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ABSTRACT 

The distribution of fluidization flow of a variable speed 3-in (7.5 cm) &&on 

centrifugai concentrator was first shidied. Iis performance was then investigated for 

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

gangue density and size distribution, and feed rate determined. To obtain some 

fundamental information relative to the recovery mechanisrns of the Kaelson 

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

investigated in the gravitatioml field. using a fluidization column. The equatiom for 

detennining the instantaneous radial senling velocity of a spherical particle 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 

magwtite from silica gangue wen studied. Results indicare that rotating speed of the 

Knelson Concentrator affected both the movement of mineral particles and fluidization 

of the separation zone. which in m affected KC performance. For al1 types of feeds 

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

with increasing rotating speed. The snidy of capture kinetics showed that tungsten 

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

from 0.5 to 5 kglmin; this decrease became smaller with increasing Gs. However, the 

recovery drop (or the corresponding capture rate constant) was srnail for couse (> 106 

pm) Nngsten and moderate for fiae (< 106 pm) tungsten, suggesting that for typical 
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applications of gold recovery from the circulating load of a grinding circuit, feed rate 

should be maximized. Further, accelerations of 30 to 60 Gs were adequate for very 

good recovery of tungsten above 25 pm. The recovery of magnetite €rom a -425 pm 

silica gangue was limited to a d, of 40 pm. Rotation velocity bad littie impact on how 

f i e  magnetite could be recovered, especially above the veiocity correspondhg u, 60 Gs. 

At 1 Gs (i.e. in the gravitational field). an optimum fluidization 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 

rnigrated faster han those af lower density. When the gangue bed was well fluidized, 

the migration rate of coarse panicles was higher than the prcolation rate of fws. 

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

size distribution and density on Knelson performance. 



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 a l'aide de minerais synthétiques de densité et 

granulométrie différentes. Pour comprendre les mécanismes de récupération, nous 

avons étudié l'infiltration 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 particules 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 

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

séparation, et sur la vitesse de sédimentation des particules 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 intermédiaire. 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 kghin; cette baisse de 

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

diminution est limitée aux particules de tungstène inférieure à 105 Pm, et même pour 
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ces particules plus fuies. elle est moins prononcée que l'augmentation du taux 

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

broyage devrait être dimente 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 tailie supérieun à 25 pm. De plus. la renipéntion dc la mag&tite d'um 

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

supérieure à 40 pm (Dd; augmenter la vitesse de rotation du Kwlson n'a que très peu 

d'effet sur la récupération de particules plus fmes, surtout au-dessus d'une vitesse de 

rotation correspondant il une accélération de 60 Gs. 

Le travail en colorne fluidifiée a également identifié un debit de fîuidification 

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. surtout 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 particules denses grossières est plus 

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

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

du concentrateur Knelson de 3 pouces. 
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CHAPTER 1 INTRODUCTION 

1.1 The Knelson Concentrator 

The Knelson Cowntrator (KC) is an innovative centrifuga1 separator which was 

patented by Byron Koelson in Canada in the early 1980's. It has since received 

industrial acceptance worldwide. and exhibited excellent performance for both gold vein 

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

Poulter et al, 1994; Cloun, 1995; H m  et al, 1995; Mesa et al, 1994; and Sund!, 1990). 

It combines the advantages of a simple structure. a high capaciw. a wide sue range of 

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

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

Knelson Concentrators, inciuding the Centre Discharge mode1 . have since b e n  

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

Brewis, 1995). 

Despitc widespread acceptance, the Knelson Concentrator is still undergohg 

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

effective use have been carried out at McGill University. Efforts 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; Putz et 

al, 1993; Zhang, 1998), and the study of concentration mechanisms with a laboratory 
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KC (Laplante et al, 1 M a .  1996b. 1995. 1994. and 1992; Huang, 1996). Some attempt 

at modifying its bowl geometxy have been made, and results, though inconclusive, have 

shed additional light on how the units works (Laplante at al, 1998). 

The separation principle of the KC, for al1 models. is based on th differerife in 

centrifugai forces exerted upon gold and gangue particles and on fluidization of the 

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

worlring at a constant rotating speed that generates an average centrifuga1 acceleration 

of 60 Gd Since the magnitude of centrifuga1 force applied on a particle depends on 

the rotating speed of the inner bowl of the KC. it is important to investigate thoroughly 

the effect of rotating speed. However, very linle information on this subject has b e n  

published so far (Knelson, 1985). which means that the relationship between rotating 

speed and unit performance remains as yet unprobed. As some users of the KC an 

wondering, why does the KC have to work at 60 Gs? Could it be possible for the KC 

to work at 30 Cs so as to reduce power and water consumptions? Cm the KC run at 

120 Gs or even faster in order to increase its capacity and gold recovery, or recover 

other , lower density , minerais? Practical questions such as these are O bviousl y related 

to the rotating speed of the KC. Answers are not trivial. Recovery is achieved when 

particles cm radially move to the concentrate bed before king rejected with the tails 

'60 Gs, or 588.6 m/s2, is sixty times 9.8 1 ds'. the acceleration of falling objecu 
in euih's gravitational field at sea level. It is both average and theoretical because (i) 
the rotating radius increases as the feed flows upwards from the bottom of the Knelson 
imer bowl, and (ii) it is assumed that the slurry has reached the same rotating velocity 
as the bowl itself. 
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strearn. Particle radial movement can take place either by percolation or by migration 

af'ter raâiaî settiing (to be defiacd in Section 3.4.1). Funher, particles already recoverrd 

must not be rejected by concenttate beâ erosion befon the end of the recovery cycle. 

Al1 these mechanisms are afftcted by fuadamentnl opcrating variables such as feed rate. 

rotation veiocity and fiuidizing water fiow rate. but in different ways. The rewnses 

are very dependent on particle s i x  and density, and are aiso significantly affected by 

the size distribution and density of the gangue. 

This project will attempt to develop a phenornenological understanding of how 

these variables interplay. using a variable speed centrifuge. in this case a 3" (7.5 cm) 

laboratory concentrator (LKC), a unit which has been extensively studied at its normal 

cenaifugal acceleration of 60 Gs. The study was deemed worthwhile because it would 

lead to a better understanding of fuadamentals relating to the recovery mechanisrns of 

the KC, and it might provide usehl information for the developrnent and application of 

industrial centrifuge concentraton. 

1.2 Objectives of the Study 

In this research work, a series of experiments anci necessary theoretical anaiysis 

of the hindamentals and performance of the variable speed centrifuge was coaducted. 

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

gravitational field, and iavestigate the effects of fluidizing water. gangue density 

and particle size on the percolation and migration process. 

study the effect of rotating speed on the flow rate and pressure of fluidizing 

water. 

investigate the effect of rotating speed on separarion of dense particles kom 

gangue. 

uivestigate the interactions of fluidization water. gangue density, panicle size 

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

different rotating speeds. 

study the effect of rotating speed and feed rate on ring-by-ring recovery of the 

KC. 

explon mathernatically the effect of centrifuga1 acceleration and water 

fluidization on particle senling velocity . 

1.3 Structure of the Thesis 

This thesis cowists of nine chapten. Chapter 1. as seen above, introduces 

briefly the background, rationale and objectives of the research project and then outlines 

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

centrifuga1 concentratcirs. including the Knelson Concentrator, and on the fundamentah 

of this field. Chapter 3 deals wiih theoretical consideratioas. stressing the analysis of 
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the settîing of dense particles under the Muence of both centrifugai acceleration and 

water fluidization. 

Chapter 4 describes the percolation behaviour of dense particles in a fluidized 

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

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

mechanism. 

Chapter 5 shows fmt the experirnental 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 

fluidization flow rate. 

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

of synthetic ores with the Knelson. Chapter 6 rnainly deais with separation of tugsten 

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

from silica gangue. These thm systems represent separatiow of increasing difficulty. 

Both chapters discuss the effect of acceleration on the optimum fluidization and the 

particle size distribution in the concentrates. 

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

how the miss and particle size of the concentrate are distributed in each ring of the inner 
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bowi. A 9-test program was conducted to detennine mgsten recovery from silica at 

different retention tirne and rotating speed, aod a set of nibber stoppers was used to 

extract concentrate from each individual ring. 

in Chapter 9, conclusions bas4 on the thesis expcrimenu are drawn, ;ind claims 

to original knowledge and suggestions for future work are also presented. 



CHAPTER 2 LITERATURE REVIEW 

2.1 History of Cenmfuge Concentrators 

n i e  eariy centrifuge technology was describeâ by LEONARDO DA VINCI (1452- 

15 19) who suggested the idea of using centrifuga1 force for lihing liquids. The fmt 

centrifbgal device known in the history of engineering was a centrifugai pump which had 

operateci in a copper mine in Portugal in the fifkb century (Lazarkiewicz, 1965). In the 

field of mineral processing engineering, centrifige concentrators for gold recovery 

predate this cenniry, as crude early versions were developed when the indusaial 

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

The Hendy Concentrator was one of the earliest forms of centrifugai 

c o n c e n m a  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 vertical shah 

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

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

revolution of a crank shaft. the heavy particles moved outwards by centrifuga1 force and 

accumulated in the penpheral gutter, while the lighter particles were discharged into the 

central circular basin and were rernoved by opcning discharge gates at intervals. A 

somewhat similar machine was the Duncan Concentrator, which was made of wrought 



iron instead of cast iron (Rose, 1898; Louis, 1894). The pan revolved at a speed of 8% 

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

Heldy and the Duncan Coucentrators were used to a certain extent in California, anâ 

were capable of doing very fair work in the recovery of suiphides, except on fuie slime 

(owing to k i r  insumcient rotating speed). These two types of crude centrifbgal 

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

some fonn or other. 

- '  - 
-- 

L.\. . -1 'k- 

Scc!tonal Elcoation. 

