL AND MACmNE CHARACTERISTICS 111
OF THE CENTRIFUGE

Table 5·1 Distribution of Qs in each ring at three rOlating speeds

Ring Diameter Os
number cm

1040 rpm 1465 rpm 2024 rpm

5 5.0 30 60 115

4 4.4 27 53 100

3 3.8 23 46 87

2 3.2 19 38 73

1 2.S 15 30 58

5.2 Separation Principle of the Knelson Concentrator

The separation principle of the KC. for a1l models. is based on the difference in

centrifugaI forces exened upon gold and gangue particles and on fluidization of the

separation zone. As shown s~hematically in Figure S-3, the feed is introduced [0 the

base of the rotating inner bowl through the downcomer. and immediately mineraI

panicles are centrifuged towards the comcal wall of the concentrate bed at different rates

dePending on their size and specifie gravity. At the same time, fluidization water enters

tangentially opposite to the rotation into the concentrate hed. partially tluidizing it and

preventing gangue panicles settling in the separation zone. Uoder the effect of the

centrifugai force and water tluidization. gold particles senle down and move (Percolate

or migrate) to the surface of the concentrate bed (sorne very fine concentrate may pass

through the injection holes and accumulate on the base of the outer bowl); while gangue

particles are washed out of the bowl due ta their low SPecifie gravity. thus completing

the separation process.
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Figure S-3 Separation principle of the KC

5.3 Relation between CentrifugaI Acceleration and the Bowl Rotating

Velocity

The rotating speed of the drive motor of the KC was measured at different

potentiometer settings with a Cole-Panner tachometer (model 8213-20, 5-digits), and

each measurement was repeated once and the average rotating speed calculated. The

rotating speed of the outer bowl was calculated from the ratio of the motor pulley to the
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outer bowl diameters. The magnitude of centrifugai acceleration of the corresponding

rotating speed was camputed as follows:

6)1.R
Gs= __t=

g
(5.1)

where Gs: the number of gravity accelerations (Svarovsky, 1990);

Oct: the rotating speed of the drive motor, rpm;

rd: the radius of the motar pulley, cm;

~: the radius of the inner surface of the top rib, cm;

Ro: the radius of the outer bowl, cm;

g: gravitational acceleratioD, 981 cm/52.

140 ----------------...,
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100

80
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40

20

o oL6.-=::::-=:.-SOO~--1-,OOO~--1-15~OO=----:2-:,OOO=----:-::21500

DowI rotating speed, rpm

Figure 5-4 Centrifugai acceleration al the top ring as a function

of bowl rotating speed
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Figure 5-4 illustrates the relationship between the centrifugai acceleration (we use

Gs as a dimensionless value) of the top ring and the bowl rotating velocity: it is a

parabolic function and reaches 115 Gs for the top ring.

5.4 Effect of Rotating Speed on Fluidization Flow Rate

5.4.1 Methodology for meuurement of OuidizatioD Dow rate

ln the absence of any feed, the tluidization tlow rate of the variable speed KC

was detennined at different rotating speeds and water pressures (read from an oil

pressure gauge, 0 - 100 kPa or 0 - 15 PSIG). For given conditions (accelerations of 30,

60 and Ils Gs and water pressures of 8, 16, 24, 32, 40, and 46 kPa). flow rate was

measured [Wice by extracting timed samples of fluidization water and measuring their

volume. To measure ring-by-ring fluidization tlow rate, the injection-holes in those

rings not [0 he tested were sealed with removable glue. [n addition. tlow rate was

detennined when the inner bowl rotated reversely at 60 Gs 50 as to study the effect of

the direction of the injection-holes on the fluidization. The reversai rotation was

achieved by exchanging the electric poles of the OC motor.

S.4.2 Relationsbip between ftuidization Dow and centrifugai acceleration

5.4.2.1 Total tluidization flow of the inner bowl

Figure 5-5 shows tluidization tlow rate as a function of water pressure and

centrifugai acceleration. Water tlow rate increased with increasing pressure. At a given
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pressure, die water tlow rate deçreased as Os iDcreased from 30 ta 115, iDdieatiDI tbat

the ceDtrifupl force in the KC iDDer bowl bad an ability to hinder the motion of

tluidization water. This cao be confirmed by compariDg the result of normal rotation

wim tbat of reversai rotation al 60 Os. As sbown in Figure S-S, al 60 Os and a pven

pressure, tbe fluidizatiOD tlow nte of reversai rotation is lower tban tbat of normal

rotatioD. SiDce the rotation of the injection-hales alter reversing the bowl rotation was

somewbat simüu ta the impeUer rotation of a water pump, less fluidization water was

able to enter the inDer bowl. Owing ta the centrifugaI action of the tlowing film, tbis

pumping effect became stronger al a bigher pressure.

20 ,---------------------,
18

·i 16
::J 14

si 12
~ 10

~ 8
:g 6
~ 4

2
OL..........o.-.I-__....I...----..L_.-.-.-..J..-"""--"-_.........__.-l-.--i---'---.....--....----'

6

I-i!-OO
.... 11505

-.- 30 G5 ... 6005
-G 60 Os (reverse)

Flpre 5-5 Total tluidizatiOD tlow rate of the inDer bowl as a functiOD of water

pressure aod ceDtrifugal accele.ration
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5.4.2.2 Biol-bY-a tlujdjUtiOQ flQW rate

Figure S-6 shows riDg-by-ring water flow rates UDder conditions of different

water pressures and cennifugal accelentioDS in tenns of superticial velocity vs ring

number (lowest: 111; higbest: #5, with the largest diameter). Superficial tluid velocities

for lower rings (#1, #2 and 113) al 115 Os could Dot be read because at very low flow

rate and bighesl rotating speed, fluctuations of the pressure gauge reading were too

large. The superficial fluid velocity al a given ring is equal tQ the fluidization flow rate

of the ring divided by the riDg surface area (Table 5-1). As secn from Figure 5-6, the

superficial velocity teoded ta decrease witb increasing ring diameter and acceleration.

Sïnce the density of hales. as seen in Table 5-1, is basical1y the same for all five rings,

il is inferred tbat al the same rotating speed, the tlow rate per hale decreases from Ring

1 ta Ring S on account of the increasing Gs. This result is consistent with the

observation that increasing rotating velocity decreases overall tluidization flowrate at

constant pressure (Figure S-S). For a given ring and al constant Os, the superficial

velocity increased gradually as water pressure increascd from 24 to 46 kPa, whicb also

confmns the effect of pressure on fluidization flow rate shown in Figure S-S.
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FIpre 5-6 superficial velocity of tluidization t10w as a function of the ring number

and Gs at differeDt pressures: (a) 24 kPa; (b) 32 kPa; (c) 40 kPa; (d) 46 lePa.
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s.s Effect of Rotating Speed on the Thickness, Reynolds Number and

Retention Time of the Flowing Film in the Inner Dowl

S.S.1 Metbodofoly for measuremeat 01 the thlckness 01 tbe ftowiDI mm

The measurement was tUen wbile the KC was nmning, by removing its fcwUog

funnel. For most tests, no solid particles and slurrying warer were fecl into the KC

during the measurement. Defore measuring, fluidization flow rate was adjusted betwccn

2 and 14 Umin, and the bowl rotating SPCCd was kepl al 790. 1040, 1465 and 2024

rpm, corresponding to accelerations of 18, 30, 60 and 114 Gs, respectively. The

internai diameter of the conica1 flowing film over the inner bowl was measured wim an

inside callipers under strong illumination. An outside measuring Vernier callipers with

an accuracy of 0.02 mm was then used to deœrmine the previous callipers seUing. For

each condition, the internai diameter of the flowing fIlm was measured al five positions,

located at the surface of each riffle and the top rib, and each measurement was repeated

three times. Finally, the thickness of the flowing ftlm al a given riffle was obtained by

halving of the difference between the inner diameter of the riffle and the average internai

diameter of the tlowing ftlm cone.

For measurement in the presence of a gangue bed, 200 grams of 212-300~

silica particles were tint fcd ioto the rotating inner bowl to fonn a fluidized bed. The

KC was kept running al 115 Os acceleration and 8 Umin fluidization tlow for IWO
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minutes in arder to obtain a constant mass of silica inside the bowl. Then, the tbickDess

of the tlowiDg fllm was measured as per the procedure mentioned above.

The standard deviation of each measurement ranged tram 0.08 to 0.6 mm. The

high deviation of readings happened on measuring a thicker water film due to

oscillations of the tlowing film when the KC was running. This accuracy was

considered acceptable for a preliminary cbaracterisation of the flowing fùm in the KC.

5.5.2 Effect of rotatina speed and nuidization on the thiclmess of the I10WÎlll film

5.5.2.1 Thickness of the flowing film as a function of riffle number

Figure 5..7 shows how tluidization tlow rate affected the thickness of the tlowing

film in the inner bowl at 18, 30. 60 and 115 Gs, for all five riffles. The thickncss of

the tlowing film varied from 0.10 to 4.42 DUn. depending on the flow position (the rime

number), tlow rate, and rotating speed. Generally, the highest thickness was observed

at the lowest Gs (18 Gs) and the higbest tlow rate; the lowest thickness was observed

at the higbest Gs (115 Os) and the lowest tlow rate. It can he seen that the tbickness

at 30 as was about twice the thickness at 115 Os at any given position of the bowl,

which migbt lead to an inference that the retention tilDe of panicles at 30 Os will he

longer than tbat at 115 Os. Some characteristics of the flowing film cao he summarized

by comparing and contrasting the data in Figure 5..7. That is:
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Ilpre 5-7 Thickœss of the ftowïng fdm as a function of riffle number and

tluidization t10w rate at (a) 18 Gs,(b) 30 Os, (c) 60 Os, and (d) 115 Os.
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1) At a given Os, the thickness of tlowing film increased with increasing

fluidization tlow rate.

2) At a given tlow rate, the film thickness decreased with increasing Os. This

was due to the bigher driving force (or bigher tangential tluid velocity).

3) At given Os and tlow rate, the film thickness increased gradually as the

flowing film moved from the bottom to the top of the inner bowl. This effect was

clearly more significant at higb tluid tlow. This could be attributed to the confluence

of the fluidization flow ring-by-ring.

s.s.2.2 The weir model of fluid flow

As illustrated in Figure 5-8, the top rib of the inner bowl may function as a

horizontal weir, over whicb the water fùm tlows venically out of the inner bowl. Il is

considered that the thickness (6) of the flowing film at the top riffle is approximately

equal to the head. Henee, the relationship between the total tluid flowrate (Le. the

water discbarge) and the thiclcness of the flowing film may be expressed by a classical

weir model (Streeter, 1971), which, in this work, is modified by substituting the

centrifugai acceleration for the gravitational acceleration. Thal is:

wbere Q is the fluid flowrate. mIls; K.. is a dimensionless correction factor; L is the

width of weir, in cm, which is eqli81 to the circumference of the top rib.
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.lnner
bowl

Figure 5-8 The weir phenomenon in the KC

Equation 5.2 can take the form:

fluid flow

ln order to fmd the value of kw, the values of the group RGs l126312 were calculated

for the fifth ring al different Os and tluid tlow rates and tben plotted against the water

flow rates, as shown in Figure 5-9. The curves in the figure show basically linear.

Therefore, il is appropriate to use Streeter's (1971) weir model to describe the relation

between the flow rate and the thickDess of the tlowing film over the inner bowl. Il cm

he found by regression tbat the magnitude of the all coefficients of the group RGsl126312

is equal to 107.5. Thus,
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t = 107.5
w 2~2K

3

This kw value is very close ta the empirica1 value (0.6) measured by Streeter (1971).

thus confinning the weir Madel.

From Equation 5.3, the thickness of a tlowing ftlm al the fûth rime can he

calculated by:

)

1
6 - Q 3

- (l.09/Giid
(5.4)
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Figure 5-9 Relationship between RGsl12a311 and tluid tlowrate for different Gs
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5.5.3 Efrect 01 rotatiDa speed and ftuldlzation OD the Reynolds Domber of the

ftowlDa ftIm

Based on the results of the thickness measuremem, the average Reynolds number

of Oowing film in the iDner bowl, Re, was calcuJated ICCOrding to the foUowiDg

formulation (Sun, 1982):

püi6"• = (5.5)
1"

wbere Ur: the average tluid velocity, cm/s.

8.: the average thickness of the flowing fIlm, cm.
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Figure 5-10 Reynolds number of flowing fIlm as a function of rotating speed

and tluid Dow rate
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Figure 5-10 illusttates the relationship between the average Reynolds number of

the flowing film in the iDDer bowl and rOlating speed of the KC at different tluid tlow

rates. The Reynolds number varied from 254 to 3164, as tluid tlow increased from 2

to 20 Umin, with very little dependence on Os between values of 18 and 115 Os.