Figure 2-1 Hendy Coacentrator ( afkr Louis, 1894) 



It should be mentioned that the principle of cenmfugal concentration was also 

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

Guiod Amalgamator (Willips, 1867) might be a typical example. This machine, which 

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

As describeci briefly by Phillips (1867). water and ores were introduced at the bonom 

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

were thrown by centrihigal action upon a bed of rnercury lying in a groove around the 

i n t e d  circumference, whilst the tailings was discharged from the centre of the lid to 

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 operatioas in the years prior to 1945, was an 

embryonic fonn of some coatemporary advanced c e m g a l  concentrators. This device 



was a vertical bowl-shaped basin, 30 to 90 cm (12- to 36-in.) diameter at the rim, 

rubber-riffled on the irilicr surface. The peripherai speed at the bowl rim could be up 

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

aroW upward toward the bowl periphery under the infhence of centrifuga1 force; gold 

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

over the rim. The gold concentrate was washed out of the bowl at intervals by shutting 

off feed. It wu claimed that capacities wen 0.38 to 1.15 m3 of < 5 mesh grave! per 

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

unit* 

In addition, the following types of cenmhiges, which have been tried or 

desigmd, may be recognized as a contribution to the evolution of centrifuga1 

concentrators. 

In the period of 19104912. the Peck Centrifugai Separator was tried at 

Anaconda, Montana. U.S.A.. produchg a commercial concentrates (Trucon, 1x3). 

This device consistai of two pans, which were rotated independently in the same 

direction. The pulp passed through the bonom of the inner and smaller pan hto the 

space between the two pans. The heavy mineral particles could then form a bed upon 

the inner wall of the outer pan. which would be remaved aner each concentration cycle, 

while the gangue was rejected to the overfiow through appropriate noules around the 

lip. 
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In 1913-1914. the Laist Centrifuga1 Separator was nied at Anaconda as a 

continuous separator of granular slime from colloidal materiai and excess water 

(Truscon, 1923). This machine consisted of a number of radial charnbers which werr 

used to collect the settied material during rotation. The design of this centrifuge boosted 

sorne of the features of the prototypes of the noule-bowl and the ejecting disc 

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

In 19 12. the Trent Centrifuga1 Separator worked to separate minerai particles 

from gangue or separate solids from water (Tmscon, 1923). Its strucnire appears 

cornplex because of the embodying of a nurnber of features such as the feeding by a 

centnhigal pump and the discharging by a narrow aperture. 

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

which is supposed to resemble to some modem centrifuges. including the KC (Napier- 

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

fluidization water was added at theu bonoms. Unfortunately, this device was not 

adopted by the mining industry. An obstacle in its cornrnercialization was the Iack 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 corne into being. either in the stage of developrnent or in full 

cornmercialization. The advent of new marerials and electric and electronic technology 

has made possible cenrrihigal concentrators with features such as high centrifuga1 

acceleration and capacity, acceptable W e a r  rates. and high efficiency and automatic 

operation. As a result. centrifùgal concentration has been increasingly used for the 

processing of various materials in panicular ores, and instilled a renewed interest in this 

field. Basically, the centrifuges already used or potentially suitable for a variety of 

industrial applications may al1 be divided into two types: the mono-centrifuge and the 

multi-gravity concenuators. The former can be 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. 

2.2.2 The mono-centrifuga1 concentrators 

Mono-centrifugai concentraton may be defined as gravity concentrators that 

separate heavy materiai from lighter gangue mainly by the mechanism of centrifuga1 

separation. They rnay be sub-divided. according to whether or not there is a back- 



injection water system, into two types: the ordiaary (single wall) centrifuges and the 

back-injection centrifuges. 

The ordinary concentrator 

The batch 1B) or continuous (Cl Falcon Concentrator is a vertical centrifuge 

comisting of a concentration rotor. The rotor is actually a cone plus cylinder-shaped 

bowl with a length equal to approximately nvice iu diameter. The processing (inner) 

surface is covered by a wall of wear-resistant material such as rubber and urethane. 

Figure 2-3 shows B6 Falcon Concentrator. 

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

fom through a cenaal downcomer. The impeller at the very base of the rotor evenly 

FJcon 86 Concentrator r 

Figure 2-3 Experimeotal Set-up for the Bi5 Falcon Concentrator (Laplante et al, 1994) 



CHAPTER 2 WTERA- REVIEW 14 

distributes the slurry to the interna1 wall and provides an initial acceleration. Under the 

action of the centrifuga1 force. heavy particles settie down over a bed of material which 

has akady accumulated closest to the wall at the very beginning of the feeding cycle, 

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

water flow to report as taiiings. The concentrate is discharged either at intervals or 

con<inuously depending upon the design of the rotor. Thus, as described by Falcon 

Concentrators Inc. (1997 a). the Falcon Model 'B' units inse out periodically the 

concentrate through the hollow diive shaft at predetemined "batch" intervals; the 

'Falcon Model 'C' units bleed the concentrate off at a controlled variable rate through 

a series of plane rnass flow hoppers, pinch valves and discharge orifices. The rotating 

speed of both models can generate up to 300 Gs cenuihigal field. The largest unit buiit 

to date, the mode1 C40, is claimed to have a maximum solids capacity of 200 tons (180 

tomes) per hour for a feed particle size below 850 pm (20 mesh) (Falcon Concentraton 

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

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

gold recovery and tailings scavenging, while the Model 'C' uni& are suitable for a wide 

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

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

However. applications of the Model 'B' units might be limited since banen gangue 

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

concentrate. 
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Laplante (1993) compared the performance of the Falcon concentrators with that 

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

for gold fmr lhan 37 Pm, for shon recovery cycle. For the B6 Falcon, Laplante et al 

(1994) demonsnated that gold recovery from a fuie gold-pyrite-silica flotation tail with 

characteristics of a low sulphide content and a fine sue 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 1 at very low upgrading ratios. In a snidy conducted by Lins et al (1 992), the results 

of pilot plant tests using the Falcon 86 and 812 to recover gold from a hydrocyclone 

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

operation cycles. This performance is reasonably fair since the results of arnalgamation 

analysis suggested that oniy 2 5 1  of total gold in the feed was gravity recoverable. In 

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

be capable of recovering very f i e  tantalum and superior to the Knelson Concentrator 

and the Kelsey Jig, though its performance was not as good as that of the Mozley Multi 

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

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

95 % silica) and two naturai gold ores of different gangue densities (a massive gold- 

copper sulphide ore and a f i e  gold-pyrite-silica flotation tails) to investigate the 

relationship between the performance of the centrifuge and major operating parameters. 

The results of his study showed that the recovery of mid-size particles (53 to 150 pm) 

was poorer than that of fmer size ( C 53 pm). Regardhg the recovery mechanisms of 
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the Falcon B unit, he suggested that panicles were captured into the concentrate bed in 

MO different ways: either by burying of coarse particles in the bed (migration) or by 

lodging of fmer panicles in the interstices between the coarse parcicles (percolation). 

Recent research work has shown the potential of the continuous Falcon for fuie 

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

from the Illinois No. 5 seam. using a Cl0 Falcon as die principal separator and 

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

a Pack-flotation Column. Their results showed that owing to its reiatively high 

centrifuga1 acceleration (300 Gs) the Cl0  Falcon was the most effective in rejecting the 

coal pyrite and ash-bearing particles from a 210 x 37 prn size feed. For the feed below 

37 Pm. however. their results indicated that the ash rejection values achieved by the 

Falcon were not significant probably due to an insufficient centrifuga1 force. Besides 

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

the Falcon Mode1 'C" was a function of bowl geometry, feed solids content and feed 

rate. Baseci on the testing above and various stages of successtiil pilot scale testing, 

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

fine coal streams (Falcon Concentrator Inc.. 1997b). Over a one year p e n d  of full 

production good metallurgical results were confirmed . 

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

device in the Chinese mineral industry since its deveiopment in the early 1960's. Its 
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Figure 2-4 Schematic illustration of the Yunxi Centrifuge 

principal concentration component is a rotating tapered d a m  which in most cases is 

hotizontally aligned (Sun.1982), and may be venically aligned for some models (Li et 

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

Centrifbge. The pulp is fed into the smail end of the rotating dnun by noules and the 

tailings is discharged from the large end of the d m .  The concentme is also 

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

stopped or cransferred to another centrifuge. at regular the intervais, as frequently as 

every 3 to 5 minutes. Al1 operations. including feeding and discharging of the 

concentrate, are elcctronically controlled. 



The size of the commercial Yunxi centrifuge is designated by both the diameter 

of the s d l  end and the length of the drum. n i e  centrifugai acceleration geaerated 

inside the drum can be vPned from 20 to 172 Gs by varying the rotating speed of the 

dnun (Teachirig and Research Divisions of Mineral Prwessing, 1978). Normally, the 

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

cenaifuge is used mainiy for the recovery of cassiterite. wolframite and hematite (Li et 

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

instance. the ~800x600 rougher unit has a throughput of 30 tonnes per day. a water 

consumption of 50 m31day, an enrichment ratio of 2.5 to 3 .O. and a recoverable size of 

10 to 74 pm for th slime treatment (Li et al. 1984). 

The SL-we - - Se~arator 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. w hose workhg cornpoilenu 

Figure 2-5 The schematic illustration of the SL-type Scparator (Ren et al, 1994) 



comist essentially of a horizontal d m  and a water jet. The pulp is fed onto the h e r  

wall of the rorating d m  through a pipe (3); due to a very high centrifugai acceleration, 

heavy particles senle d o m  close to the wall of the d m  and are flushed away as 

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

Ionginidinal flow. which results in a "hydraulic weir" (Ren et al. 1994a) to prevent 

heavy pmicles from travelling to the tailings Stream. Lighter particles are spun with 

water flow off the d m  as the tailings ( 5 ) .  

n e r e  are t h e  models of the SL-type separator availabie. which are desigmtd 

by the drum diameter. The SL-300 mode1 is a laboratory unit which can geaerate a 

1500 Gs acceleration; the SL-600 and the SL-1200 models are the industrial sale uniu 

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

the centrifuge is between 1 10 and 2000 kglhour for -10 pm slirnes. depending upon the 

dmm size. It is claimed that the SL-type is capable of treating 10-74 pm cassiterite with 

high recoveries, provided operating parameters are properly adjusted. 

The DTsS Refininn Cenuifuee, and another similar unit. the TsBS unit, were 

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

San& with a gold recovery of over 90% in less than 0.01 % of the buik (Burt, 1984). 

They are untluidized and vertical riffled cone type units. When the feed slurry flows 

into the rotating cone. heavy panicles in the feed are centrifuged and trapped between 



the riffle rings, from which they are removed at intervals, wMe lighter particles flow 

up and out of the cone as the tailings. 

The sorting centrifuize was developed and king tested on plant-scale in Germany 

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

double-cone centrifuge with a screw conveyor and c m  generate up to 15OO Gs 

centrifuga1 acceleration. When operating , the centrifuge uses either water or a sodium 

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

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

sized at 8 - 10 mm. 

The Rotatinn Tube, developed by Ferrara (1960), is an experimental scale device 

consisting of a horizontal Perspex tube. 1100 mm in length and 30 mm in diameter, 

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

the help of cenmfugal acceleration. which enables heavy panicles to remain in the 

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

then discharged. Batch tests on cassiterite and cinnabar ores showed that the tube could 

achieve good recoveries, but at enrichment ratios lower than 9 (Ferrara, 1974). 

The back-injection centrifuge 

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

fluidize the concentrate bed €rom b e h d .  Two of the back-injection centrifuges that 
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have been comrnerciakd will be discussed. the Knelson Concentrator (to be described 

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

The SuaerBowl is a batch centrifuge for gold and precious metals, recentiy 

developed and rnanufactured by the Falcon Concentrators Inc (Plummer. 1995). Figure 

2-6 (Falcon Concentraton Inc., 1997) shows the Mode1 SB4 laboratory SuperBowl. The 

heart of the centrifuge is a vertical plastic rotor bowl; its lower part is inward tapemi 

and smooth wailed so as to provide a migration zone for centrifuged mineral particles, 

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 concentrate beâ. 

Figure 2-6 The Mode1 SB4 laboratory SuperBowl (Falcon 

Concentrators Inc.. 1997) 



Feed slurry is duect#l into the rotating rotor bowl and then imparted an 

acceleration of up to 200 Gs 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 back-injection water. Lighter particles are washed out of the 

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

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

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

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

SuperBow 1s are currently manufactured in four sizes. from laboratory scale to 

high capacity rnodels. either automated or manual (Sutter, 1997a). Since the unit works 

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

claimed that it will capture a significant pan of the market. Recent statistical 

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

pNnary recovery, concentrate cleaning, recovery in grindhg circuits, and metallurgical 

testwork, etc. (Suner, 1997b). 

2.2.3 The multi-gravity concentrators 

Compared with the monotentrifugal concentrator (Le. the concentraton that 

achieve separation mainly by cenmfbgation). the multi-gravity concentrator may be 

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

combineci mechanisms of cennifugal separation and other conventional gravity 
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separation. Exarnples of this type of concentraton include the Kelsey Centrifuga1 Jig, 

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

The centrifu~al iig works by combining jigging and centrifuging, At least there 

are two types of centrifuga1 jig available from different manufxturers: the Kelsey 

Centrifuga1 Jig (Brewis. 1995) and the Altair's Centrifuga1 Jig (Altaû Intemational, 

1997), also known as the Campbell Centrifuga1 Jig (Environmental Management of the 

U.S., 1997). 

The Kelsey Jig was invented in Austraiia and is manufactured by the Geologics 

Pty. M. (Brewis, 1995). The basic operating principle of the Kelsey centrifuga1 jig, 

Ragging bed 

Dense rninerals 
\. Spin 

Concentrate 

figure 2-7 The spinning Harz Jig - Vertical orienîation (Beniulc et al. 1994) 
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as illustrated in Figure 2-7, can be concisely demonstrated by a spinning Harz jig 

(Beniuk et al. 1994). In Figure 2-7, the hutch of the Han jig is tumed fmm a 

conventioaally horizontal to a vertical orientation and spun about an axis. Feed enfers 

the rotating jig and is then distributed onto the ragging bed by centrifugal 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 according to 

their specific gravity and eventually allowing the cenmfugally settled dense particles in 

the feed to move dirough the screen and be discharged through a spigot. Lighter 

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

carried away to tailing. 

The commercial Kelsey Centrifuga1 Jig has a number of concentrate hutches and 

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

The centrifuga1 acceleration generated by the centrifugal jig can be as high as 100 t he s  

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

paniculariy at fine sizes below 40 prn that cannot be effectively recovered by 

conventionai jigs. Another key feanire of the unit is its ability for continuous operation 

since b t h  concentrate and tailing are continuously discharged. Consequently , the 

Kelsey has found applications in the treatment of mineral sands, and the recovery of fme 

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

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

Kelsey has been developed by using a laboratory-scale jig to process ungsten slime 



ta* and by considCrhg the effects of the main operation parameters such as g-force, 

cagging characteristics anci stroke lengrh (Tucicer, 1995). 

The Altairas Centrifllgal lig is similar ta rbc Kelsey CeIltrifllgal Jig in many 

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

gold and heavy mincd sanâ deposits; coal cleanhg and preparation; and enviromexml 

remediation (Altair Intemational, 1997). However, b u s e  little technical information 

is available, and w Mustrial application bas nachcd a cornmerciai development, it is 

very diffcult to assess the efficiency of the unit. Because water is injecteci as a pulse 

without negative flow (Le. the minimum flow is zero), its water coasumption is high awi 

the average flow king higher than that of the Kelsey jig, fine heavy particle recovery 

is likely to suffer. 

Mozlev Multi-Gravitv - Senarator {MGS) achieves very f i e  minerai 

separation rhrough a combined action of both the conventional shaking table and the 

cenaifuge. In other words, it is a type of dm-sbapcd s W g  table which rotates at 

spccds variable enabhg a centrifbgal acceleration equai to 5.5 to 15.1 Os to k 

generated at the drum surface while shaking in the axial direction. Figure 2-8 illustrates 

a gencral arrangement of Cg00 MGS. The drum is tapereâ at one degree with the 

smaller diameter at the concentrate end, the axis of which can be inclinai to abu t  10 

degrees. 



On operating, fecd sluny enters the rotating and s W g  dnun about haif way 

and wash water is added via a perforated ~g near the open end of the d m .  U&r 

the infïucnce of both centrifuga1 accelcration and a simisoida1 shaking, heavy particles 

settle radielly through the s1urcy film anci fom a Iayer of concentrate bed pinned to the 

inncr wall of the drum. The concentrate is then moved countercurrent to the flow by 

scrapers which are assembled inside the d m  and rotate at a slightly higher speed than 

Figure 2-8 The laboratory/pilot plant MGS generai arrangement 

(Traoh et ai. 1995) 



the d m ,  and discharged €rom the smaller end of the d m  into the concentrate la-r. 

Lighter panicles are conveyed down the drum by water flow aad discharge into tk 

tliliog lamier. 

The MGS has ken experimenially provea to be a highly effective gravity device 

for the recovery of fm and ultmfuv particles. Chan et al (1991) conductcd gravit- 

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

comparing performance with t&at of conventional devices such as the shaLing table ami 

spirai. Their experimental results demonstratcd that the MGS couid deliver a supcrior 

performance in trcatment of very fm materials. Recently, Traore et al (1995) used a 

synthetic ore made up of ferrosilicon and quartz and a naniral tungsten ore to carry out 

a comparative performance study between the MGS and a fiiu table. They pointed out 

that the MGS app- to obtain better resulu than the fuu table, especially for panicles 

below 20 pm. When experirnentally cornpared with other three new types of cennifugal 

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

reponed thnt the performance of the Mozley MGS was superior in mamirnt of tantalm 

slime with a size typically 45% below 12 pm. In testwork on fuw chrornite slime ~IK! 

table tailings, 0zdag et d (1994) demonstrated that it was possible for the MGS to 

upgrade the slime and table tailings to 56.8% md 53.8 % Cr20 in the concentrate with 

60.0% and 48.5 % Cr,4 recovery, respectively. In addition. research work showeâ that 

the MGS could reject some 7585% of the pyritic sulphur from seam coal in Virginia 



2 m m  
e 

(BrewU, 1995). (Thc MGS is comxnercially uscd to -ver fb cassiterite in Austnlir 

and Russia.) 

In idusaipl applications. the MGS hss largcly driplicatcd its labotatory 

p e r f o m .  At the Bristol Mineral Company in UK, thating a cyclonc uoderfiow with 

a puticle size ranging ktwcen 75 ad 5 pm gnding 67% celeaite, the MGS w u  able 

to rchicve tbe 94% m e  required at a recovery of 65% thereby succcsst'ully malhg  

a saleable product (Chan et al, 1991). Also, as reportcd by Bnwis (1995). tbe MGS 

has founâ its applications in ultrafm cassiterite cecovery, at the W k a l  Jam plant 

Cornwall; woiframite cecovery from the p l u  tpilings at M W  Regina SA in Pmi; 

upgraâing graphite flotation concclltrates in South Ausarlia; tbc scparation of gold h m  

flotation concentrates in the Czech Repubiic. etc. Rcccntly, tbt capacity of the unit hs 

k e n  increased to 4 t/hr for the C902 MGS and 60 t/hr for the MeGaSep achard 

Mozley Limiteci, 1998). The Mozley Double Drum MGS. wbich is constructcd w i a  

two identical units, has ben uscd in a numbcr of countrics. 

nn binl was developcd in 1978 by the S W g  M m e  of 

MeMutgy, China, its fm commercial application king on UUaiitc Pnd columbite o n  

(Hou, 1983). It is composed of a spiral and a rotating devicc dnven by a motor so as 

to e ~ b l e  the spiral to spin mund the vertifal SM. Anothcr f e a m  is that thm are 

-y mes built raâîally on the spiral surface, which arc similar to chose on the dcck 



of the conventionai shakmg table. Thcrtfore, it is claimd h a t  this device combks the 

featutcs of the conventional spiral. the centrifuge and the shaking table. 