In minerai processing practiee, it is generally stated that the critical Reynolds

number for inclined flow marks the tranSition from laminar to turbulent tlow, and varies

between 300 and 1000 (Sun, 1982). Since the tlowing film in the inner bowl not ooly

moves in the axial direction but also moves radially and tangentially, il is postulated tbat

the regime of the ioner bowl tlowing film is transitional, i.e. al intennediate Reynolds

number (between 200 and 4000), wbere there may he a sligbt breakdown of laminar

motion, or sharp bursts of turbulent fluctuation, or even panial (or local) turbulence.

Although there was Hule effeet of rotating speed on the Reynolds number, it is very

plausible that higher rotating speeds will require more tluid tlow, leading to higher

Reynolds numbers and an increase in turbulence.

5.5.4 Effect of Ouidizatioo 00 the thickness of the Oowing film in the presence of

a silica bed

Figure 5-11 shows how the thickness of the flowing film varied from the bonom

(Riffle 1) to the top (Riffle 5) of the bowl at 115 Gs and a fluidization tlow rate of 8

Umin with and without a silica (212-300 ~m) bed in the inner bowl. The profile of the
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ftlm thiclmess remained almost uncbanged in the presence of a silica bed. 1bis might

indicate that the solicls in each of the rings do Dot affect the tlowiDg film significandy,

and tbat some of the hydrodynamic cbaracteristics of the tlowing fllm free of saUd

particles can be applied to the study of the actual tlowing fllm in the KC.
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Flpare 5-11 Thickness of tlowing ftlm as a function of riffle number

at 115 Os and a tluidizatioD tlowrate of 8 Umin with and

without a silica (212-300 Ilm) bed
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5.S.5 Elfec:t of rotatlna speed and nuicUzatlon on the retentiOD time of

the ftowiDl film

Based on the measured tbickness of the flowing ftlm y the retention tilDe of the

flowiDg rtlm was ca1culated with foUowing formulation for different rotating speeds and

tluidization tlows:

y
t = - =---------

Q

where Q: the fluid flow rate of the ftowing film, curIs;

(5.6)

V: the volumetrie holdup of tlow in the inner bowl, cm3;

Va: the volume of the air cone of the inner bowl without tluidization water, 57.43

H: the height of the inner bowl, 5.69 cm;

Ri: the radius of the air cone al the bottom ring with fluidization water, cm;

R,: the radius of the air cone al the top ring with fluidization water, cm.

Figure 5-12 illustrates the results of the calculatioD. It is shown that the retention

time of the tlowing film basically decreases with increasÎDg Os al a given tluidization

flow. At a flow rate of 2 Umin.. for instance. the retention lime of the flowing film

decreased from 0.19 to O.OS second as Os increased from 18 to 115. This indicates tbat

increasing the rolaling speed of the KC will accelente the axial motion of the tlowing

film. At a given Os, the retention lime decreased as fluid flow rate increased from 2
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Figure 5-11 Retention time of tlowing fûm as a fonction of rolating speed

and tluid tlow rate

to 8 Umin, which is the range of tluidization tlow rate for normal operation of the 3..in

KC at 60 Os. Then, the retention lime remained almost unchanged as tlow rate

increased from 8 to 20 Umin, since the volumes of bath the fluid holdup and the tlow

rate increased almost al same rates. Increased tluidization tlow is seen to decrease

retenùon time for standard Knelson operating conditions, and increase the thickness of

the tlowing film. This would suggest that recovery will he more difficult, especially at

high feed rates.
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The data of Figure 5-12 were obtained using the thickness of the flowing film,

a relatively noisy measurement. The resultiDg error clearly shows in the scatter, and

second order polynomial fit of the data yields a lack-of-fit of 20% (error bars are not

shawn on the graph for the sake of clarity). Nevenheless, the trends are extremely

clear, and the retention time of liquid phase was below 0.1 s for nonnal operating

conditions.

5.6 Conclusions

A modified 3Il (7.5 cm) variable speed Knelson Concenttator was set up for the

research work. A number of machine characteristics relevant to unit performance,

including the relation between rotating speed and centrifugai acceleration at the ring

surface, the ring-by-ring fluidization tlow at different rotating speeds and water

pressures, and the thickness and retention time of the tlawing film, were measured and

discussed. It was shawn that the relationship between the tluid tlow rate and the

thickness of the tlowing film at the top rib weil observed the classical weir model,

modified for bigh Qs. Some of the results in this chapter will he used to provide the

following gravity test work with a quantitative reference, and others will he used ta

explain sorne experimental phenomena and separation mechanisms of the Knelson

Concentrator.



CHAPTER 6 SEPARATION Of TUNGSTEN FROM

MAGNETITE AND SILICA GANGUES

6.1 Methodology for Gravity Concentration Tests

6.1.1 Materials and devices

6.1.1.1 Synthetic ores

Synthetic ores were used throughout this work. As shawn by Laplante et al

(1995), the use of synthetic ores with a substitute for gold is not only expedient, but it

can also lead to an increased understanding of separation mecbanisms, because of the

more accurate results and conU'olled panicle shape. In test work conducted in this

chapter, four types of synthetic feeds were used and prepared by combining a heavy

metal (tungsten, 2.5% of the feed for ail tests) with a gangue (magnetite or silica) with

two sizc distributions (coarse and fine). These distributions were chosen to mimic those

which can he reasonably achieved with industrial static and vibrated screens, as well as

flash tlotation concentrates. The physical propenies and preparation (or purification)

of tungsten. magnetite. and silica have been described in Section 4.2.1 of Chapter 4.

Table 6-1 shows the size distributions of the coarse and fine materials for the gravity

tests.
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Table 6-1 Size distributions of tungsten and gangue (% Mass)

Size Mass (%)
pm

Couse Fine

1180·1670 3.8

850-1180 6.1

600-850 10.8

425-600 9.9

30Q-42S 13.7 3.2

212-300 12.9 5.9

150-212 15.3 11.6

106·150 11.3 17.0

75-106 7.9 21.5

53-75 4.5 18.1

38-53 3.0 13.8

25-38 0.5 6.1

-25 0.3 2.9

Total 100.0 100.0

6.1.1.2. Deviees

The Variable Speed K.nelson Concenttator used for test work has been described

in Chapter 5. A Mozley laboratory separator (MLS) was used to determine the tungslen

content in the sized fractions of the KC concentrate. Witb proPer MLS operation (and

magnetic sepantion in the presence of magnetite gangue) t the concentrate obtained cao

be considered la be pure tungslen. This method had been successfully used by Laplante

et al (1995a) in their research work.
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In this work, the accuncy of the MLS anaJysis bas been confirmed by conducting

a series of repeated MLS gravity tests on different sizes of synlhetie feeds (five repeats

for eaeh sile fraction). In eaeh test, 10 grams of tungsten and SO grams of sUica or

magnetite were mixed befote feeding onto the tray of the MLS. If a mixture was

couser tban 106 ",m. a "Vit profile tray was used, otberwise a Oat tray was used.

Before each test, the speed. amplitude and slope of the MLS were set accordingly, and

the tlow rate of wash water was adjusted al 0.5 Umin for the ItVIt profile tray and 2.5

Umin for the Oat tray. The standard deviatioDS (STD) of five repeated MLS tests are

given in Table A4-1 of Appendix 4 for mixtures of tungsten and sUiea. and in Table A4-

2 for mixtures of tungsten and magnetile, respectively. In most tests the tungsten

recoveries were very high, above 98%, with a low standard deviation less than 0.5%

for silica gangue and a higher but still acceptable standard deviation for magnetite

gangue. The minus 25 ~m fraction gave slightly lower recoveries.

6.1.2 Metbodology for tbe gravity concentration tests

The tests were conducted using procedures analogous to those developed at

McGill University (Huang, 1996; Laplante et al. 1995, 1996a). Figure 6-1 demonstrates

the key procedures.

(1) For cach test, a 2 kg synthetic ore sample was prepared carefully by weighing

each component material size-by-size with a AD Electronic scale according to the size

distributions shawn in Table 6-1. It was fed at a rate of 400 g/min with 0.5 IJmin

slurrying water to the KC. Fluidizing water tlow rate was adjusted between 2 and 14
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Umin; inncr bowl rotating speed al 1040, 1465 or 2024 rpm (corresponding to 30, 60

or 115 Gs at the top ring).

(2) At the end of each test, the KC concenttate was recovered, dried and

screened using a Tyler progression. Each size class was processed with the MLS (the

Mozley Laboratory Separator), and in the case of magnetite gangue, residuaJ magœtite

was removed with a band magnet (Model SP-90, made by Gilson Company, Inc., USA).

Recovery was calculated from the mass of tungsten recovered by the MLS and tbat of

the feed.

Tunlsten

KC tails

Ffpre 6-1 Methodology for tungsten-gangues separation
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6.2 Experimental Results

6.%.1 Separation 01 nlnpten from fine mapetite

Figure 6.2 shows how the tluidizing water tlow rate and rotatiDg speed of the KC

affects total tungsten recovery. The highcst rccovery. 96.5%, was achicved at the

lowest rotating speed and a tluidizatioD tlow rate of 5 UIDin. On the other band, the

lawest recoveries were acbieved at the bighest rotating speed. especially al tluidizatiOD

tlow rates belaw the optimum (a recovery of 64% a12 Umin). Each rotating velocity

bad an optimum fluidization flow rate. wbich increased from 5 Umin al 1040 rpm (30

Os) ta 14 Llmin or more al 2024 rpm (115 Gs).

100 l-------------------,
Ill! 80 d:::-:-=~

.. .r 60 ~//
U

~
§ 40
enco 1

~ 20 ~
1

,o i'- ~_ __l..._ _....l__ ___" ~_ _JI

o 2 4 6 8 10 12 14 16
Water tlow rate, L/min

Figure 6-2 TungsteD recovery as a functiOD of centrifuge aœeleration

and tluidizatioD tlow rate (gangue: -425 J.UIl magnetite)
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Figure 6-3 illustrates bow tluidization flow rate affected the mass of conceDttate

correspondiDg to the tests in Figure 6-2. It CID be seen tbat tluidization tlow rate bad

an opposite effect on concentrate mus tban recovery. At a given Os, the concemrate

mass decreased and the recovery iDcreased as tluidjzation tlow i.Dcreased from 2 ta 8

Umin. This indicates that the separation zone became more active siDce more gangue

particles were tlushed out of this zone. The largest CODCenttate mass, 369 grams, was

obtaiDed at the lowest rec:overy, UDder conditions of bighest rotatiDg speed and lowest

tluidization velocity. This may imply tbat the separation zone became more compact

with increasing rotating speed and decreasing tluidization tlow rate. In the study of the

E 400
l!
CI

\Ji 350 --- 30 Ga ... 60 Ga -..- 115 Ga

g
C 300 \

2J ,

c
8 250
CI)

5
'0 200
fi)
fi)
tU 150~ a 2 4 6 8 10 12 14 16

Water flow rate, Umin

FIpre 6-3 The mass of the KC concenttate as a fuDction of centtifugal

acceleration and tluidization tlow rate (gangue type: -425 l'Dl magnetite)
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relationship between the voidage of the gangue bed and fluidization flow rate at one G

in Chapter 4, it was shown (Figure 4-4) that the fractional voidage decreased with

decreasing fluidization flow rate. Tungsten recovery then dropped because its

percolation was împeded, as shawn in Figure 4.1. A similar phenomenon bas been

reproduced in Figure 6-2, but at higher accelerations.

It should he noted that the recovery process in the KC is not an example of

simple centrifugai settling of dense panicles but also sizing of the gangue. Under the

influence of water fluidization, a hydro classification process for gangue panicles takes

place within the separation zone. As a result of this process, large gangue particles

survive and stay in the separation zone, whereas small ones are washed out of the zone,

being replaced by oncoming larger gangue or dense particles. This classification process

may operate during pan or aIl of the recovering cycle. Meanwhile. high density

panicles are able to overcome the resistance and percolate or migrate to the concentrate

bed under normal operating condition. Most of them are hardly affected by the

classification action unless the fluidization flow rate is exceptionally high. Therefore,

it may he hypothesized that at a given Gs, the presence of much gangue of a size typical

of the feed (say the 080) in the concentrate is an indication of inadequate tluidization,

as the fine size of this material. if properly fluidized. should not report to the

concentrate. Figure A4-1 shows the DIlO of gangue in the concentrate as a function of

tluidization tlow rate and centrifuge acceleration, analyzed for the tests mentioned

above. It increased with increasing tluidization tlow rate and decreasing rotating speed.
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Figure 6-4 Tungsten recovery as a function of panicle size and centrifuge

acceleration at different tluidization flow rates (gangue type: -425 JLm magnetite)
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indicating that the size distribution of gangue in the bed became increasingly coarser

chan that of the feeci (the Dso of gangue in the feed was 130 Ilm). It is observed that

operating conditions yielding lower recoveries do correspond to DsoS in the concentrate

close to thal of the feed.