Practicc in trcatmcnts of tantalum. colmbium. tin and gold ores has showu tbat 

the Rotating Spiral is a highly effective gnvity concentrator since it has a high 

thmughput and a high enrichment ratio (up to 100). 

centnfuPal tof luid  s c m t o ~  was devcloped and king tested in Russia 

and it is claimcd that this device was able to accurately divide fuie nopmagrrtic 

particles of raw materiais bascd on deasity (Lepekhin et ai, 1995). The device is a 

multi-gnvity cenirifuge that worlcs not only by combining techniques of ceatrxfugai 

sepmtion anci separation in mgnetic fluids, but ais0 by means of magnetic separation 

(when there is a magnetic component in the f d ) .  As descnbed by Lepekhin et al 

(1995), the vertical concentrathg rotor of the device consists of a storage space for a 

heavy fraction, and of a row of rectiliacar Nd-Fe-B permanent magacts placed in a 

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

is fed to the rotor and fds the heavy fraction storage space and the gaps k<wccn 

mgnets up to a certain Ievel. Thn, the raw matcriai slurried with water is €cd to tk 

rotor rotating at about 50 Gs. Under influence of centrifirgal acceleration. heavy 

panicles overcome the buoyancy force of the magnetic fluid and settk dom in the 

storage vesse1 of the heavy fraction, while lighter particles flow away through the 

discharge tube. AAer a certain processiag period, thc accumulateci heavy fraction is 



2.3.1 Deveiopwnt of the helson Con~nwator 

The fmt and very cmde Knelsofl C0n~entx'aior (Kc) was commercialized in 1980 

in Cmda by Byron Knclson, whose inspiration of the Knelson design arose h m  a 

desùe to "sckntifically i n c m  eficiency and duce  gold 10~s" in placer processbg 

afkr his sevenday visit to Yukon placer d g  sites in the emiy 1970s (belson. 1992, 

and 1985; Kaelson et al, 1990). This esrly stage of the KC was a venical back-injection 

centrifuge with NO concenaic bowls. The ber bowl was a concentration corn which 

had a srraight perforated wall outwardly klined at appm*tely 30 degres with 5 cm 

flat metal rings spaced 5 cm apm. ms fmt machine, which bad a variable spccd by 

virnie of a mechanical belt system, led to the selecrion of a rotahg speed of about 240 

rpm to achieve a centrifuga acceiention of60 Gs (Kmlson, 1985). FluidUPtion of the 

concenmte bed in the imer bow[ was achieved by utilizing a hollow drive shan to 

deliver pressurrd water to a jacket berneen rhe outer and hner bowls, which embles 

water enter the concentrate bed throiigh the ~erf'oraa wali. Because of a water 



pressure imbalance in the rings, the manufacniring of the first colycentrator design came 

to a stop &t a n m k r  of these machiaCs were used. 

In order to overcome the problem of pressure imbalance in the ring ami nuin 

a -ter volume of concentrate, the second b l s o n  Concentrator design was made by 

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

top to form a conc shape, and by inwducing tangentid back pressure water injection. 

However. due to the excessive volume of the bottom ring, a problem of i m b a l ~ w  

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

fluidize the bottom ring was much highcr than the top ring. 

The third generation of th KC was design4 in 1984 with a 'V' sâaped proNe 

to the rings of the conical inner bowl. which is claimed to allow even greater depth of 

concentration. This improvement has nsulted in a number of benefits inciuding the 

abaity to mouid ~ g s  and much -ter bowl life due to abrasion mistance of 

polyurethane or special rubber (used in tropical countries). 

Preseatly there are six diffmnt sizes of the KC ranging fiom 3" (7.5 cm) to 48" 

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

capable of pmcessing up to 100 tonnes of mimis 6 mm solids per hour. According to 

how the concentrate is dischargeû. t k y  may be classüied hto thrre models. The fmt 

is the stardprd modct, which require~ manul flushing of the concentrate a f k  each 



m o v q  cycle. Th second mode1 is the Centre Discharge unit or the CD mow, oniy 

available for 12411 to 48411 Wts. Its concemate removal can k achicved automojcrlly 

in about two to four minutes by rnechasziicply flushing the conCCutrate to the coirentrate 

l a d r  &OU@ the multi-port hub after diversion of the fecd and reduction of fluiduiqe 

water pressure and rotation speed. The third and latest mode1 is the expe-d 

variable discharge concentrator, which mnoves the concemate by means of variable 

extraction mPnifo1d.s mounted to the b e r  bowl. Figure 2-9 shows a schematic drawiq 

of the 12" (30 cm) Knelson Variable Discharge Concentrator. 



ûwing to its excellent perfomame. KC-based gold gravity recovery has bccomt 

a common pmtice in acw and existiag gold müls throughout the mining industry. In 

f a ,  the Knelson Concenirator con be found in over 70 countrics and accounts for mon 

tban 1 2 0  scparatc installations (Laplante et al. 1997; Brcwis, 1995). as wili now be 

detailed. 

2.3.2 industrial appUcations 
. . . . rccoverv of wld in pnaduin c m i ~  

In Canada, the processing plant of Lcs M k s  Camchib, which originaiiy uscd 

a flotation - cyanidation circuit to treat a copper-gold ore, w u  the fmt one that applicd 

the KC in a non-placer gold operation (Laplante et al, 1990). Ln the early 1980's' a 

gravity circuit consisting of a pinchcd sluicc, two KCs and a home made tabk was 

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

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

impmved from 20 to 40% and the overall mil1 ncovery of gold increased by 1 to 3%. 

This successiùl W l a t i o n  was then followed by a similar one at the Belmotal Mine 

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

single stage of tabling in the grinding circuit pnor to cyanidation at the Golden Giant 

mine in Ontario, operateci by Hemio Gold Mines Inc, could k able to account for 

approximately 25% of the site gold production. prcxiuchg totaî cost swings estimatcd 

to reach $250,000 annually in ceduced stripping costs ( H o m  et al, 1996). 



In mid-1990, a 30411 KC wu used to replace the jig in the grincihg circuit at the 

Est Malartic mill, Canada, wben a massive copper sulphide/gold ore was m t e d  to 

produce a gravity gold pmduct, a copper flotation c o ~ ~ ~ a t n i t e  and a gold precipitate 

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

yiel&d a sigaificant economic beatfit, increasing total gold recovery h m  original 

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

(1000:l) of the KC also solved the overload problem of the clcaniag table which was 

causeâ by the jig hi@ yield. 

In 1995, the Campbell gold mil1 at Balmcrtown of Ontario, one of the gold mills 

of Placer Dome Canada LAd, installed two Kaelson CD 76 cm concentrators to replace 

the existîng jigs.in a rcxlhall mil1 grinding circuit (Folinsbee et al, 1997). Since thn, 

this change has increased gravity movery from 35% to 5096, which translates into 

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

the pressure oxidation autoclave circuit), an abiiity to increase mil1 throughput, and 

reduction in security risb and wpower requhements in the gravity area. 

In Australia, the Basement Plant of the Boddingtoa Gold Mine is one of the had 

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

et al. 1995). The fecd grade of this plant is quite high, averaghg about 12 g/t after 

blendhg, and research showed that up to 30% of gold in plant feed could be recovered 

by gravity concentration. ûrigiiiplly, i&re had k e n  a conventionai gnvity separation 



circuit consisting of spMs and tables to recover gravity recoverable gold (GRG) from 

cyclone urderfîow bleeâ which was split from the rccirculating load of the gnading 

circuit. Shce  the spirais could pot efficientiy recover coarse liberated gold, a 50 cm 

fully automated CD Knelson Concentrator was retrofitted hto the existing gravity circuit 

to process the 1.5-3 mm material (which contains the majority of coarse gold) ami the 

minus 1.5 mm concentrate and middlings from the rougher spirais in October 1992. 

This improved gravity circuit operated well above initiai design expectations. a d  a 

further development of the circuit. wbich would exclude the spMs for security's sake, 

was proposeci. Anodier example in Ausnalia is the Paddington Gold Mine, where the 

gravity circuit (withia the griadirig cimit) was modifieci by replacing the plam table ami 

installing two 75 cm KCs with pre-scalphg of the feed with a 2 mm DSM screcn 

(Owen. 1991). Gravity gold rccovery improved from 3.2% (original gravity circuit) to 

33 96 (after instailation of the KCs), which correspondeci to an improvernent in overall 

plant recovery of 2%. Funhermore. the KC installation at Paddington resulteâ in 

improved leach kinetics due to the lowerecl grade to the leach circuit. thus saving 

$206,ûûû p .a. in chernid reagents. 

Among the ment installations in Ausaalia is thai at Pasmhm Mining Group's 

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

conventional gravity jig circuit and, s k e  then, the recovery of gold to doré has doubled 

to 30% (Brewis, 1995). Iastallatioirs of the KC inside the griading circuit in Austdia 

were also made in the St Ives Gold Plant (Cloutt, 1995). whcn t h  75 cm KCs arc 



used to treat the cyclone undefflow with a gold recovery of 37% of the feed. and the 

Sunâowner plant of the Darlot Gold Project (Beer. 1991). where a gravity circuit 

including a 50 cm KC complemeated the CIP circuit to produce in excess of 15 76 of the 

total gold in the ore. 

In the U.S.A.. the Montana Tunnels mili 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 to upgrade cyclone 

undertlow, two 75 cm Knelson concentraton for roughing and cleanhg of the sluice 

concentrate. and a Wilfley table to produce fM concentrate for fui melting. 

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

gold recovery for the period since gravity start up was 2.7% higher than 1990 without 

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

yield an estirnateci 50% increase in gravity gold production (Darnton et al, 1995). 

Another American plant. the Leadville Unit of the AS ARC0 Incorporated. also installed 

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

of operation has resulted in an increased gold recovery. producing a gravity gold 

concentrate of 36 ozIton (Lloyd, 1991). 

It is well 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 (alphides) is high and the occurrence of gold is usually 



complicated. Installation of a Kaelson within the grinding circuit can impmve gold 

recovery, but it is seldom over a levei of 301, as it has happeneci in thc Pasminco 

Mining's Rosebtry concentrator (Poulter et al, 1994). In many cases, this natural 

probiem of high sulphide ores, Le., poor liberation and fuie gold particle size, will 

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

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

promising solutions have k e n  recentty proposed for these thtee problems (Laplante et 

al, 1997, 1998, 1996b; Zhaag, 1998). For the fmt problem. it is necessary to conduct 

careful and simple GRG characterization test to study the feasibility of a gravity circuit 

(Laplante et al. 19%b). If a gravity circuit is adopted, careful removal of ovenize from 

the gravity unit feed, such as by pre-screening, cm be an effective approach to minimue 

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

tails (the Knelson feed) of Barrick's Est Malartic's gravity circuit (within the grinding 

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

for the -850 pm feed with a lab KC was 76% at a fluidization water pressure 28 kPa, 

whilst for the -212 Pm feed, i.e., the feed prepared by removing the +212 pm fraction. 

the highest gold recovery, 91 96, was achieved at the same pressure and same feed grade 

(around 560 glt Au). The third problem, i . e . , low gold peniolation rates through the 

slurry, s e m s  to repuire much more effort to overcome. One of the possible alternatives 

is to increase the retention time for specific applications (Laplante et al. 1997). If the 

finest gold accounts for only a small portion in the feed or can be recovered in the 

nibsequent leachirig operation, the second option can be to increase fluidizatioa water 
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flow to minirnize the coliapse of the flowing film to the intermediate sizes (Laplante et 

ai, 1998). 

2.3.2.2 Treatment of 1ow erade alluvial gold ores 

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

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

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

sizes used. 

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

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

in the early commercial stage of the KC (Anon.. 1983). The fmt separacion stage of 

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

KCs working in parallel, and then a smailer unit was used for the second stage to clean 

the rough concentra» of the fust stage so as to produce a fuial concentrate for r e f h g .  

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

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

ueat a sandy ore in 1986. Because of clay balls fomhg within the trommel and failhg 

to break up, fine gold was locked within the clay balls which floated over the jigs and 

into the railings dam, or were ejected with dirty ovenize from the trommel, dius causing 

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

commissioncd a mw gravity circuit consisting of a uommel, 30" (75 cm) Knelson 
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Concentrators and jigs in 1989. The minus 6 mm uornrnel product, which contains 

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

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

and treatcd by the jigs. Production results showed Ihat the KCs completely broke up the 

clay; gold recoveries increased by about 35 %. 

Recently. the installation of the largest Knelson-based gravity circuit in North 

America was completed at the Dome Mine. Ontario. owned and operated by Placer 

Dome Canada Ltd (Brewis, 1395). The design of this new circuit was based on the 

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

with the existing jig-based circuit. It was reporteci from the project that a single fùlly- 

automated Kaelson concentrator uealing ody IO- 12 !% of the jig feed could recover more 

eold than the jig circuit. 
t 

2.3.2.3 Treatment of flash flotation concentrate 

Flash flotation has become one of the recognized approaches to recover gold 

bearing suiphide minerals from hard-rock ores mainiy 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, such as the Lucien 

Béliveau (Pm, lgg-t), Est Malanic, Macrea, and Chimo mines (Laplante et al. 1998). 

Since there is frequently a significant amount of GRG in the concentrates of flash 

flotation, gravity recovery of the GRG from these products before smelting (to maximize 



economic retum) has been increasingly accepted. The Lucien Bélveau mil1 is a gold 

plant who used Knelsons to mat its flash flotation concentrate (Putz et al. 1993; Putz. 

1994). Recently. the mil1 was moved to the Chirno mine. and recovery from the flash 

flotation concentrate was supplemented by Knelson recovery from the cyclone 

underf'low. for coarser gold (+300 pm) that would not readily Boat in the flash ceiî. 

The Merro De Ouro Gold Mine in Brazil ranks 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 q u m  boudins, and graphitic and sulphide pockets. 

The basic plant flowsheet consists of cnishing, grinding, flotation. cyanidation of 

flotation concenuate followed by CIP. Before cyanidation, the flotation concentrate 

(grading up to 600 g/t Au) is cenuifuged in a 30" Knelson Concentrator to collect coarse 

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

production. 

3.3.2.4 Other a~~lications 

The KC can be occasionally used to recover free gold from plant f i l  tailhgs. 

Le Bourneix gold 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 coarser than 106 pm (Meia. 1993). 

The mine installed a 50 cm (20") KC to recover free gold from > 106 pm fraction of 

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

than 1 ûûû g/t and accounted for 1.5 % of the total gold recovery . At the Leadville mil1 
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in Colorado. operated by ASARCO Inc., a 76 cm KC was prgiected to recover gold 

from the mil1 fuial tails so as to produce a 120- 180 glt gold concentrate (Lloyd, 1991). 

2.3.3 Laboratory applications 

The small Knelson Concentrator uni& (3- and 7.5-in) have found four 

applications in mineral processing applied research. As seen below, the fmt two 

applications are as conventional as other gravit)' devices. while the last two. developed 

at McGill University, are quite novel. 

2.3.3.1 Feasibilitv studies of the KC based fzravitv a ~ ~ r o a c h  

Patchejieff et al (1994) carried out gravity experiments at a copper flotation mil1 

aimed at the characterisarion of gold occurrences and a feasibiiity study of KC-based 

gravity recovery. Tests with final flotation railings and flotation concentrates indicated 

that some gold in the copper ore was gravity recoverable, and could be 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 had to be punied in order to detemine in 

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

subsequent flow sheet arrangement. 

The Noranda Technology 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 Coppet and 
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Heath Srede &es showed that fine (- 150 pm) free gold/elecuum, some of which could 

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

from the gnading circuits of base metal flotation mills. Among the testwork mentiod 

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 b d  

never indicated any free gold in mil1 products even though the miIl feed averaged 0.5 

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

concentrate assaying 500 ppm Au from a cyclone underflow bleed. 

Meza et al (1994) used 7.5 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 uivestigated during their study, and it was observed that the 

fluidizing water pressure was the most important variable affecting recovenes. Gold 

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

conditions. 

It should be mentioned that a 15 cm (6") KC of the second earlier bowl design 

( "deep ring straight wail " design) had been used for pilot-scale tests by Forssberg et ai 

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 natural auriferous sulphide ores 

yielded gold recoveries of 70% to 75 % with e~chment  ratios of 20 to 25 : 1. 
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For research relazed 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 mirvrals from silica gangue in the -74 pm fraction 

(Penney , 19%). However, testing halted in the summer of 1992, as the early Kaelson 

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

place at Montaaa tumels (laplante, 1998). 

2.3.3.2. Evaluatin~ blant nravio~ circuits 

The use of a laboratory KC to snidy the performance of plant recovery units has 

been reponed by a aumber of researchers. Laplante et al (1992) conducteci a study 

focusing on the performance of a 30" plant KC operated at 25 i/h and 80 kPa of back- 

water pressure by using a 3" laboratory KC. As a higher recovery of fue  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 than operating wirh one on, 

one off. They also recommended that recovering fine gold below 300 p m  be hirther 

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

tightiy sized feed. 

Putz et al (1993) used r 3-in ffielson to evaluate two gravity circuit 

configurations ueating a flash flotation concentrate at the Lucien Béliveau mill. Their 

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

KC and Deister table circuit and decreased to less than 32% when using a 



hydroseparator, a spiral and a 20411 Knelson. Mineralogical changes were partly 

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 that the use 

of the gravity circuit aftcr flotation was not entirely satisfactory. Thek €tut,&er 

investigation of the & gold content in the bal1 mill products and the cyclone unâerfîow 

indicad tbat much of the gold in the bal1 mill recirculating load was too coarse for 

significant recovery in the flash flotation ce11 and should be recovered by gravity from 

the cyclone undemow or bal1 mill discharge. This was subsequently implemented in the 

Chimo mill. 

2.3.3.3. Deteminhg pold content and GRG 

(1) Measuring gold content 

Determining the correct gold content in an ore can be a particularly difficult task. 

Obviously , this involves the statistical problem of m e a s u ~ g  the concentration of gold 

particles occutring with a very low frequency. Some minera1 processing studies 

(Laplante et al. 1992; Banisi et al, 1991) have show that this problern becomes 

particularly acute with increasing particle size. This had long ken  recognized by 

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

Physical processing, either by labontory flotation or gravity separation. is a 

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

effective and less harmful than chernical processing . Compared with flota tion, which 



has a low rcproducibility due to the difficulty of floating coarse gold (Graham, 1989). 

laboratory gravity separation pmvide mon re p roducible results and can bandie larger 

samples. The laboratory Knelson concentrator has been proved to be a legitimatc m l  

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

reliable estimates of overall gold assays in 5 to 70 kg samples, usually fincr than 850 

pm, has been successfully used at McGill University (Laplante et al, 1992. 1993b, 

h t z  et al, 1993; Zhang, 1998). This procedure concentrates GRG into subsarnples of 

to 150 g r m .  which can be hilly assayed size-by-sue, thus eliminating any migget 

effects. 

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

The definition of GRG (gravity cecoverable gold) is goid that c m  be recovereâ 

gravimenically as 'free gold' under optimum conditions of gravity separation (Laplante 

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

design and separator selection. 

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

content in a gold ore (Wdcock. 1994; Laplante et al, l996b). This procedure is a 

three stage process: a representative o n  sarnple (from 40 to 120 kg) cmshed and rod 

milled to 100% -850 Fm is first processed with a 3-in Knelson. the entire concentrate 

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

a fmer size (45-55 % -75 prn) to achieve m e r  gold liberation. and processed with the 
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KC; the third step repeats the above process with a taii sample from the second step 

(usuaiiy 25 kg) groumi at 7540% -75 pm. A wide vasiety of ores were tested; thne 

basic rrsponses (represented by the cumulative percent GRG retained for al1 the thrce 

stages) were deserved. ranging from very pwr (below 30% GRG) to the exceptionaily 

amenable (up to 971  GRG); most samples retumed between 60 and 70% GRG 

(Laplante et al. 1996b). 

2.3.3.4. Predictinn nold recovew 

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

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

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

secondary grinding mills, makes use of a population balance mode1 which repnsents 

gold liberaiion. breakage and classification behaviour and applies GRG pre-concentration 

and recovery data to predict overail 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 bat the above 

methodology predicted the very large circulating loads obsented in an actual plant with 

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

plant performance. 