Size-by-size tungsten recoveries at tluidization flow rates of 2. 5, 8, and 14

L/min are shown in Figure 6-4 for different Gs. Results at 2 L/min (Graph a) confmn

what could be hypothesized from the known effect of fluidization water: at tlows below

the optimum. the recovery drop was most significant at the intennediate size range. as

reported for the untluidized batch Falcon (Laplante et al. 1994). and it became more

significant with increasing rotating speed. In fact. even at the lowest rotating speed. 30

Gs, 2 L/min was an inadequate fluidization tlow rate. There was also evidence that at

this low flow rate. even the coarsest tungsten lacked the momentum to migrate waugh

the flowing slurry to the concentrate bed surface. This problem was corrected al higher

rotation speeds, and the recovery of the +300 #Lm fraction increased to more than 80%.

Recovery of the finest tungsten, -25 #Lm, also benefited from the higher rotating speed.

At 5 L/min (Graph b). where fluidizalion became better than at 2 L/min. the best

overall size-by-size recoveries were obtained al 30 Gs. with ooly a slight drop in the

recovery of the 25-38 I-Lm fraction, and a more substantial drop in the -25 #Lm recovery.

The recovery improvement from 2 Llmin at intennediate size range was more significant

at 60 Gs tban 115 Gs. resulting in a relatively constant recovery above 80% over the full
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size range. This may he attributed to an improvement of fluidization, whicb was lost

again al 115 Gs.

Graph (c) shows that as fluidization tlow rate increased fuMer to 8 VIDin. the

overall size-by-size recoveries began to decrease al 30 Gs due to the increasing radial

drag of fluidization water, which hindered tungsten particle migration and percolation.

This graph indicates that the drop is limited to wngsten fmer than 106 #Lm, which would

he more susceptible to the drag (i.e. of lower tenninal settling velocity). Only al 60 Gs

the recovery of Most sizes reaches an optimum because of a sufficient acceleration to

resisl the drag and a suitable voidage to percolate and migrate. Still, at 115 Gs, the

recovery problems experienced al 5 Umin persisted. Figure A4-1 shows that the

gangue DIO at 115 Gs and 8 Umm, 145 #lm, was still close to thal of the feed (130 ~m),

indicating that tluidization of the separation zone was not yet sufficient. As a result.

there was litt1e improvemenl in tungsten percolation (or migration) and overall recovery

under these conditions.

At 14 L/min, as seen in Graph (d), the recovery at the intennediate size range

was the highest for 115 Gs. This again was linked to improved tluidization, as

suggested by Figure A4-1, which shows that the high recovery was achieved at a

fluidization flow rate high enough to increase the D80 of the recovered gangue to reach

values similar to mose of the optimum recovery al lower Qs. At 60 Gs, the recovery
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of the -53 #lm tungsten started to decrease, as it had at 30 Gs al a lower fluidization

flow.

6.2.2 Separadon of tonpten from coarse magnetite

Figure 6-5 shows how the fluidization flow rate and rotaling speed of the KC

affected overa1l tungsten recovery from coarse magnetite gangue. As expected, overall

recovery was below tbat of the fme magnetite gangue, and varied from 58 to 83%. The

lowest rotating speed achieved the highest recovery al a tluidization tlow rate of 5

VIDin, as bad been the case with the fmer Magnetite gangue.
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Figure 6-S Tungsten recovery as a function of centrifuge acceleration and

tluidization tlow rate (gangue: -1670 #lm magnetite)
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Figure 6-6 Tungsten recovery as a function of particle size and fluidization tlow

rate al different centrifuge accelerations (gangue type: - 1670 #4m magnetite)
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The effect of tungsten panicle size was very significanl, and is detailed in Figure

6-6 for accelerations of 30, 60 and 115 Gs, respectively. Il was clear tbat high

recoveries over the full sile range couId not he achieved within the range of operating

conditions tested. The highest recoveries below 38 ~m were achieved at 115 Os and the

lowest tluidization water, whereas the +212 #-Lm fraction was best recovered at 30 Gs

and a high tluidization tlow rate of 9 L/min. These are diametrically opposed operating

conditions, and also correspond roughly to the minimum recovery of panicles at the

opposite end of the size spectrum. None of the curves showed the restoration of

recovery at tungsten sizes equivalent to the coarsest gangue panicles, but this was

simply because coarse (>425 ~m) tungsten was not used. Curves such as the one at

14 Llmin and 60 Gs strongly suggest that this restoration would indeed take place.

Ali recovery versus size curves indicate that recovery in the 50 to 100 #-Lm size

range was relatively independent of both of fluidization tlow and rotating speed (Le.

when the results in Figure 6-6 are compared). Interestingly enough, this corresponds

to the dominating size range for gold accumulating in most grinding circuits (Banisi et

al. 1991; Zhane, 1997; Vincent, 1997)....

One tïnal observation should be made: Figure 6-6 suggests that a wider range of

tluidization tlows should he tested. For example, recovery of the +100 #-Lm fraction at

115 Gs could undoubtedly he boosted with a flow above L4 Vmin, whereas the -37 pm

fraction recovery would probably he slightly boosted with a tlow below 5 Llmin. In
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both cases. this would he at the cast of recovery at the other end of the size distribution;

tlows exceeding 14 Umin would also result in a very high water consumption. more

man threefold that of the Knelsons in present industrial applications.

The effect of tluidization tlow rate and rotating speed on the mass of the

concentrate is presented in Figure A4-2. and the relationship between the Dao of gangue

in the concentrate and fluidization flow at different Gs is shown in Figure A4-3 of

Appendix 4. It can be seen from these (wo figures Ü1at the variation of bath the

concentrate mass and the D80 of gangue in the concentrate were not as significant as for

fine magnetite gangue (comparing with Figure 6-3 and Figure A4-1). This is a good

indication that the separation zone dominated by coarse dense gangue had a very low

voidage and was not weil tluidized even at the highest fluidization tlow tested. Figure

~-3 had shown that the coarse (600-850 ~m) hematite bed was the most difficult to

fluidize at one G. Furthermore. Figure 4-7 had shawn that the percolation or migration

velocity of tungsten in the coarse hematite bed was much lower than thase in other lhree

types of gangue bed. Results in this chapter suggest that similar problems plague the

Knelson over a relatively high range of Gs. They also suggest that there is a limit ta

the top size that a centrifuge such as a Knelson can treat when gangue density is

extremely high. This limit is located somewhere between the coarse and fine magnetite

feeds tested in this work.
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Figure 6-7 shows how the fluidizing water flow rate and rotating speed of the KC

affected wngsten recovery from fme silica gangue. Tungsten recovery was high (weil

above 95%) for all cases, except for the lowest water flow rate (2 Umin) at the highest

Gs, where fluidization was obviously inadequate. There was al50 a modest drop in

recovery al the highest water flow rate (6 L/min) and the lowest Os. where fluidizing

water flushed sorne of the fme tungsten out of the concentrate.
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Figure 6-7 Tungsten recovery as a function of centrifuge aeceleration and

fluidization rate (gangue type: -425 ~m siliea)
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Size-by-size tungsten recoveries at 30, 60 and 115 Os are shown in Figure 6-8

for conditions of three different fluidizing water tlow rates. Common for these three

centrifuge accelerations was a small dip in recovery between panicle sizes of the 106

and 300 #Lm. which was exacerbated by reducing tluidization tlow rate and increasing

Gs.

The effeet of fluidization flow and rotating speed on the mass of concentrate and

the 0 80 of gangue in the concentrate was significant, and is detailed in Figures A4-S and

A4-4 of Appendix 4, respectively. As a whole, the concentrate mass decreased with

increasing fluidization flow rate and decreasing Gs, whereas the 080 of gangue in the

concentrate increased with increasing fluidization flow rate and decreasing Gs. Although

tungsten recovery was very high over the full range of operating conditions Figure A4-S

shows that the dip in tungsten recovery in the 150-300 Ilrn fraction is most pronounced

where the Osa in the concentrate is closest to that of the feed --- in the 130-150 ~m

range.

Comparing the results in Figure 6-7 with thase in Figure 6-2 for separation of

rungsten from magnetite, the f1uidizing water f10w rate where the maximum recovery

occurred at a certain rotating speed was much lower for the silica gangue. even at the

highest Os. We suggest that the fine low density gangue (silica) tended to fonn a more

fluidized separation zone in the inner bowl, thus requiring a lower tluidization tlow rate.
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The fundamental study of tluidization behaviour of different types of gangue bed in

Cbapter 4 bas already illustrated this observation.

6.2.4 Separation of coarse tuapten from coarse siDca

Figure 6-9 is a plot of tungsIen recovery versus tluidization flow rate al different

Gs. As for Figure 6-7, the Most serious drop in recovery was due to an inadequate

fluidization tlow at high Qs. Figure 6-10 shows that the extent of the problem was

limited to a relatively narrow size range, 150-600 /-Lm, thus, again the intermediate

coarse size range. Increasing fluidization tlow to 7 Umin fully restored recovery above

the 95% range, except for the -37 #lm fraction, whose recovery remained high (> 80%)

even though il had a relatively low percolation rate at high fluidization flow rate. These

data suggest that tungsten (or gold) could be effectively separated from silica over a

wide size range with Knelson-like centrifuge units, at accelerations which need not

exceed 60 Qs. This is consistent with observed industrial performance.

The concentrate mass varied from 131 to 146 grams, increasing with decreasing

fluidization tlow rate and increasing Qs. This variation was consistent with others

analyzed above. thus confirming the inferred fluidization behaviour of the concentrate

bed.
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6.3.1 MocIeUiDg the optimum OuidizaûoD for tungsten (gold) recovery
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The optimum tluidizatioo velocity (at which the maximum recovery can he

reacbed) is an irnponant parameter for the KC performance and depends upon variables

such as the acceleration of the separation system and physical propenies of the feed.

The effect of acceleration 00 the optimum fluidization for fme (-425 #lm) Magnetite and

silica gangues is plotted in Figure 6-11. The minimum fluidizing velocities of 212-300

#lm Magnetite and silica at one 0 (in the gravitational field), detennined in Figure 4-3

of Chapter 4, are included as a reference in order to develop a more comprehensive

relationship between the optimum tluidization and acceleration.
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Figure 6-11 Optimum fluidization velocity for tungsten recovery as

a function of acceleration for Magnetite and silica gangues
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Figure 6-11 shows a good linear fit for the test data for both Magnetite and silica

gangues, despite the obvious difficulty of estimating Umu' especially for the -425 ",ID

silica gangue (tungsten recoveries were very high for Most tests, and varied only in a

very narrow range). The optimum tluidization velocity Unu for the tungsten size

distribution used may he given by the following equations.

For the feed of the -425 ~m Magnetite gangue:

Umu = 0.59 + O.05*Gs

For the feed of the -425 ~m silica gangue:

Umu = 0.25 + O.02*Gs

(6.1 )

(6.2)

6.3.2 Relation between tbe ratio of D.,s of the gangue to tungsten in the

concentrate and acceleration

Figure 6-12 shows the ratio of the 0 80 of the gangue and tungsten in the

concentrate as a function of acceleration at the optimum fluidization for Magnetite and

silica gangues. The figure also shows how the concentrate mass varies for the

corresponding optimum condition. In the graph (a), the DIlO ratio is basically constant

(between 1.3 and 1.4) aver an acceleration range of 30 to 115 Qs. The concentrale

mass remains almost constant at 203 - 208 grams. For fine silica (Graph b). the effect

of acceleration on the 0 80 ratio and concentrate mass for silica gangue is comparable

with that for Magnetite gangue (Graph a), though the magnitude of the optimum

concentrale mass is different due to different types of gangue.
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This interesting analogy demonstrates that neither the D80 ratio nor concentrate

mass varies significantly as a function of acceleration, provided fluidization flow is

adjusted to its optimum.

6.3.3 The behaviour of the intermediate size tuogsteo

In this work. the meaning of the intermediate sae is a range of size fractions

between the fine and the coarse size fractions for any type of ore used in the

experiments. For instance, the 53-212 #-,m range is an intennediate size for the -425 #-,m

feed (D8O of 135 #-,m), and the 150-425 #-,m range is an intermediate size for the -1670

J.Lm feed (Dsa of 600 J.Lm).

It was shown in this chapter that there was a dip in recovery whenever

fluidization tlow rate was below the optimum, especially for the condition of the highest

Gs (115 Os). This may he attributed to the percolation or migration problem of tungsten

panicles of the intermediate sile moving in a relatively compact separation zone. Since

in the separation zone the ratio of the diameters of intennediate size tungsten to gangue

panicles is relatively higher than the ratio of the diameters of flner tungsten to gangue

panicles, the intermediate size tungsten has a lower ability to percolate thraugh the small

void of the relatively compact separation zone. Intermediate size tungsten, unlike

coarser tungsten, does not have a mass large enough to intrUde forcefully and firmly into

the separation zone (Le. "migrate").
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Il should he pointed out that the recovery "dip" observed in this work is quite

similar to those in the previous work conducted by other workers. Laplante et al (1996

b) observed a dip in recovery in the 100-300 ~m range of the Knelsan gold concentrates

with {wo different densities gangues (-1000 ~m) and under a condition of insufficient

tluidization water pressure. Zhang (1997) also found a recovery "trough" in a Knelson

gold concentrate recovered from a high density Gemeni table tails with a 0 80 of 160 #lm.

Even in other gravity devices, such as jigs, a smaller recovery dip has been reponed

(Bun, 1984). Different explanations for tbis phenomenon were proposed by these

authars. In the hypothesis presented by Laplante et al (1996 b), the reeovery "trough"

was attributed ta a partiele shape effect, i. e. goId became increasingly tlakier with

increasing partiele sile, and they were tao eoarse to percolate and not large enougb to

displace other partieles in the settling toward the separation zone. Another typical

interpretation was based on the velocity difference in panicle movement which resulted

from a transition from hindered settling 10 interstitial tricking (Bun, 1984). Obviously,

bath the explanatians above should he proved experimentally. In this work, the feed

rate was 10w enough to maximise recovery, less than 500 g/min of solids (Laplante et

al, 1996b); tungsten panicles in each size class of the feed were of irregular, rather than

a tlaky shape. Thus. the observation of the similar recovery dips in this work clearly

negates the major effect of panicle shape on rungsten (gold) recovery. and recognizes

panicle size as the main cause of the recovery trough. On the other hand. based on the

fact that coarse tungsten particles could he panially recovered even though the separation

zone was compact, wbere the hindered settling was impossible due to the inadequate
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voidage, it is inferred that coarse tungsten was recovered mainly by the migration

mecbanism rather than by the "hindered settling" mechanism proposed by Burt.

6.4 Conclusions

Rotating speed and fluidization flow have a significant effect on the performance

of the Knelson Concentrator. They affect both the percolation or migration of tungsten

and the tluidization of the tlowing slurry and the concentrate bed, which in tum affects

how large tungsten particles can percolate or migrate to the concentrate bed. At high

rotating speed (115 Os), tungsten panicles are imparted a high centrifugai force and tend

to reach a high percolation or migration velocity; at the same time, however, the

flowing slurry tends to collapse rapidly, which lowers the recovery of tungsten in the

coarse intennediate size range, Le. particles slightly finer than the 0 80 of the feed,

especiaUy in the presence of high density gangue.

Coarse size distribution (-1670 ~m) of high density gangue (magnetite) has a

markedly detrimental effeet upon the tungsten reeovery. No single combination of

centrifuge acceleration and fluidization tlow can achieve a totally satisfactory

performance in the presence of coarse high density gangue. The detrimental effect of

coarse magnetite on tungsten recovery might he due to three mechanisms: a) increasing

the intensity of interpaniele collision, which would cause the oncoming tungsten

panicles to be "bumped" off the inner bowl, h) building up in the separation zone and
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then making the zone more compact, and c) eroding the captured tungsten away of the

surface of the concentrate bed.

The existing Knelson rotating velocity (corresponding to an acceleration of 60

Gs) and suggested tlows, however, are a reasonable compromise for most recovery

application. For more difficult applications, Le. finer gravity recoverable material,

higher accelerations can theoretically achieve a better overaU recovery.

For the -425 #-Lm feeds with Magnetite or silica gangue, it was found that the

optimum fluidization velocity was directJy proponional to acceleration of the

concentrator, with a slope that increased with increasing gangue density.



CHAPTER 7 SEPARATION OF MAGNETITE FROM

SILICA GANGUE

As reviewed in Chapter 2. industrial applications of the KC are essentially

limited to gold recovery. Since Most dense mineraIs which are traditionally recovered

by gravity concentration. such as hematite. pyrite. wolframite and cassiterite. have a

density between 4 and 7.5 g/cmJ
• it is wonhwhile to investigate how weil the

perfonnance of the KC would he in the recovery of a lower high density minerai from

gangue. In this chapter. testwork was eonducted on separation of Magnetite (with a

density of 4.78 gtem3
) from silica gangue and the discussion will focus on an assessment

of the performance and reeovery mechanisms of the KC.

7. 1 Experimental Methodology

7.1.1 Materials and devices

Two types of synthetic ores were used. composed of Magnetite and silica sized

[0 below 425 #Lm. The first type. low grade. contained 1.25% Magnetite. to ensure that

even a full magnetite reeavery (25 grams) fram a 2 kg sample would not cause an

averload in the separation zone. The second. high grade. eantained 2.5% Magnetite.

ta investigate the effect of feed grade on the perfonnance of the KC. Il also yieided

slightly lower experimental errors (because of the increased Magnetite mass). Both
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types of feeds were prepared with the procedures given in Chapter 6 and with the same

size distribution as that of fine tungsten and gangue shown in Table 6. 1.

As for test work of Chapter 6. the gravity tests were conducted with the variable

speed 3-in Knelson Concentrator, and the KC concenuate was analyzed with the Mozley

Laboratory Separator (MSL). The standard deviations (5TO) of five repeated MLS tests

are given in Table A5-1 of Appendix 5 for mixtures of magnetite and silica. In most

tests the Magnetite particles were nearly completely recovered (generally 99%) with a

standard deviation S 0.3 % in recovery. For the -25 #Lm mixture the standard deviation

was higber. 0.5%. and recovery slightly lower. 98-99%. but still acceptable.

7.1.2 Metbodology

(1) For each test. a 2 kg synthetic feed was prepared by carefully weighing each

component minerai size-by-size with an AD Electronic scale (precision: 0.01 g)

according to the given size distribution in Table 6. Land then split equally and loaded

into tive plastic trays after mixing thoroughly.

(2) At the beginning of each test. the 2 kg feed was fed manually at the rate of

400 g/min (one tray of feed/min) with 0.5 L/min slurrying water to the KC. Fluidizing

water tlowrate was given in the range between 1 and 14 L/min; rotating speed was

conditioned from four options corresponding ta 18. 30. 60 and 115 Qs.
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(3) At the end of each test, the KC concenttate was recovered, dried and

screened. Each size was analyzed for the magnetite content and then the total recovery

calculated.

Figure 7-1 illustrates the methodology for the magnetite-silica tests, which was

similar to that of Cbapter 6. For the analysis of magnetite content in the sized

concentrate, a two-step procedure was used: each sile class of the concentrate was fust

separated magnetically (with a band magnet), with a cleaning stage, to produce a pure

Feed

KC taUs

Middlings

Mozley 'ab separatorMagnetic separation

Sized KC concentrates

Magnetie separation

Magnetite

Figure 7-1 Methodology for magnetite-silica separation
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magnetite conrenttate. and then the middlings were treated with the MLS to recover

residual magnetite. Recovery was calculated from the mass of magnetite recovered by

magnetic separation and the MLS and that of the feed (Le. the tail stream was not

analyzed).

7.2 Experimental Results

7.2.1 Separation for the feed of 1.25% magnetite

Figure 7-2 shows how the rotating speed and fluidization velocity affected total

magnetite recovery for the 1.25% magnetite feed. To test the reproducibility of the

gravity experiments. two repeats were carried out for two conditions of 2 and 5 L/min

at 115 Gs. Table 7-1 Iists the experirnental data of the repeated Knelson gravity tests.

showing that the recovery difference of [wo repeated tests was 0.9 and 1.9% ,

respectively.

Table 7-1 Magnetite recovery of repeated Knelson gravity tests at 115 Gs

Fluidization 2 L/min 5 Umin

Test No. Test 1 Test 2 Test 1 Test 2

Recovery. % 61.1 59.3 66.6 64.7

Figure 7-2 shows that magnetite recovery varied from 35% to 89%. depending

on bath the rotating speed and fluidization velocity. Two features of the three recovery

curves in Figure 7-2 can he observed. The first is that total magnetite recovery passed
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Figure '·2 Magnetite recovery as a function of centrifuge acceleration and

fluidization rate (feed grade: 1.25% magnetite)

a maximum at a given rotating speed. The maximum had also been observed with

wngsten as the dense phase in the previous cbapter. The second feature is that the peak

shifted and increased slowly to a higher tluidization velocity as Gs increased. This

could he attributed to the following (wo factors. First. since the separation zone tends

to he more compact as rotating speed increases, the fluidization velocity bas to he

increased 50 as to keep the separation zone effectively fluidized. Second, since the

centrifugai force applied on gangue panicles also increases with increasing Gs. the

tluidization velocity must he increased to maintain a water drag high enough to keep

them from settling and moving on to the concentrate bed.
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The effect of tluidization velocity and centrifuge acceleration on the mass of the

concenttate corresponding to the tests in Figure 7-2 is shawn in Figure AS-lof

Appendix S. Except for the test at highest Gs and lowest tluidization flow, concentrate

mass varied little. At a given Gs, the concennate mass decreased with increasing

tluidization velocity. At a given fluidization velocity, the highest Gs (115 Gs) resulted

in the largest mass of concentrate, especially at the lowest tluidization velocity (2

L/min). The significant increase in concentrate mass at 115 Gs, as fluidization flow rate

is reduced from 5 to 2 L/min. corresponds to a severe collapse of the flowing film, with

less of fluidization and voidage between panicles . As a result, magnetite recovery

dropped markedly, although this drop is partiy comPensated by a large increase in yield

<Figure AS-l), and as a result is not as significant as the corresponding loss at 60 or 30

Gs.

Figure AS-2 in Appendix 5 shows the D80 of the gangue in the concentrate as a

function of tluidization velocity and centrifuge acceleration. Similar to the results shown

in Chapter 6, the 0 80 of gangue in the concentrate increased with increasing tluidization

velocity and decreasing acceleration (Gs), indicating that the size distribution of gangue

in the separation zone became increasingly coarser than that of the feed (the 0 80 of the

gangue in the feed was 130 ~m). The lowest magnetite recoveries corresponded to OsaS

in the concentrate closest to that of the feed.
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Figure 7-3 Magnetite recovery as a function of panicle size and fluidization

rate at different centrifuge acceleration (feed grade: 1.25% magnetite)
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Size-by-size Magnetite recoveries at different tluidization velocities are shown in

Figures 7-3 for accelerations of 30, 60 and 115 Gs. respectively. In Most cases the

recovery of the fmest magnetite particles (-38 ILm) was very low. This observation is

in good agreement with the percolation behaviour of fine magnetite observed in Figure

4-8 of Chapter 4. Thus. the low recovery of very fme Magnetite particles is without

doubt because of its low terminal senling velocity. too low to seule and percolate ioto

the separation zone against the strong drag of tluidization tlow, even in centrifugai field

of 30 to 115 Os. As a result, the recovery of the -38 ",m Magnetite fraction is highest

at the highest Os and lowest fluidization velocity. However. a penalty of this result is

a low recovery of coarse magnetite fractions due to high compaction of separation zone.

For the +38 ~m fraction. the size-by-size recovery was strongly dependent of

both tluidization velocity and centrifuge acceleration. At a given Gs. low recovenes

over almost the full size range took place at the lowest tluidization. 2 L/min; a graduai

restoration of recovery of coarse magnetite then took place with increasing tluidization

velocity, until the recovery dropped again al an over-tluidization velocity.

7.2.2 Separation for the feed of 2.S% magnetite

Figure 7-4 illustrates the effeet of tluidization velocity and centrifuge acceleration

on total Magnetite recovery for the feed of 2.5% magnetite. These tests were performed

to test the effect of feed grade. Le. the possibility that too much magnetite in the feed

could lead to a drop in recovery because of overload in the recovery zones. Thus. 50
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grams of magnetite were fed. rather than 25 grams. Results are similar to those

obtained with a 1.25% magnetite feed. and a small 10ss did indeed take place because

of overload. However. the effect of rotating speed and tluidization tlow is similar. For

example, the maximum recovery al a given Qs is obtained at a similar fluidization flow,

e.g. S L/min at 30 Gs and 8-9 Umin at 60 Gs.

Figure 7-5 shows that the size-by-size behaviour of magnetite is similar to that

of the lower feed grade (Figure 7-3). Again. most curves assume the typical "s" curve

of classifiers, except at high Gs (60 and 115) and low tluidization tlow (2-4 L/min).

Fine magnetite recovery is clearly much lower than with the 1.25 % magnetite feed, an

indication of possible erosion of these Iighter panicles from the concentrate bed.
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Figure 7-4 Magnetite recovery as a function of centrifuge acceleration and

tluidization rate (feed grade: 2.5 % magnetite)
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rate at different centrifuge acceleration (feed grade: 2.S % magnetite)
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7.3 Discussion

7.3.1 ModeUiDI the Optimum RuidizatioD

The effect of acceleration on the optimum fluidization which was averaged from

the data for the feeds of 1.25% and 2.5% magnetite is ploned in Figure 7-6. The

minimum tluidizing velocity of 212-300 #Lm silica al one G (in the gravitational field),

determined in Figure 4-3 of Chapter 4. is included as a reference.
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Figure 7·6 Optimum tluidization velocity as a function of acceleration

for magnetite recovery
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As shown in the figure, the optimum tluidization velocity increases with

increasing acceleration of the concentrator, which is similar to the observation for

tungsten recovery in Figure 6-11 of Cbapter 6. Figure 7-6 shows a good nonlinear fit

for the test data, hence the estimation of the optimum tluidization velocity for magnetite

concentration may be given by the following equation:

UfIJB =O.26fGS + O.02Gs (7.1)

where UITWl is the optimum fluidization velocity, cm/s. The validity of this empirical

relationship is restricted to the feed size distribution tested.