2.4 Theoretical Studies of Centrifuga1 Separation and Interstitial 

Tric kling 

2.4.1 Theoreticai studios of centrifugai separation 

2.4.1.1 I d  

In the field of mineral processing . the early (perhaps the fust) anempt to unfold 

the physical principles of centrifugai separation process was made by Ferrara (1%0), 

who intended to ascertain the reasonable prospects of separating particles of different 

specific gravity by means of a rotating tube and to gain an idea of some parameten 

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

simplifications. diis author derived an equation for the motion of a panicle sliding dong 

the wall of a rotating cylindricaf tube uncier viscous fiuid fiow conditions: 

w h e ~  r, is the inside radius of the tube; w is its angular velocity; d, is the diameter of 

the pmicle; p, and p are the densities of the panicle and the fluid; $ is the non- 

sphericity coefficient of the particle; c< is the viscosity of the fiuid; Q is the flow of the 
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fluid in the tube: v is the velocity of the particle along the tube wall; k is the coefficient 

of the non-sphericity of the particle. 

On the right hand side of Equation (2.1 ), the fust tena represents the frictional 

force between the particle and the tube wall; the second. third and fourth terms express 

the t h s t  of the fluid. 

When dvldt = O. Femra funher derived the expression of the terminal velocity 

of the particle travelling dong the tube wall. Le. V-, as follows. 

Admiitedly. 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 transpomtion behaviour of a panicle in a rotating 

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

and reasonable analysis of centrifuga1 settling process can be found in Coulson et al 

(1990). In btief, for the Stokes' Law region, the equation describing the setthg 

velocity of a spherical particle in the radial direction under the intluence of a centrifuga1 

field can be expressed in the following form: 



where r is the radial position of a particle; drldt is its instantaneous velocity; and u, is 

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

Thus, the instantaneous velocity (drldt) is equal to the temiml velocity h the 

gravitational field. increased by a factor of ro21g (Coulson et al, 1990). It should be 

pointed out that Equation 2.3 is derived for the motion of a rigid sphericai particle ody 

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

coefficient for this particle is equal to 24/Rep, wkre Re, is the particle Reynolds 

number. Since panicles may move in different flow mgimes in the centrifuga1 field, 

different relationships for drag coeffcient must be considered for different panicle 

Reynolds nurnbea. Clift et al (1978) have reviewed and compared many expressions 

for the drag coefficients, which may be usehl 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 Dallaveile (1948) and 

Madhav et al (1995). 

For separations in a rotating ferrofluid, Svoboda (19%) has recently deveioped 

a similar g e d  mode1 of the balance of forces acting on a particle in a rotating 



ferrofluid separatm. w hich includes the hydrody namic drag and magne tic traction force. 

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

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

model . 

2.4.1.2 The confi~miration and structure of the slu- 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 s l u q  flowing along the inclined 

surface of the rotating drum of the Yunxi Cenmhige is a weak turbulent flow, and chat 

this flow could be divided into four layers from the top to the bottom of its intersection: 

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

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

developed and a great arnount of light panicles are suspended under diffusive turbulent 

fluctuations; 3) the rheological layer, in which there is weak turbulence and the slurry 

flows slowly dong the bottom layer; 4) the sedimentary layer. which is fomed by 

senled heavy particles. Thus, separation takes place withh the rheological layer, where 

panicles are subjected to the Bagnold effect and well stratified, heavy particles senling 

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

As to the basic confguration for the flow-field in the cenmfuge, Ungarish (1993) 

has proposed an interesthg hindamental model for fluid in a rotating cylindrical 

container. As describeci 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 expaading 

partidy spun-up outer region (III). and Ekman shear layers (II) which suck fluid from 

(0 and feed it into the spinaing region (III). Ungarish's fundamental mode1 might 

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

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

Bow field associated with the centrifuga1 separation of polydispersed suspensions, i .e . 

suspensions of particles which differ significantly in size or density. was recently 

investigated by Ungarish (1995). He analyzed mathernatically the ~o~gurations in long 

and f i t e  rotating cylinders, and obtained the formulation and solution of polydispersed 

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

2.4.2 Theont id  studies of interstitial trickiing 

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

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

chat might present pertinent information for the present work. Unfomnately, little is 

known about interstitial trickling in centrifugai fields. However. much progress has 

k e n  made in the undeatanding of interstitial trickling in the gravitational field. In view 

of many obvious analogies to centrifuga1 trickling, it is believed that the fundamental 

knowledge in the gravity field will offer useful insight in undeatanding and interpreting 

the centrifuga1 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 tricklin~ in a jig 

in the case of jigging. interstitial trickling, or consolidation trickling, is one of 

the tbra important mechnnisms for the ideal jigging proccss which were proposai by 

Gaudin (1939). It takes place at the end of each pulsion stroke in the jig when the jig 

bed begins to compact and the larger particles interlock. Under the influence of gravity 

and of the fluid Stream. smaller panicles continue to move downwards through the 

interstices of the larger ones. thus completing the interstitial trickling process . 

However, this process is compkx and the trickling velocity of fm particles depends a 

number of variables such as the size of the fuie particles and of the interstices. In spite 

of this complexity, great efforts have been made by research workers to indicate or 

estimate the maximum relative size of particle that can trickle Uiterstitially . For 

instance. the maximum size 4' of a particle that can pass between four equisized light 

spheres of diameter d, cm be easüy estimated (Bun, 1984): 

dp' = (2V)O.' - dp = 0.41 dp 

A recent research was conducted by Witteveea (1995). who predicted 

mathematically and measured experimentally the porosity (a panmeter relative to 

interstices) distribution in a jig bed as a function of the  and location in the bed during 

operation. This author fmt proved a qualitative relationship between transmission and 

porosity, and then meamd transmission in a transparent laboratory jig and in a 

transparent laboratory fluidized bed by means of an optical bench with a laser source. 

Bascd on the similarity between the sansmission values measund and the porosity 



values calculateci by a mathematical model, Witteveen concludeci that the calnilated 

porosity distribution in a unifom jig bed is comparable in a qualitative way with the 

porosity distribution in M i t y  . 

2.4.2.2 Particle ~ercofation in a ceotrifigg 

A more ment research which includes a study on the distribution of concentrate 

in the Knelson concentrator rings has been completed by Huang (1996) at McGU 

University. At the begiriniog of this study , he used a 3-in KC with an inner bowl ihat 

is verticaily separable in two halves to recover tungsten (used to mimic of gold) 

concentrates from synthetic ores. He then removed the concenaate cakes ring-by-ring 

from each half of the inaer bowl after freezing it. The photographs of the concentrate 

cakes demonstrate that most aingsten was rccovered on the surface of the concentrate 

bed due to partial fluidization. Huang came to the conclusion tbat the separation of 

tungsten particles from the gangue took place at the surface of the rings and depended 

&y on cornpethg forces and on acceleration of the consolidation trickling of tungsten 

and the high density of the separation zone. 

For the Falcon Mode1 'B' units. Buonvino (1993) proposed two different 

recovery rnechanisms: i) coarse particles are captured by burying themselves in the 

concentrate bed; ii) fme particles are captureci by lodging themselves benveen th 

interstices on the surface of the bed. Obviously, these two rnechanisms can be regarded 

as ponicle migration and percolation, and they may take place in a two step process 



(Laplante et ai, 1994). As suggested by Laplante et al (1994). the fmt step is migration 

and percolation of dense particles to the s l q  interface and concentrate bed, which is 

a function of feed rate; the second step is actuai capture of dense particles in the 

concentrate beâ, which is relatively mffected by feed rate. A mathematicai mode1 of 

the Falcon's performance was also consmcted in t h .  different phases by these authors. 

2.4.2.3 Particle aercolation and mimation in the gravitational fieid 

In the case of dry and cohesionless particles. Bridgwater anci his CO-workers 

(1%9, 1971, 1978, 1983; Masliyah et al. 1974; Stephens et al, 1978a. 1978b) have 

published many technical and academic papers involving interparticle trickling in the 

gravity field since the 1960's. As classified by Bridgwater et al (1983), particle 

percolation consists of strain induced interparticle percolation. defmed as the drainage 

of one species through a shearing piuticle array. and spontaneous interparticle 

percolation, d e f d  as the drainage of one species through a particle array in the 

absence of strain. On the other hand. the motion of large particles through an array of 

smaller oaes was termed "particle migration" (Bridgwater et al, 1983; Stephens et al, 

1978b). 

Strain induced percolation is considered a process of particle release and capture. 

Bu& particle motion in a shearing panicle array may be desctibed as that of a number 

of blocks between which are found failure zones severai panicle diameters across 

(Bridgwater et al, 1983, 1978; Stephens et al, 19781, 1978b). From the movement of 



percolating particles in a simple shear apparatus which contaiwd a ce11 of bulk particles 

and was sheared rnanuaîly, it was observed that the buk  particles were shuffled with 

respem to each other due to the suain applied across the failun zone (Bridgwatcr et al, 

1983). If the strain rate in the failun zone is high enough, sufficient space will 

evenaially be provided into which a s d l e r  particle may drop. Should the space be 

insufficient for the smaller particle 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 triciclhg behaviour of large particles. it was considered 

that they move towards the region of maximum strain rate, the movernent king 

controlled by the strain rate gradient rather than the main rate as for percolation of 

smaller particles (Stephens et al, 1978). 

In an early smdy of percolation conducted by Masliyah and Bridgwater (1974), 

a numerical procedure was used to gain some insight into the motion of a panicle when 

it was undergoing spontaneous interparticle percolation. These authors pointed out that 

a particle rapidly attains a mean downwards velocity upon entering the array, and that 

the mean downwards drift velocity is insensitive to packing voidage fraction. 

As funher shown by Bridgwater et al (1983), basically, the dimensionless 

percolation velocity is inversely proportional to the ratio of the percolating particle 

diameter, 4, to the buk particle diameter, d,. This means that the percolating velocity 



of a smaller particle is higher than that of a larger one under the same buik materid 

conditions. Bridgwater et al also found that panicle shape has a rnarked influence on 

percolation velocity, and t b t  increases in petcolating panicle density give a srnail but 

significant increase in percolation velocity . On the other hand. Bridgwater et al pointcd 

out that the effect of fluid flow on percolation would be to produce an apparent change 

in the magnitude and direction of g. 

In another rescarch, Donsi et al (1988) investigated experimentally th 

contribution to segngation given by percolation of f i e  panicles through the voids of 

the coarse bed material which was fluidized by compressed air. They observed that the 

volumetric concentration of fmes (lead spheres) contained by the coarse bed (glass 

beads) dependeâ on the gas velocity and also on their terminal velocity and six.  Tbey 

also discovered that a floating layer at the top of the bed fonned above a defmed value 

of the fluidizing gas velocity . This means that the percolation velocity of the f w s  bad 

ken  greatiy reduced. 