7.3.2 Relation between the D.. of the gangue and acceleradon

Figure 7-7 shows the ratio of the 0aos of the gangue and magnetite in the

concentrate and the concentrate mass as a function of acceleration at the optimum

tluidization for the feeds of 1.25 % and 2.5 % magnetite. The curves of the DIlO ratio

versus acceleration are basically level at ratios of 1.9 for the feed of 1.25% magnetite

and 1.8 for the feed of 2.5% magnetite. The curves of the optimum concentrate mass

remain almost horizontal at a position of 87 grams for the feed of 1.25% magnetite and

95 grams for the feed of 2.5% magnetite, indicating that higber feed grade yields a

higher concentrate masse These pbenomena are sirnilar to those observed in Figure 6-12

for tungsten recovery. Hence, it is clear DOW why the optimum tluidization velocity had

to increase with increasing acceleration: to prevent gangue panicles moving into the

separation zone and keep the fractional voidage of the separation zone at a constant and

optimum value.



CHAfIER 7 SEPARATION OF MAGNETITE FROM SILICA GANGUE 168

3 r j200

2 1

~180

J160
~

~
'-".---. j I;IJ

1 I;IJ

0 • =: 1140 ~

;; t • i: e
! r .

f J120 S
0

f

1 œ
CI) J

...
ëc 1 ~ ..--- . • • 1

100
§t <3 a

D 4801

~ :---t> j 0

~60
U

0 140/

0 20 40 60 80 100 120
Acceleration, Gs

-Er 080 ratio, 1.25% .... 080 ratio, 2.5% -=- mass. 1.25% ... mass, 2.5lJ'

Figure 7-7 0 80 ratio of the concentrate and the optimum concentrate mass

as a function of centrifuge acceleration for Magnetite recovery

7.3.3 Characterizing Knelson separation

Since the shapes of the size-by-size recovery curves of the magnetite - silica

system are essentially similar to the typical Il S" curves of classifiers, except under poor

fluidization, the classifier-mixer model described by PHtt et al (1990, 1980, and 1976)

according to a Rosin-Rammler's equation can he used to express this type of Knelson

separation. That is

(7.2)

where Pi is the mass fraction of panicles of a given size and density which will he

directed to the concentrate as a result of the classifying action; m is the sharpness of
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separation coefficient; dt is the characteristic sile of panicle sile class i; ~oc is the

corrected cut size; ri is the fraction of pmicle i in the concentrator feed which repons

to the concentrate by shon circuit.

For the Knelson gravity separation, the values of the three variables (dsoc, m and

fi) can he estimated by optimizing (i.e. minimizing the Jack-of-fit) sorne combination of

variables in Plitt's model (Equation 7.2). Table 7.2 lists the values of m and dsOc which

correspond to those gravity separation tests with recoveries around the optimum in

Figure 7-5. The corresponding values of ri are almost zero and not included in the

table. Figure 7-8 shows the cut-size. cisoc, as a function of centrifuge acceleration (Gs)

of the concentrator in the optimum fluidization range.

Table 7.2 Estimation of m and dsOc for gravity separation tests

Variables

Test conditions m cisoc, ~m

18 Gs & 2 L/min 1.13 55

18 Gs & 4 Llmin 1.63 51

30 Gs & 4 L/min 1.05 41

30 Gs & 6 L/min 1.44 45

60 Gs & 6 L/min 1.00 41

60 Gs & 9 Llmin 1.66 32

115 Gs & 9 Llmin 1.60 34

115 Gs & 14 Umm 2.30 4S
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Separation sbarpness, except for one measurement at 115 Qs, is in the 1 .. 1.7

range with no obvious trend. The dsoc clearly decreases as acceleration iocreases from

18 [0 60 Os, but the trend is lost between 60 and 115 Gs (possibly because of

experimental error). Because the dsOc represents the sile wilh a recovery of ooly 50%,

the potential for adequate recovery below 40 #-Lm is clearly limited. Above 40 ~m, there

is no need to increases acceleration above 60 Gs.

7.4 Conclusions

(1) At a given rotating speed. total magnetite recovery passed a maximum as

tluidization rate increased from 1 to 14 L/min, and the peak of the recovery curve

shifted gradually to a higher fluidization rate as rotating speed increased.
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(2) Under the conditions studied in this work, the recovery of magnetite from silica was

Iower than tbat of tungsten from silica because of low solid-liquid density difference for

magnetite.

(3) The 105s of rme magnetite (-38 #o&m) was significant for all conditions studied in this

work. Recovery of fine magnetite was maximized at 115 Gs and a fluidization rate of

2 LImin, where fine magnetite could be imparted high centrifugaI force and while

exposed ta a small tluid drag, and the lowest overall magnetite recovery.

(4) Due to the moderate classification of the KC, there was a tendency for the size

distribution of gangue particles in the concentrate to shift to a coarser sile range with

increasing tluidization rate and decreasing rotating speed. At the optimum tluidization

velocity, the ratio of DmS of the gangue and magnetite particles in the concentrate was

approximately constant to 1.9 or 1.8 for ail rotating speeds studied.

(5) At any acceleration, the shape of the recovery vs particie size curve shifted to that

of a classifier as tluidization flow increased. The effect of acceleration on the sharpness

of this classification showed no clear trend, and only a limited decrease in the

classification cut-size with increasing acceleration.



CHAPTER 8 THE EFFECr OF FEED RATE ON

SEPARATION OF TUNGSTEN FROM

SILICA GANGUE

This test series was designed to study how the rotating speed and the feed rate

affect the perfonnance of the Knelson cancentratar under conditions of optimum

tluidization, and investigate the mass and size distributions of the concentrate in each

ring of the inner bowl, which is an indirect measure of capture kinetics.

8.1 Methodology

The 9-test design consisted of three levels of feed rates (0.5, 1.5 and 5 kg/min)

and three levels of rotating speeds corresponding ta 30 Gs. 60 Gs and 115 Gs. The

lowest feed rate, 0.5 kg/min, yields the highest recovery wim the 3-in KC (Laplante et

al, 1996a), whereas the highest, 5 kg/min, is equivalent to a loading of 36 t/hl for a 30­

in unit. which has 100 times the bowl surface of the 3-in unit. The experimental

procedure was as follows:

(1) For each test. a 4 kg coarse synthetic feed containing 1% rungsten and 99%

silica was prepared by weighing each componenl size-by-size ta achieve the size

1 The manufacturer gives a nominal capacity of 36 tlh for a 30-in Knelson.
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distribution shawn in Table 8.1. It was fed manually at the chosen rate with proper

slurrying water to the KC running at the chosen rotating speed matched with the

optimum tluidization rate (i. e., 3 Umin for 30 Os, 4 Umin for 60 Os, and 6 Umin for

115 Gs). For the high feed rate tests (1.5 and 5 kg/min), the downcomer was replaced

with one of a larger diameter (Laplante et al. 1996a).

Table 8·1 Sîze distributions of
tungsten and silica (% Mass)

(2) At the end of each test. the

KC concentrate was recovered and

screened ioto four size ranges (300-1180

~m. 106-300 JLm. 38-106 #Lm. and -38

#Lm). Each sile range was processed

with a Mozley laboratory separator to

analyze tungsten recovery.

(3) For the four Knelson gravity

tests under extreme conditions, Le., at 30

and 115 Os and the feed rates of O.S and

5 kg/min, the concenuate was analyzed

ring-by-ring. A set of rubber stoppers of

different diameters and suitable thickness

Sïze (#Lm) Mass (%)

8S0-1180 3.06

600-850 4.80

425-600 10.63

300-425 10.98

212-300 11.66

150-212 11.89

106-150 13.46

75-106 11.63

53-75 10.46

38...53 7.13

25-38 2.32

-25 1.96

Total 100.00

was used to black the rings of the ioner bowl in order [0 remove the concentrate from
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each individual ring as soon as the KC test was finished, staning with Ring 5. Figure

8-1 shows the schematic arrangement of the stoppers in the inner bowl. By turning the

ioner bowl upside down and removing each stopper, the concentrate in each ring could

he flushed completely into a container.

8.2 Results and Discussion

8.2.1 Total tungsten recovery

Figure 8-2 shows how the feed rate and rotating speed of the KC affects total

rungsten recovery. At the lowest feed rate (0.5 kg/min), total tungsten recoveries were

very high (around 97.5 %) for ail three rotating speeds studied. However. the recoveries

decreased gradually and almost linearly as the feed rate was increased to 5 kg/min. This

trend was obviously caused by the reduced retention time of the feed in the inner bowl.

Recovery decreased at an increasing rate with decreasing Gs. Thus, the difference in

the slopes of the recovery curves can be attributed to the difference in the centrifuge

acceleration of the feed slurry. At higher rotating 5peed, more tungsten panicles

impaned higher centrifugai force and were able to percolate or migrate to the

concentrate bed, thereby causing a lower 1055 of tungsten al high feed rate.

Since tungsten recovery decreased almost Iinearly with increasing feed rate, a

general model for the recovery curves in Figure 8-2 can he expressed by

(8.1)



CHAPTER 8 THE EFFECT Of FEED RATE ON SEPARATION
OF IUNGSTEN FROM SIUCA

175

inner
bowl

rubber
stoppers

Figure 8-1 Methodology for analysis of ring-by~ring recovery

100 1 •
~~ 90l..

~ ---.
~

> 80 ~0
CJ
~ ~

" i
C 70 t~
(1}

QO
C 60

r

1 ___ 30 Os -. 60 Os -.- Ils Os 1::s
~

50 :
0 l 2 3 4 5 6

Feed Rare. kg/min

Figure 8-2 Tungsten recovery as a function of feed rate (fluidization rate: 3 VIDin
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where Rw is the percentage tungsten recovery; ~ is the feed rate, kg/min; 1er is a

constant that depends on the rotating speed of the KC (and probably depends on the size

distribution and density of gangue), which is the slope of the recovery curve, min/kg.

8.2.2 Size range-by-size range analysis

Figure 8-3 shows size range-by-size range tungsten recovery for the

rune tests. For aU rotating speeds. rungsten lasses below -106 ~m increased with

increasing feed rate and decreasing rotating speed. Percolation velocity in this system

clearly decreased with decreasing tungsten particle size.

8.2.3 Ring-by-riDg analysis

Figure 8-4 presents tungsten recovery as a function of the ring number at 30 and

115 Gs and the feed rates of 0.5 and 5 kg/min. which represent the extreme operating

conditions of the test series. Recoveries of the lower three rings (Rings l, 2 and 3)

were higher than those of the two upper rings. as most tungsten was recovered inta the

lower part of the inner bowl. This phenomenon was much more pronounced at the

lowest feed rate. at both ratating speeds (recovery in Ring 5 was aImasl negligible).

It should he noted that tungsten recovery al the top ring (Ring 5) for the highest

feed rate was still significant (about 8% at bath 30 and 115 Qs). This suggests that

extending the length of the ioner bowl (Le. increasing the number of rings could he an
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effective approach ta maximize the averall recovery al the high feed rate. In a clased-

loop application, most of the lost fme gald would he recycled baet ta the unit feed.

At the low feed rate, there is little difference in overall recovery between 30 and

115 Gs, and vinually all of the tungsten bas beeD recovered after four rings. At the

higb feed rate, recavery is higbest in Ring 1, and draps to level al around 10% for eaeh

of Rings 3, 4 and S, whereas it drops more steadily al 115 Gs. Because reeovery is 50

size dependent, ooly size-by-size data can yield addilional insighl into the mecbanisms

which yield sueh results. This will DOW he preseDted.
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Figure 8-4 Tungsten reeovery as a funclian of the number of ring al 30 and

115 Os and the feed rates of 0.5 and 5 kg/min (gangue: -1180 ~m silica)



CHAPTER 8 THE EFFECT OF FEED RATE ON SEPARATION
Of TUNGSTEN FROM SIUCA

8.%.4 Analysis of ring-by-ring and size-by-size

179

Figure 8-5 shows tungsten recovery as a function of the ring number and average

panicle size at accelerations of 30 and 115 Os and feed rates of 0.5 and 5 kg/min,

respectively. Figure 8-5(a) shows thal al low Gs and feed rate, the relatively small

differences in the recovery of each size class (Figure 8-3a) are amplified when ring-by-

ring recovery is examined. Ring 5 is only recovering the fmest tungsten fraction. Ring

1. which can only recover fast percolating and migrating tungsten, or that which is close

[0 the concentrate bed upon feeding, shows a steadily decreasing recovery with

decreasing particle size. The three intermediate rings recover ail size classes equally,

or with no detectable pattern.

Still al 30 Os but a feed rate of S kg/min, as seen in Figure 8-5(b), ring-by-ring

recovery has dramatically changed. The much shorter retention time requires very high

migration velocity for recovery in Ring 1; consequenlly, recovery drops dramatically

from 58% for the coarsest fraction down to a mere 6% for the -38 #Lm fraction. In the

second ring, the higber percolation or migration velocity of the coarser particles is still

apparent, especially for the 106-300 ~m sizc class. The last three rings recover much

less of the two coarsest size classes, and about equal amounts of the (WO fmest size

classes. Obviously, a sixth ring would recaver significant amount of tungsten from all

size range but the coarsest one (Le. retention time is only adequate for the coarsest

(+300 ~m) material).
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Figure 8-5 Tungsten recovery as a function of particle size and the ring number

at accelerations of 30 and 115 Gs and the feed rates of 0.5 and 5 kg/min:

(a) 30 Os and 0.5 kg/min; (h) 30 Gs and 5 kg/min; (c) 115 Gs and 0.5

kg/min: and (d) 115 Os and 5 kg/min



CHAPTER 8 THE EFFECT OF FEED RATE ON SEPARATION
OF TUNGSTEN FROM SIUCA

181

Figure 8-5(c), at high Gs but low feed rate, is very similar to 8-5 (a), but a

revealing difference appears: the last ring serves more to recover the 106-300 #o&m

material (recovery: 6%) than the -38 #Lm material (recovery: 3%). This observation is

in good agreement with the dip in recovery in the 106-300 "m size range observed in

Figure 6-10 for the same system (coarse silica gangue), and repeated in many other

systems (e.g. Figures 6-8 and 6-4). Partial collapse of the tlowing slurry due to the

higher Gs hinders percolation and migration in the intermediate size range.

Figure 8-5 (d) confinns the rather surprising observation that recovery in Ring

1 for the coarsest size class went up from 36 ta 58% al 30 Gs when feed rate increased

from 0.5 to 5.0 kg/min. At 115 Gs, the corresponding increase is lower, 26 to 38%

(still above the experimental error, an estimated 2%). Other trends of Figure 8-5 (c)

are also confirmed. such as the decreasing recovery of Ring 1 with decreasing panicle

size. Recoveries of the two finest fractions are generally below those of Figure 8-5 (c)

for each ring, thus resulting in a lower total recovery (92.7%. as shawn in Figure 8-2)

than that of Figure 8-5 (c) (97.9%). It is extremely likely that the increase in recovery

of Ring 1 (as feed rate increases from 0.5 ta 5 kg/min) is due ta the inability of the KC

to accelerate the slurry to its theoretical acceleration (Le. 30 or 115 Gs) before the feed

passes over Ring 1 at the higher feed rate. The lower acceleration had been found to

increase recovery in Chapter 6 (Figure 6-9). The lower effective rotating velocities,



CHAPTER 8 THE EFFECT OF FEED RATE ON SEPARATION
OF TUNGSTEN FROM SIUCA

182

hence lower Gs, fail to collapse the feed slurry to any significant extent, resulting in a

high voidage and very high migration velocity for the coarsest sile fraction.

8.2.5 Kineûcs of separation

Since kinetics for most minerai processes is first-order (Kelly el al. 1982;

Laplante, 1989), the rate of separation of mineraI panicles with identical sile, density

and shaPe in the KC can he described by the following equation (Hu et al. 1991):

dR/dt = K'(l-R) (8.2)

where R is recovery fraction at lime t. and (1 - R ) is the loss of minerai panicle at time

t. or the fraction unrecovered; K' is the rate constant.

When t = 0, R = O. Then, integrating Equation 8.2 gives (Hu et al. 1991):

ln_1_ ::: K I
-, (8.3)

l-R

For the Kneison Concentrator, each ring of the inner bowl can he considered a

stage of separation with (approximately) an equi-retention lime. Hence. the relationship

between the fraction unrecovered and ring location actually represents the kinetics of the

Knelson separation. That is:
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where i is the number of a ring, and K a dimensionless rate constant (proponional to

K').

Figure 8-6 shows the semi-log value of (l/(l-R» as a function of the number of

the ring for the four conditions used in Figure 8..5. which can he used to estimate the

rate constant. As a first approximation. capture kinetics for each tungsten size fraction

is essentially frrst-order, although the linearity May tailor off when ooly sroall masses

of tungsten are left unrecovered. Estimation of the rate constant. K. for each sile

fraction of tungsten was made from the slope of each curve in Figure 8-6 and listed in

Table 8.2.

Inspection of Figure 8-6 suggests that fust arder can represent capture kinetics

for the two finest fractions. for all four conditions tested, and for the test at 30 Gs and

5 kg/min. However. for the two coarsest size classes. panicularly at 115 Gs and a feed

rate of 5 kg/min. there is a clear indication that the rate constant (Le. the slope of the

curve) increases with increasing ring number. (Although it could also he claimed that

the kinetic arder is higher than unity, this is a very unlikely possibility.) This result is

consistent with the hypothesis mat coarser panicles are accelerated more slowly because

of their higher inenia. As a result. their rotation velocîty (and the centrifuge
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accelerations of 30 and 115 Gs and the feed rates of 0.5 and 5 kg/min: (a) 30 Gs

and 0.5 kg/min; (b) 30 Gs and 5 kg/min; (c) Ils Gs and 0.5 kg/min; and (d) liS

Gs and 5 kg/min
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Table 8.2 The rate constant K for different size fractions of tungsten

Rotation & 300-1180 #lm 106..300 Ilm 38-106 #Lm 4-381&m
feed rate

30 Os & 0.37-0.81 0.32-0.81 0.74 0.39
O.S kg/min

30 Os & 0.80 0.42 0.25 0.14
5 kg/min

115 Gs & 0.38-0.76 0.24-1.22 0.68 0.54
0.5 kg/min

115 Gs & 0.29-1.22 0.25-0.56 0.39 0.21
5 kg/min
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force they are subjected to) increases from Ring 1 to 5, in such a way tbat capture rate

constant also increases. Table 8.2 suggests that increases can he significant, especially

at 115 Gs and a feed rate of 5 kg/min.

Table 8.2 shows that the capture rate constant decreases with decreasing panicle

size, particularly below 300 ~rn (Le. for the three finest size fractions). Increasing

rotation velocity increases the caprure rate constant maSI significantly below 106 #-&m at

high feed rate.

Comparing rate constants at 0.5 and 5 kg/min is extremely infonnative: since

retention lime is Dot explicitly iDcluded in Equation 8.4, one would expect the rate

constant at the higher feed rate to he one teoth of that at the lower feed rate. In fact,

the rate constants of the (wo coarsest sizc classes hardly drop at 5 kg/min, whereas the
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drop for the (wo fmest sile classes is generally between twofold to three fcld. This

suggests tbat the recovery drop for the coarsest size classes at very high feed rate is

minor, wbereas for fmer « 106 Ilm) material, the drop is more significant but easlly

compensated by the significantly higher feed rate. Thus, for typical applications where

the KC feed is a bleed of the grinding circulating load, it would he beneficial to run

plant units at very high feed rates (and higher Os), ta maximize the mass of gold

recovered (as opposed ta stage recovery). For alluvial operations with Many KCs, series

operation May he preferable to the more classical parallel circuits.

That increasing feed rate tenfold only reduces the recovery of coarse (> 106 ~m)

tungsten slightly strongly suggests a retention lime very different from that of the liquid

phase, or even other minerai panicles. This is likely to make the phenomenological

modelling of Knelson Concentrators and similar units very difficult.

For gold recovery from grinding circuits, fme gold is always present~ whereas

coarse gold will he absent from the cyclone if it is absent from the ore itself. The

benefits of a higher rotation speed are limited to finer gold (< 106 Ilm) recovery, and

may he negated by higher wear and water consumption (although the latter can he

initiated with the use of a water saving cane). It is suggested that when GRG is

predominantly below 106lLm, a higher rotation speed should he used, or al least tested.
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1. For ail the three rotating speeds studied, tungsten recovery decreased gradually and

almost linearly as the feed rate increased from 0.5 to S kg/min, and the slope of the

recovery curve became smaller with increasing Os. This suggests tbat reductions of

both the retention time of the feed and rotating speed have a negative effect on the

performance of the Knelson.

2. Under the conditions studied in this work, Most of the tungsten was recovered and

built up in the lower rings of the inner bowl. The coarsest tungsten particles tended to

be recovered in the lowest ring (Ring 1).

3. The rate constant of capture basically increased with increasing panicle size at

constant rotation speed and feed rate. At constant rotating speed, the rate constant (with

ring number used as a measure of retention time) of the finer « 106 Itm) size fraction

was lower at high feed rate than al lower feed rate. For a lower feed rate, the rate

constant of a given size fraction was almosl similar for both high and lower Gs.

4. The effect of a tenfold variation in feed rate was small for coarse (> 106 #Lm)

tungsten and moderate for fine « lO6llm) tungsten, suggesting that feed rate should he

maximized in typical grinding circuit applications.
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9.1 General Summary

The main fmdings of this thesis May he summarized as follows:

(1) The percolation and migration of dense particles in a tluidized gangue bed at one

G (Le. in the gravitational field) was found to be dependent of the density and size of

both dense and gangue particles, and fluidization velocity. There was an intermediate

tluidization flow rate which maximized recovery. High density gangue, especially when

coarse, had a detrimental effeet on percolation and migration. Particles of higber

density percolated or migrated faster than those of lower density. When the gangue bed

was well tluidized, the migration velocity of coarse particles was higher tban the

percolation velocity of fines. These fundamental findings can be used ta explain sorne

of the recovery mechanisms of tluidized semi-batch centrifuge concentrators.

(2) At constant tluidization pressure, the tluidization tlow rate in the inner bowl

decreased with increasing rotating speed. The superficial tluidization velocity was found

to decrease slightly with increasing ring diameter. This is consistent with the above

finding, as hale density is constant from ring ta ring, and the centrifuge force increases

with increasing ring diameter (L e. from Ring 1 to 5). The thickness of the tlowing film

was measured and found to increase with decreasing rotating speed. At a given rotating

speed and tluidization tlow, the film thickness increased gradually from the bottom to

the top of the inner bowl due to the confluence of tluidization flow from each of the
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rings. The relationship between the fluid flow fate and the thickness of the flowing film

at the top rib followed the cIassical weir modei weIl. i.e. the t1uid flow rate is direcüy

proportional to 1.5 exponents of the thickness of the flowing film, with an empirical

coefficient equal to 0.6.

Under normal operation conditions. the retention time of the tlowing fùm

decreases with increasing rotating speed and increasing fluidization flow rate. The

decrease in retention time at high Gs is offset by a decrease in tilm thickness, which

lowers the average travelling distance from the flowing slurry to the concentrate bed.

The Reynolds number of the flowing film was aiso determined, varying from 250 to

3200 as fluidization tlow increased from 2 ta 20 L/min. This intermediate Reynolds

number suggests that the regime of the flowing film in the KC is transitional, probably

moving with a slight breakdown of laminar or paniai turbulence. In addition, it was

found that rotating speed has Hule effect on the Reynolds number of the flowing film

at constant fluidization tlow.

(3) Rotating speed and fluidization tlow were found to have a significant effect on

the performance of the KC. In general, they affect both the movement of solid panicles

and fluidization of the tlowing film and the top layer of the concentrate bed. which in

mm affects KC performance. In this work. the peak of the recovery curves generally

shifted to a higher tluidization flow rate as rotating speed increased, though the peaks

of tungsten recovery curves were not as evident as those of Magnetite recovery curves.
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This indicates that the maximum recovery of dense particles is achieved at an optimum

dynamic balance between the centrifugaI force and the drag of fluidization flow, which

maximises the amount of dense particles capable of migrating or percolating to the

concentrate bed. In addition. il was found that the size distribution of gangue particles

in the concentrate shifted [0 a coarser size range with increasing tluidization rate and

decreasing rotating speed. This finding might imply chat a classification process takes

place in the first stage of or during che separation process. Ac the optimum fluidization

velocity, the ratio of DsoS of the gangue and dense particles in the concentrate was

approximately constant for all rotating speeds srudied.

(4) When separating magnetite from silica, the loss of fine magnetite (-53 ~m) from

the KC was found ta be significant for all conditions studied in chis work, except for the

highest Qs (115 Qs) and the lowest tluidizalion rate (2 L/min). For the magnetite silica

system (top size: 425 #lm). most oi recovery vs size curves exhibited the type S-shape

of hydro classifiers. thus confirming the classifying action of the KC. Under optimum

separation conditions, the classification curve had a sharpness of separation coefficient

(of Plitt's model) between 1.0 and 1.7. Increasing rotating velociry had ooly a modest

effect on the eut size. suggesting chat higher rotating velocity will only have a limited

success in recovering flner particles. Although such a behaviour has never been

reponed for gold. it likely takes place below 25 #lm (a size range which does not lead

itself weil to size-by-size characterization). At high rotating speed and low tluidization

tlow, the unit exhibited a very different behaviour not unlike that of a non-tluidized
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centtifuge. Whilst this can he attractive for fines recovery, previous studies at McGill

University have shown that such a performance is not very selective and cannot be

sustained over long recovery cycles.