2.4.2.4 Measurement of mrcolation velocity in the mvitational field 

The= is a typical methodology for measuring percolation velocity and snidyiiig 

the movernent of fines in a fluidized or packed bed of coarse in the gravity field 

(Morooka et al, 1989; Kusakabe et al. 1991). In the case of a fluidized bai. a 

fluorescent tracer technique was used by Morooka et al (1989) to measure the movement 

of finc porous catalyst particles of 60 -65 pm through a fluidized bed of 1.54 mm silica 



of fm porous catalyst particles of 60 -65 Cm through a fluidized bed of 1.54 mm silica 

gel spheres. In this study, the fuie catalyst particles were coated with a fluorescent dye 

so as to be the uacers. and the fluidized bed was formed in a transparent acrylic 

f l u i d d  column. undemeath which ambknt air was introduced to fluidize the silica gel 

bed. The flow pattern of the tracers was detccted by means of an array of bifurcated 

optical fibre probes when they were passing through the fluidized bed. The nsults of 

this study showed that in the presence of gas bubbles percolation of fmes increased with 

kreasing gas velocity and height from the gas disuibutor. 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 percolating fines were not coated with a fluorescent dye. The 

results of this smdy also demonsaated that the percolation velocity of fmes increased 

with increasing gas velocity and sk of packed particles. and that the measured 

percolation velocity agreed with the value calculaied from a flow mode1 of fmes. 

However, even chough Kusakabe et al (1991) claimed that the model was based on the 

successive collisions of fines with coarse particles, they simply used the free settîing 

velocity of a panicle. rather than the hiadered settling velocity of a panicle, to derive 

their model. 



CHAPTER 3 THEORETICAL CONSIDERATIONS 

3.1 Introduction 

3.1.1 Structure of the fiowhg slurry in the KC 

The movement of the slurry in the Knelson centrifugai concentrator (KC) is thne 

dimensional. As soon as the slurry is fed on the bottom of the conical inner bowl, it is 

accelerated radially, axially and tangentially. It flows upward in a spiral motion dong 

the near vertical sides of the inner bowl (79 to the horizontal), until it is discharged at 

the top. As the result of the tangential acceleration. most solid particles are centrifuged 

out of the inner layer1 of the flowing slurry, causing this layer to be highly diluted. 

The remaining panicles then concentrate themselves near the surface of the concentrate 

bed, forming the second zone where the slurry cornes in contact with a radiai (and 

tangential) inward fluidization flow and thus both the motion of the fluid and individual 

particles is much more difficult to describe. Some panicles will eventually percolate or 

migrate to the surface of the concentrate bed. Whether or not this is successfully 

achieved will depend on their density, size and shape. as well as the extent of 

fluidization in this second zone. 

Hence. according to the previous literature review (Laplante et al. 1994; Sun, 

1982; Ungarish, 1993), it is expected that the structure of the flowing slurry inside the 

tInmr layer: the layer of slurry closest to the rotation axis. It is in facr the surface 
of the flowing sluny . 
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Dilute zone 
Separation zone 

l \ (or recovery zone) 

rotation ; / O ; ,  

Dense panicle O Light particle 

Figure 3.1 Schematic illustration of the structure of the sluny in the iamr bowl 

inner bowl consists of two zones in the radial direction. As illustrated schematically in 

Figure 3.1, mar the central axis of the b e r  bowl is the dilute zone. which gencrally 

contains only very fuie light (gangue) particles. Between the dilute zone and the rniddle 

section (Huang, 19%. p.98) of the concentrate bed is the separation zone (or m v e r y  

zone), w here solid particles akady centrifuged are highly concentrated and panially 

fluidized due to the action of the Buidization fl ow. In fact, the separation zone consists 

of the outer layer of the flowing sluny and the inner section (Huang, 1996, p.98) of the 

concenttate bed. 



CHAPTER 3 THEORETICAL CONSIDERATIONS 60 

3.1.2 Movement of a solid pvticle in the KC 

Centrifuga1 separation of minerals in the KC is a complex process, during which 

minerai particles are subjected to a number of forces including centrifugai, drag (or 

thnist), buoyancy. and shock resulting from inter-particle collision. Based on the 

structure of the flowing slurry. the movement of a particle in the inner bowl of the KC 

can be divided into rwo stages: 1) a centrifuga1 accelerating motion through the dilute 

zone of the imer bowl. and 2) percolation or migration through the separation zone 

towards the concentrate bed. 

3.2 Accelerating Motion of a Sphencal Solid Panicle in the Dilute Zone 

in a Knelson 

3.2.1 The mqjor forces on a spherieal solid puticle accelerating in the dllute zone 

Considering the motion of a smooth spherical solid panicle of mass m in the 

dilute zone of the tlowing slurry inside inner bowl of a Knelson, at some t h e  t the 

particle will be moving with a velocity Ûp. As illustrated in Figure 3.2, this velocity 

vector Ûp can then be resolved into three componenu in the positive directions of the 

cartesian coordinarc system: the radial velocity Ü,,, rhe axial (vertical) velocity Ü,, and 

the tangential velocity Ü,, . 

Figure 3.3 illustrates the movement of the particle to wards a ring of the KC inner 

bowl. The major forces acting on this radially settling panicle are discussed as follows: 
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Figure 3-2 Three-dimensional motion of particle 

(1) The centrifugai force F,: 
- 
F, = (rr/6)~$~~%' (3.1) 

where is the displacement of the moving panicle from the rotation axis to iu present 

position. d, the diameter of the panicle. p, its density, and w the angular speed of the 

inner bowl. 

(2) The drag force Ï?, (Weber. 1998; Odar et al. 1964): 

where CD is the drag coefficient of a sphere; p is fluid density; Ür is the relative velocity 

of the fluid to the puticle. which takes the form: 



a section of the riffle 

fluidization 
water 

concentrate bed 

F , = the centrifuga1 force 
Fdx = the X-component of the drag force 
F, = the Z-compoacnt of the drag force 
F , = the buoyancy force in the centrifuga1 field 

f ,  = the gravity of the particle 

f , = the buoyancy force in the gravity field 

Figure 3-3 Forces on a particle in the dilute zone 
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- - 0 

Ur = ut - up (3.3) 

w k r e  Üf is fluid velocity; 1 u, 1 is the magnitude of Gr. 

The X-component of the relative velocity, u,, is equai to the algebraic sum of 

the X-cornponents of Ü, and Üp, i. e . 

The X-component of the drag force, F,,. can be expressed as follows (Weber, 

1998) : 

where is the unit vector in X-direction. 

Similarly, the Ztomponent of the drag force. F,, can be expressed as follows: 

where k is the unit vector in 2-direction. 

Ir is noted that the drag coefficient CD is a function of the panicle Reynolds 

number based upon the magnitude of Ûr (Weber. 1998): 
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where p is the viscosity of the fluid. 

(3) The gravity of the particle, 7,: 

where p, is the density of the particle. m the mass of the panicle. 

(4) The buoyancy force in the gravitational field, Tb: 
d 

f, = (n/6)d&g 

(5) The buoyancy force in a centrifuga1 field, F,: 
- 
F, = (~/6)d,'~Tw' 

(6) nie effect of the hydrodynamic mass. M,: 

Regarding the total mass of a particle accelerating in a centrifuga1 field. the 

contribution of the hydrodynamic mass (or the added mass) should be taken into account 

since the surrounding fluid is also accelerated if the particle is accelerated. The 

hydrodynarnic mass of a sphere equals one-half of its displaced mass (White. 1994). 

Thus: 

M' = rn + M, = ( ~ 1 6 ) ~ ~ ~ ~  + (d12)dp3p (3.1 1) 

where M' is the total mass of the particle. and M+, the hydrodynarnic rnass of the panicle. 
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Using Newton's Second Law of motion, the behaviour of the particle in the 

radial direction (X-direction) c m  be generally described by: 

Fc - F, - Fb = M'(dyK/dt) (3.12) 

In the axial direction (2-direction), it c m  be expressed by : 

f, + F, - f, = M'(dddt) 

k a u s e  the magnitude of Ü,, which is the square mot of (u2, + uL, + u2d, will 

exist in the expressions of the drag for high Reynolds nurnber flows and make the 

mathematical derivation complicated, discussion of the equations of motion of a moving 

particle in the KC will be limited to the Stokes Law or creeping flow region. The 

following sections summarize this mathematical analysis. while more details are given 

in Appendix 1. 

3.2.2 The equation of motion in the radial direction in the Stokes' Law region 

In the Stokes' Law region. the drag coefficient can be expressed by (Weber, 

1 998) : 

Combining Equations 3.5 and 3.14 gives the X-component of the drag: 

Fh = 3 4 p ( u , + ~ j J  (3.15) 
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In this work. it is assumed that the components of fluid velocity Üf are constant. 

The Xcomponent of patticle velocity, q,, is variable with the. that is: 

q,, = dr/dt (3.16) 

where r is the X-component of the displacement 7. Thus, Equation 3.15 can be 

expressed as: 

Substituting Equatiow 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: 

Since u, is assumed invariable with tirne. Equation 3.18 is an ordinary 

differential equation containhg only ordinaq denvatives of r. 

If the panicle starts (t =O) at a radius r, with zero radial velocity (drldt =O), then 

the solution of Equation 3.18 is given by: 

-ai@ r = e (rl - q,) 



If the inenial term on the right-hand side of Equation 3.18 can be neglected (or 

when the instantaneous velocity is close to the terminal velocity). then the expression 

of the instantaneous velocity of the particle is: 

Thus. the physical rneaning of Equarion 3.20 is that the instanmeous radial 

velocity of the panicle is equal to the difference between the instantaneous velociv of 

the panicle in the static water and the radial velocity of the fluid. 