(5) The effect of feed rate on tungsten recovery from silica was investigated at three

rotating speeds. ft was found that tungsten recovery decreased gradually and almost

linearly as the feed rate increased from 0.5 to 5 kg/min, and the slope of this decrease

became smaller with increasing Gs. However. the effect of a tenfold variation in feed

rate was small for coarse (> 106 #Lm) tungsten and moderate for fine « 106 #lm)

rungsten, suggesting that for normal plant operations. feed rate should be maximized.

The srudy of kinetics of separation shows that the rate constant of capture increased with

increasing partiele size at constant rotation speed and feed rate. At the same rotating

speed. the rate constant of the finer « 106 ~m) size fraction was lower at high feed fate

than at lower feed rate. For a lower feed rate. the rate constant of a given size fraction

was almost similar for bath high and lower Gs.

(6) Equations for determining the instantaneous radial settling velocity of particles

in the dilute zone of the inner bowl have been derived for the Stokes' Law region based

on Newton's second law of motion. Also. equations for detennining the instantaneous

percolation or migration velocity of particles in the separation zone were tentatively

derived. but with an unknown dynamic coefficient of friction. It can he expected from

the equations of motion for a spherical panicle in the radial direction that the
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instantaneous radial settling veloeity and percolation (or migration) velocity of the

paniele moving in the iIUler bowl of (he KC depend not ooly on the centrifugai

acceleration, particle size and density, but also on the radial tluidization tluid velocity.

9.2 Claims for Original Contributions

To the best of our knowledge the work in this thesis represents the first published

study of the effect of rotating speed on the performance of the Knelson Concentrator.

To obtain a more fundamental understanding of the recovery mechanisms of the Knelson

Concentrator. the present srudy has also examined the percolation or migration

behaviour of dense particles in a gangue bed in the gravitational field. Specifie

contributions are:

(1) A comprehensive experimental study of the performance of a 3-in Knelson

centrifugai concentrator for different types of synthetic ores at tbree rotating speeds, and

the effects of tluidizing water, gangue density. size distribution and the feed rate.

(2) The establishment of the relationship between the optimum fluidization velocity

and rotating speed of the KC.

(3) The observation of a typical dip in tungsten recovery whenever fluidization tlow

was below the optimum, which resulted essentially l'rom paniele size iostead of panicle

shape.



CHAPTER 9 GENERAL CONCLUSIONS 193

(4) A study of percolation and migration behaviour of dense particles in a vertical

upward water tlow and in the gravitational tield, and the use of the experimental results

to relate and explain recovery mechanisms of the Knelson Concentrator.

(5) The development of a simple and rapid method (i.e. the use of a set of rubber

stoppers) to obrain the concentrate ring-by-ring. which helped effectively the author

analyze the mass and size distributions of the concentrate in the inner bowl. Unlike a

previous method developed at McGill University. a conventional (rather than split) ioner

bowl can be used. and experimental results cao be directly compared to those of

conventional tests.

(6) The examination of the effect of rotating speed and tluidization tlow on the size

distribution of gangue particles in the concentrate. which unfolds a hydro classification

process which might have been carrying on in the tïrst stage of or during centrifuge

concentration.

(7) The detennination of the thickness of flowing film in the ioner bowl at four

rotating speeds, thereby giving the relationship between the rotating speed and the

retention time of the flowing tilm. and contirming that the relationship between the tluid

flow rate and the thickness of the tlowing tilm at the top rib obeys the classical weir

model.
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(8) A study of the kinetics of separation under conditions of different feed rates and

Qs. using ring number as a measure of retention time. and the estimation of the rate

constants of capture of different sizes of tungsten.

(9) An extension ta the theory describing centrifugai separation of dense panicles

from gangue particles by deriving the equations of motion of a spherical solid paniele

in a fluidized centrifuge concentrator.

9.3 Suggestions for Future Work

There are many aspects of mis relatively new tield that warrant further study

bath from theoretical and experimental standpoints. which could have short-term

industrial applications. Sorne specifie points are:

(1) Experimental and theoretical exploration of the possibility of using air or

pneumatic for part of the fluidization of the Knelson Concentrator. Ir is likely that the

consumption of water for the KC would greatly decrease due ta the use of air as an

abundant (and free) substance for tluidization water. This should also improve the

efficiency of recovering very fine dense particles since extrerne high rotating speeds

(higher than 200 Gs) would be possible and [he thickness of the flowing film would

decrease.
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(2) The development of a new type of laboratary centrifuge that can achieve a higher

recovery by means of periodical alternation of positive and negative tluidization. Since

the existing Knelson Concentrator uses merely positive tluidization flow (positive means

opposite to the settling of panicles) , the lass of very fine (-38 ~m) of dense particles is

significant, especially for separation of lawer high density particIes (i. g. magnetite)

from silica gangue. To solve this problem. J periodically negative tlow should also he

applied to the slurry. The mechanism of altemating positive and negative fluidization

tlow would likely enhance the differential acceleration and interstitial trickling of

particles and increase the recovery of very tïne dense particles.

(3) Experimental study of oil-sands s~paration by high-cemperarure Knelson

centrifugation. There is a huge source of oil-sands deposits in Canada; thus. it would

he interesting ta explore the possibility of using a high speed Knelson Concentrator to

separate crude oil from sands at high temperarure and compare technically and

economically this gravity approach with conventional tlotation. In addition. œsting a

tlowsheet such as tlotation followed by Knelson concentration or Knelson concentration

followed by tlocculation of fine sands in crude oil is also recommended.

(4) Experimental and theoretical studies of the percolation of fine dense panicles in

centrifugai fields with a fluorescent tracer technique. This would provide iosight in the

difference in percolation behaviour of fine dense particles between the gravitational and

centrifugaI fields.
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(5) Experimental investigation of the recovery process of fine and extra fine dense

panicles from a narrow size feed with a very high rotating speed (300 Os or higher)

centrifuges. As noted in the gravity experiments of this wor1c, the recovery of very fine

(-38 ~m) dense panicles (either tungsten or magnetite) at the highest speed (115 Gs) and

at the lowest tluidization tlow (2 L/min) was higher than those of any other conditions,

especially for low density gangue (silica). Ir would be imeresting ta further increase the

rotating speed of the KC and decrease the tluidization tlow ta enhance the recovery.

(6) Experimental srudy of the separation of ores of imermediate density difference

(i.e. between those tungsten-silica and magnetire-silica. such as cassiterite-silica) to

complete the data bank for simulation.
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Appendix 1 Derivation of General Equations of Motion

for a Particle in the KC

AI.I The equatloDS of motion for a particle in the dilute zone

AI.I.I The equation of motion in the radial direction

As described in the section 3.2.2.1 of Chapter 3, the equation of motion is given

by:

1C 3 2 ~d') (1C 3 1t 3) d2.r-d (p - p)r~ - 31t I-Ld - + u,. = -d p +-d p -
6 p ~ dt JA 6 P s 12 P dt2

or

'ft 3 2. ~ d, ) 1C 3 P d
2
,-d (p -p),~ -31t~d - +11,. = -d (p +-)-

6 p ~ dt ''''' 6 p ~ 2 dt2

Equation (A1.2) can he funher expressed as follows.

or

d 1, dT
--rQ--nr=m (Al.4)
dt2 1 dt 1 1

(A1.1)

(Al.2)

(Al.3)



APPENDIX 1 DERIVATION OF GENERAL EQUATIONS OF MOTION A2
FOR A PARTICLE IN THE KC

The solution of Equation Al.4, which is a nonhomogeneous linear differential

equation with constant coefficients, takes the fonn:

- C -[Gtfl ·VG!/4·"tJt C -[atfl -Ja!/4+lItJrr - le + 1e ... ql (Al.S)

(111.6)

If the panicle stans (t=O) at a radius ri with zero velocity (dr/dt =0), then from

Equation Al.6:

(AJ.7)

Substituting the boundary condition into Equations AI.6 and AI. 7:

Solving the equations set of A1.8 and A1.9 gives:

(AI.8)

(Al.9)



APPENDIX 1 DERIVATION Of GENERAL EQUATIONS OF MOTION A3
FOR A PARTICLE IN THE KC

Thus, Equation Al.6 becomes:

(Al. 10)

Le.

(Al.11)

If the ioenial tenn 00 the right-hand side of Equation A1.2 can be neglected (or

when the instantaneous velocity is close to the terminal velocity), then

(Al.12)

or

Therefore, the expression of the instantaneous velocity of the panicle is:



APPENDIX 1 DERIVATION OF GENERAL EQUATIONS Of MOTION A4
FOR A PARTICLE IN THE KC

dr = d:(p~ - p)TW
2

_ U

dt 18", 'fz
(A1.13)

Al.l.2 The equatioDS of motion in the axial direction

Substituting Equations 3.8, 3.9 and 3.21 in Equation 3. 13 and rearranging yields

the equation of motion in the axial direction::

or

(,,41.14)

(A1.1S)

If the panicle stans at t=O, h=h1, and dhIdt=O, then the solution of Equation

Al.32 is as follows.

(A1.16)



APPENDIX 1 DERIVATION OF GENERAL EQUATIONS OF MOTION AS
FOR A PARTICLE IN mE KC

If d2h/dt2 on the left-hand side of Equation Al. 14 is equal ta zero, Le., the

panicle stops venical acceleration, then

(Al.17)

Solving Equation AI.17, the axial velocity of the panicle is expressed by:

dh
dt

(Al.18)

Al.2 The equations of motion for a particle in the separation zone

Al.2.1 Relation between the collision frequency and fractional voidage

The collision frequency of a moving spherical panicle in the separation zone of

the inner bowl can he expressed by a formulation similar [0 chat of the collision

frequency for agas molecule (Serway, 1996). chat is:

f = ?l'd2
1 up 1 n... (Al.19)

where f is the collision frequency, or the number of collisions per second; d is the

distance between the centres of the moving particle and bulk panicle; Ilv is the number

of the bulk panicles per unit volume.
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The fractional voidage of the separation zone, E, can be expressed by:

(A1.20)

wbere Vs is the volume of solid panicles; VT is the volume of the separation zone.

or

(Al.21)

where db is the average diameter of the bulk panicles in the separation zone.

Thus, solving Equation Al.21 gives:

6(1 -e)n = .......;.,-..;..
y 3

1td"
(Al.22)

Substituting Equation AI. 22 in Equation AI. 19 gives:

61iip Id2(1 - E)
f=-~--

d:
(Al.23)

Since the centre line d is equal [0 dp/2 + db/2, Equation 1.23 becomes:

f = 31 rip 1Cd, +d,)2(1 - e)

2d;
(A1.24)

Al.2.2 The expression of the dynamic friction force

The dynamic friction force FL proposed in this work May he a function of

momentum of the percolating panicle and the collision frequency:
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(Al.2S)

where CL is the dynamic coefficient of friction between the bulle and percolating

partieles, a concept proposed in this work based on the hypothesis that percolation

velocity is a function of the ratio of percolating to bulle particle diameters (Bridgwater,

1983), and takes me form:

(Al.26)

where le" is a dimensionJess correction factor; Pb is the density of bulk partieles .

If Cp is used to stand for all the constants in Equation Al.25 (the fractional

voidage e is supposed to he constant), the dynamic friction force FL can he expressed

by:

FL = C,Iii,lüp (Al.27)

The X-component of FL cao be expressed by:

F = c 1dt1dr
ù ~dtldt

(Al.29)
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The Z-component of FL can he expressed by:

(AI.30)

Al.2.3 The equation of modon in tbe radial direction in tbe Stokes' Law regioD

Sïnce the action of fluidization tlow is more significant in the separation zone

than in the dilute zone, it is assumed that the X-eomponent of tluid velocity is

approximately equal to the interstitial velocity of fluidization tlow with respect to the

wall of the system, denoted by Uj. This interstitial velocity of tluidization flow is a

function of the fractional voidage and can he expressed by (Wineveen, 1995, p.129):

U,
Il =-

1 E

where UF is the superficial tluid velocity.

(Al.31)

The equation of motion in radial direction in the separation zone is given by:

1t 3 2 ~ dr ) i dr)1 ( 1t 3 1t 3 ) d
2
r-d (p -p)rw -3'Jt lld - +11 -C - = -d p +-d p -6 p ~ ,. dt 1 dt 6 p s 12 P dt2

(.41.32)

Assuming that the centrifugai acceleration of the panicle, rw2, is constant, the

above nonhomogeneous nonlinear differential equation with constant coefficients

becomes:



APPENDIX 1 DERIVATION OF GENERAL EQUATIONS OF MOTION A9
FOR A PARneLE IN THE KC

or

(111.34)

wlJere

Let dr/dt = Pt then

(111.35)

Separating the variables and integrating bath sides gives

-J dp = fdt+cs
1113 +bY' +4/'2

Henee

(111.36)

(111.37)



APPENDIX 1 DERIVATION OF GENERAL EQUATIONS OF MOTION AIO
FOR A PARTICLE IN THE KC

or

(AI.38)

Dividing the right side into (wo terms gives:

(Al.39)

Integrating Equation Al.39 and then calculating the constants Cs and C6 when the

panicle starts at t = 0, r = fit and dr/dt = l!plO' the solution is given as follows:

b + J, b - J, 1- C e -k,t
r = _3_ft]1n(1-C e -1:,) - 3""31n ' +C

210- a 5 210 a C -t,t «5
~ 3 ~ 3 ,e

(Al.40)

If the inenial tenn on the right-band side of Equation Al.32 can be neglected (or

when the instantaneous velocity is close to the tenninal velocity), then
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or

6C, (drY + 18~ dr _«P.-p)r(,)2 -18~a, = 0
lfd:<p. + ~) dt d;(p. + p) dt d;(p... ~)

(Al.41)

(dr)2 dTa3 - +b3- -m3 =0
dt dt

(Al.42)

Henee, solving this second-arder equation with one unknown (dr/dt) gives

(
37t JAd,)1 +

2C,

1rd;(pJ - P)r(,)2 - 187t JA"t
6dp C,

(A1.43)

Sïnce the displacement of the panicle is assumed to he positive (Le. assuming

that it always moves from the centre to the wall of the inner bowl), the instantaneous

velocity of the particle should take this fonn:

dr

dt
=

7td:(p
J

- p)T(,)2 -18,; I-LU j

6d,C,
(111.44)

Al.2.4 The equation of motioo for a particle moviog up the ioner bowl alooi the

separation zone in the Stokes' Law region

The equation of motion for the particle moving up alone the separation zone is

expressed by:
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( )

2
1t 3 Cp dh 1 1t 3 p d21a 1

+-d PB COSCl-- - = -d (p +-)-
6 P COICI dt 6 p ~ 2 dtl

(Al.4S)

Assuming that the centrifugai acceleration of the panicle (rw2) is constant and

manipulating algebraically, we have:

(Al.46)

WMre

Under conditions of t = 0, h' = h' l' and db'1dt = UpzO (the initial velocity larger

than zero), the solution can he obtained using the same approach as for Equation Al.32

and is expressed by:
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(Al.47)

b4 -k
4ln

214

21c4a, 2a4Up:O +b4 - k4
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Appendix 2 Images and Settling Velocity of Particles

and Derivation of Equations of Motion

in a Fluidization Column

A2. 1 Images of Tungsten Particles

Figure Al-! Natural appearance of 300-425 J.Lm tungsten particles. The

photograph was taken with an ordinary camera with a magnification of 3x.
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Figure A2-Z SEM back-scattered image of 25-38 #Lm tungsten particles

from a polished surface of a sample (grey phase is tungsten;

dark phase is mounting medium; the accelerating voltage was

set at 15 keV; the magnification was set at 250x; the working

distance was set al 37 mm.)
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Figure Al·3 SEM back-scattered image of -25 ~m tungsten panicles

from a polished surface of a sample (grey phase is tungsten;

dark phase is mounting medium; the accelerating voltage was

set at 15 keV; the magnification was set at 7S0x; the working

distance was set at 37 mm.)
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Table A2-1 Terminal free settling velocity of panicle, cmls

Size. am silica

1180-1670 96.1 35.3 20.3

850-1180 75.6 27.8 16.0

600-850 54.0 19.8 11.4

425-600 38.2 14.0 8.1

300-425 27.0 9.9 5.7

212-300 19.1 7.0 4.0

150-212 13.5 5.0 2.9

106-150 9.S 3.5 2.0

75-106 7.6 1.7 0.7

53-75 3.8 0.8 0.4

38-53 1.9 0.4 0.2

25-38 0.9 0.2 0.1

-25 0.2 0.04 002

The data for panicles below 150 ,um in Table A2-1 was calculated with the

equation for the Stoke's Law region, i. e.

Terminal velocity = 54SOd:(pp -1) (A2.t)

The data for panicles above 150 ~m was calculated with an equation (Wang,

1988) for the intermediate region of the drag coefficient curve, i. e.

3,-------:
Termintll velocity = 112.8dp* V(p, -1)1 (A2.2)
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A2.3 Derivation of General Equations of Motion of a Particle in a

Fluidization Column

A2.3.t The drag force in diff'erent now regioDS

Figure A2-4 (CUft et al, 1918) shows the drag coefficient of a sphere as a

function of panicle Reynolds number (standard drag curve). The standard drag curve

may he divided ioto four regions, such as described by Coulson et al (1990). The

subintervals of Rep corresponding to these four regions are: Region (a) 10'" to 0.2,

Region (b) 0.2 to 1000, Region (c) 1000 to 2 x lOS, and Region (d) > 2 x lOS. In

this work, only the drag forces in the first three regions of the graph will he considered

as particles do not attain the extremely high Reynolds numbers of Region (d).

10~~~-~--------+---~--:------:t

Rel'

Figure A2-4 Drag coefficient of a sphere as a funetion of partiele Reynolds

number (after CUft et al, 1918, p.llO)]



APPENDIX 2 IMAGES AND SETILING VELOCITY OF PARTICLES AND A19
DERIVATION Of EOUATIONS OF MOTION IN A FLUIDIZATION COLUMN

(1) The drag in the Stokes' Law region (Region a);

Similar to Equation 3.17, the drag on a spherical dense particle moving down in

the tluidization column can he expressed as:

(A2.3)

where Ut is the interstitial velocity ef tluidization tlow with respect te the wall of the

system.

(2) The drag in Region (b):

For the drag coefficient in the intermediate region. an approxirnate expression

suggested by Dallavelle (1948; Coulson et al, 1990) is used, Le.

Co =0.44
24

+-
Re,

(A2.4)

Substituting Equation 3.7 in Equation A2.4 and rearranging gives:

(A2.4)

Assuming that the motion of bath fluid and particle in the column is one

dimensional, combinL'1g Equations 3.6 and Al.4 and then rearranging gives the

expression of the drag force:
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(3) The drag in Region (c):

The drag force in this region can he expressed by Newton's Law (Coulson et al,

1990):

(A2.6)

A2.3.2 The equation of motion for the Stokes' Law region (Region a)

The equation of motion of a spherical dense panîcle in the Stokes' Law region

is given by:

~ 3 ~dh ) ~dh)2 (~3 1t 3)d2
h-d (p - p)g-31tJ1d - +u -c - = -d p +-d p -6 p ~ dt t dt 6 P , 12 P dt2

(A2.7)

Assuming that the interstitial velocity of tluid, \Jj, is constant, Equation Al.7

becomes:

or

(A2.9)



APPENDIX 2 IMAGES AND SETIUNG VELOCITY OF PARTICLES AND A21
DERIVATION Of EQUATIONS OF MOTION IN A FLumIZATIDN COLUMN

WMr~

When the panicle starts at t = 0, h = hit and dhldt = upn>, using the same

mathematic approach as in Section A1.2.3 to solve Equation A2.9 can results in the

following solution:

k + b _ k - b 1 - C e -i;t
la = ' 51n(1-Ce t,I)_ 5 'ln 9 +C

U,a5 9 2k,a, Cge -t,t tO
(A2.10)

Al.3.3 The equatioD of motion for Region (b)

Based on Equations A2.5, 3.36 and 3. 13, the equation of motion of panicle in

Region (b) can be expressed by:

(Al. Il)
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or

(A2.12)

When the panicle stans at t = 0, h = hl' and db/dt = Upalt using the same

mathematical approach as in Section Ai.2. 3 [0 solve Equation Al.12 can results in the

following solution:

(A2.13)

wherl Cil
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A2.3.4 The equation of motion for Region (c)

The equation of motion for a spherical panicle in Region (c) can he written by

combining Equations A2.6, 3.36 and 3.13 and then rearranged, i.e.

or

2 2
d 2h + o.33~pd, +6Cp(dh)2 + O.66p"1 dia + O.33p"i -21dp(P, - p) =0

dl2 1td3(p +.e.) dt d(p +.e.)dt d,p,
p $ 2 p $ 2

or

(A2.14)

(A2.i!)

(A2.16)

2 1
o.331tpdp +6Cp O.66plli O.33plli - gdp(p! - p)

where eL, = , b7 = , nt, =-------
1td3(p +~) d (p + 1.) d (p + p)

P J 2 p ~ 2 p "2

When the panicle stans at t = 0, h = hlt and db/dt = upzO t the solution of

Equation A2.IS can he obtained with a matbematical approacb similar to that used in

Section A1.2.3:
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(A2.17)
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APPENDIX 3 Photos and Drawing of the Variable Speed KC

Figure AJ-l The 3" (7.5 cm) variable speed Knelson Concentrator (side view)
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- - "'---'_.'--~"--~

Figure AJ-2 The 3" variable speed Knelson Concentrator (front view)
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"'able A4-1 Slandanl devialion uf tungstc:n recovery from silica analyud by MLS and magnclic separaiion

Size -> 3OO"m 106 tam 75"m 38"m ·25 &lm
~epeated Cone. Reeoverv ~one. Recovery Cone. Recovery ~one. Recovery Cone. Recovery
lest No. 12rams ~ trams % e.rams ~ R,rams ~ arams CI

1 9.97 99.7 9.94 99.4 9.98 99.8 9.95 99.5 9.66 96.6
2 9.98 99.8 9.99 99.9 9.95 99.5 9.92 99.2 9.73 97.3
3 9.92 99.2 9.91 99.1 9.96 99.6 9.93 99.3 9.73 97.3
4 9.99 99.9 9.97 99.7 9.92 99.2 9.96 99.6 9.68 96.8
5 9.96 99.6 9.97 99.7 9.99 99.9 9.96 99.6 9.79 97.9

STD 0.27 0.31 0.27 0.18 0.51

Table A4·2 Standard deviation of tungslen recovery from magnetite analyzed by MLS and magnetie separation

!Size -> 212 pm 106 :lm 75"m 38 um -25 "m
Repeated Cone. Recoverv ~ne. Recovery Cone. Recovery Cone. Recovery Cone. Rccovery
est No. 2rams ~ Rrams ~ 2rams % trams % Erams fJ

1 9.95 99.5 9.97 99.7 9.76 97.6 9.67 96.7 9.21 92.1
2 9.96 99.6 9.65 96.5 9.85 98.5 9.48 94.8 9.25 92.5
3 9.95 99.5 9.80 98.0 9.68 96.8 9.66 96.6 9.28 92.8
4 9.89 98.9 9.91 99.1 9.86 98.6 9.54 95.4 9.20 92.0
5 9.96 99.6 9.72 97.2 9.87 98.7 9.67 96.7 9.34 93.4

STD 0.29 1.32 0.82 0.88 0.57
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Figure A4-l 0
80

of gangue in the concentrate as a function of tluidization rate

and centrifuge acceleration (gangue type: -425 #lm magnetite)
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Figure A4-2 Mass of the concentrate as a function of centrifuge acceleration

and tluidization rate (gangue type: -1670 ~m Magnetite)
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Figure A4-3 Dao of gangue in the concentrate as a function of fluidization rate

and centrifuge acceleration (gangue type: -1670 ~m Magnetite)
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Figure A4-4 Mass of the concentrate as a function of centrifuge acceleratioD

and tluidization rate (gangue type: -425 pm silica)
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and centrifuge acceleration (gangue type: -425 ~m silica)
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Table A5-1 Standard deviation of magnetite recovery from silica analyzed by magnetic and MLS separation

Size -> 300um 106 lm 7511m 38J1m -2S IIm
Repeated Cone. Recoverv Cone. Recovery Conc. Recovery Cone. Recovery Cone. Rccoverv
lest No. 2rams % ~rams % Irams % grams % RraJDS "1 9.87 98.70 9.94 99.40 9.86 98.60 9.92 99.20 9.86 98.60

2 9.94 99.40 9.96 99.60 9.90 99.00 9.89 98.90 9.82 98.20
3 9.95 99.50 9.93 99.30 9.91 99.10 9.93 99.30 9.89 98.90
4 9.97 99.70 9.94 99.40 9.90 99.00 9.91 99.10 9.83 98.30
5 9.91 99.10 9.90 99.00 9.93 99.30 9.88 98.80 9.76 97.60

STD 0.04 0.39 0.02 0.22 0.03 0.25 0.02 0.21 O.OS 0.49
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Figure AS-l Mass of the KC concentrate as a function of centrifuge

acceleration and fluidization rate (feed: 1.25% magnetite)
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Figure AS·l Dao of gangue in the concentrate as a function of fluidization rate

and centrifuge acceleration (feed: 1.25% magnetite)
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Figure AS-) Mass of the KC concentrate as a function of centrifuge

acceleration and fluidization rate (feed: 2.5% Magnetite)
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Figure AS-4 D80 of gangue in the concentrate as a funcùon of fluidization rate

and centrifuge acceleration (feed: 2.5% Magnetite)