3.2.3 The equation of motion in the axid direction in the Stokes' Law region 

The axial movement of a spherical panicle (in 2-direction) towards the top of the 

KC i ~ e r  bowl bas been shown in Figure 3.3. The drag component in the 2-direction 

can be expressed by: 

where h is the 2-component of the displacement 7. 
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Substituting Equations 3.8. 3.9 and 3.2 1 in Equation 3.1 3 and rearrang ing y ields 

the equation of motion in the axial direction: 

If the particle Stans at t=O. h=h,,  and dh/dt=O. then the solution of Equation 

3.22 is as follows: 

If the inenial term d2hldt2 on the left-hand side of Equation 3.22 is equal to zero, 

the particle venical velocity fan be given by: 

The second term on the right-hand side of Equation 3.24 is the well-known 

expression for die terminal settling velocity of a sphere in the Stokes' Law region. thus. 

it can be expected that the vertical (axial) velocity of the particle in the inner bowl is 



equal to the difference between the axial velocity of the fluid and the terminal settiing 

velocity of the particle in the gravity field. 

Separathg variables and then integrating Equation 3.24 gives the time for a 

particle to move up for a vertical distance of h: 

Since particles of the feed slurry starts normally at the bottom of the inner bowl, 

the time taken for a particle to move to the top of the inner bowl. f, is equal to: 

where H is the height of the i ~ e r  bowl (assuming the full motion takes place in Stokes' 

Law region). 

3.3 Cornparison of the Maximum Radial Settling Velocities of Particles 

Since a panicle moving in a centrifùge never reaches an equilibrium velocity 

(Coulson et al. 1990), cornparison of the radial senling velocities of particles in the 

Knelson is made in tems of the maximum radial settling velocity, which is calculated 

with Equation 3.20. In this work, the maximum radial senling velocity of a solid 
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particle in the Knelson, y,,, can be defined as the radial instantaneous senling velocity 

at the surface of the largest ring of the inner bowl. Le. dr/dt when r = R. T o  simplify 

the calcuiation of %,, with Equation 3.20, it was asmed that the X-componem of 

fluid velocity is equal to the superficial velocity of fluidization flow. which is the 

volumetric flow rate of fluidization flow divided by the total lateral area of the five rings 

of the inner bowl. Figure 3 4  and Table Al .  1 (in Appendix 1) show the calculate!d 

maximum radial senling velocities of tungsten. magnetite and silica particles as a 

function of particle size at Gs and fluidization Rows that were shown to yield optimal 

operation in actual tests. 

It can be seen in Figure 3-4 that the maximum radial senling velocities of al1 the 

three types of particles are positive over most of the size range, suggesting that most 

particles of different size and density will be able to senle on the concentrate bed if the 

retention time is long enough, and if particle-particle interactions are neglected. It also 

shows that the difference in radial senling velocity between high and Iow density 

panicles becomes smaller with decreasing panicle sue. As a matter of fact. as will be 

shown in the following chapters. dense particles can be separated from lighter particles 

under conâitions used in Figure 3-4. Furthemore, for the sarne dense material such as 

tungsten or magnetite, the difference in the maximum settling velocity between coarse 

and very fine particles is extreme: nevertheless the latter cm be ncovered well with the 

Knelson. Therefore, using the theory of cennihigal settling 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 particles as a 

function of panicle size under conditions of (a) 30 Gs and a fluidization 

superficial velocity of 2 cmls; (b) 60 Gs and a fluidization superficial velocity 

of 4 c d s ;  (c) 115 Gs and a fluidization superficial velocity of 6 c d s .  
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agreement with Huang's (1996). who had calculated the terminal senling velocity of 

particles in the absence of fluidization. As will be discussed below. another mechanism. 

percolation or migration of dense panicles. must be 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 particles through a bed of coarser bulk panicles. while particle 

migration is the passing of large particles ihrough a bed of smaller bulk particles. 

Obviously. the voidage of a bulk panicle bed is one of the important factors that affect 

particle percolation or migration since a suitable voidage is required for the particle to 

percolate or rnigrate successfully through the bulk bed. Where the bulk particles bed 

cornes in contact with a counter-current fluid flow. the voidage is affected by the 

fluidization behaviour of the bed. Typically . as generalized by Davidson et al (1971), 

panicles of low density. small size and spherical shape are more easily fluidized. 

For the KC. the direction of panicle percolation and/or migration is radial in the 

inner bowl due to the action of the centrifuga1 force. Percolation or migration may take 

place. depending on a number of variables such as the average particie size of the bed 

and dense particles. the voidage of the separation zone, rnomennun of the moving 

panicie and the degree of fluidization. 



3.4.2 The equatioa of motion for a pPrticle percolating or migrating 

in the radial direction 

3.4.2.1 Relation between the collision fieauencv and fractional voidane 

Since the concenmtion of buik panicles increases as the spherical particle moves 

M e r  from the dilute zone to the separation zone. a resistance or a dyaamic friction 

force mainly due to inter-particle collision in the separation zone should be added in 

Equation 3.12. The collision frequency of a moving spherical particle in the separation 

zone of the inner bowl c m  be the analogy of the kinetic theory of gases (Serway, 1996), 

chat is: 

f = rd2 1 Üp 1 q (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 particle and buik particle; n,, is the number 

of the buUc panicles per unit volume. 

The fractional voidage of the separation zone. t, can be expressed by: 

where d,, is the average diameter of the bulk panicles in the separation zone, V, the 

volume of the separation zone. 

Thus. the number of the bulk particles per unit volume can be expressed by: 



lwrting Equation 3.29 in Equation 3.27 and rearranging gives: 

3.4.2.2 The exmession of the dvnamic friction force 

nie dynarnic friction force Ë, proposed in this work may be a function of the 

momentun of the percolating or migrating particle and collision frequency: 

where CL is the dynamic coefficient of friction benveen 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 CO bulk particle densities 

(Bridgwater, 1983). and takes the form: 

where k, is a dimensionless correction factor; pb is the density of bulk particles. 

If C, is used to stand for al1 the constants in Equation 3.31 (the fractional 

voidage, c, is supposed to be constant), the dynamic friction force F, can be expressed 

by : 
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The X-component of F, w be expressed by: 

The 2-component of F, can be expressed by: 

3.4.2.3 The eauation of motion in the radial direction in the Stokes' Law region 

Since the action of fluidization flow is more significant in the separation zone 

than in the dilute zone. it is assumed that the X-component of fluid vefocity is 

approximately equal to the interstitial velocity of fiuidization flow with respect to the 

wall of the systern. denoted by ui. This interstitial velocity of fluidization flow is a 

function of the fractional voidage and can be expressed by (Witteveen. 1995): 

where UF is the superficial fluid velocity . which is the fluid flow rate divided by the 

lateral m a  of the bowl ~ g s  and has units of c d s .  
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The equation of motion in radial direction in the separation zone is given by: 

X 3 dr2  11 3 X 3 -d (p - p)ro2 - 3% + u,) - cdz) = (6dp P, + -d, p)e (3.38) 
6" 12 &* 

Assuming that the centrifuga1 acceleration of the particle, r d .  is constant, the 

above nonlinear differential equation with constant coefficients becomes: 

When the particle Stans at t = O. r = r, ,  and dr/dt = y,, the solution is given 

as foilows: 
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If the inenial term on the right-hand side of Equation 3.38 can be neglected (or 

when the instantaneous velocity is close to the terminal velocity), then the instantaneous 

velocity talies the form: 

Equation 3.42 c m  not be confirmecl at present since the dynamic coefficient of 

friction, CL, is unknown. It is recommended that the correction factor k, be determined 

with extensive experiments in the future. 

3.4.3 The equation of motion for a particle moving up the inner bowl dong the 

separation zone 

To simpliw the following discussion, the coordinates will be shifted 15 degrees 

(0.26 radian) so as to enable the 2-direction to be parallel to the wall of the imer bowl, 

which is denoted by the 2'-direction. As shown in Figure 3.5, the= are five main 
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which is denoted by the Z'direction. As shown in Figure 3.5, there are five main 

forces on the particle moving in the 2' direction in the separation zone (plus the effect 

of the hydrodynamic mass): 

(1) The 2'-compomnt of the centrifuga1 force: 

F, Sin a = (7d6) sin a (3.43) 

where a is the slope angle of the bowl wall, equal to 15 degrees (0.26 rad). 

F cos a 
dz 
f cosa 

b a section of the i ~ e r  bowl 

PLz COS a 

ntrate bed 

Figure 3-5 Forces on a particle in the Z'- direction 



(2) The 2'-component of the gravity force: 

f, cos cr = ( d 6 )  d,'p,g cos a 

(3) The 2'-component of the drag: 

The 2'-component of the drag in the Stokes' Law region is given by: 

where h' is the 2'-component of the particle displacement 7. 

(5) The Z'çomponent of the dynarnic friction force: 

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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X 3 7t 3 -d, p J ~ 2 s h a  - -d, p,g cosa + 3n 
6 6 

x 3 c p ( d h i J  n 3 p d2hi +;d,pg C O S a -  - = -d,(~,+-)- (3.49) 
cosa & 6 2 di2 

Assuming that the centrihigai acceleration of the particle ( r d )  is constant, and 

chat when t = O, h' = h' , , and dh'ldt = (the initial velocity larger than zero), the 

solution can be obtained using the same approach as for Equation 3.38 and is expressed 

by : 

2a,uPt0 - b4 - k4 
where C, = 

2a,u,, - b, + k, 9 k4 
= JmI, 
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To c o n f i  the above solution, it is cecommendeci that the dynamic coefficient 

of friction, CL, be determined with extensive experiments in the haire. 

3.5 The equation of the tangential velocity of the partifle 

It is assumed that the tangential movement of the particle in the inner bowi is a 

uniform circular motion. Thus, the tangential velocity (or the velocity in the Y- 

direction). %,, has the relationship: 

3.6 Conclusion 

The equations for determinhg the instantaneous velocities of a sphencal solid 

particle in the Knelson centrifuga1 concentrator (KC) have ken tentative1 y derived based 

on Newton's Second Law of motion. Since the mathematical analysis was camed out 

in the presence of radial fluidktion flow, which made the differential equation more 

complex, the derivation may be considered an extension to the theory of cenmhigal 

separarion of solid panicles in the presence of a static liquid described by Coulson et al 

(1990). 

Although ùK solutions of the equations of motion were derived only for the 

Stokes' Law region, their physical rneaning might be applied to the panicle motion in 

high Reynolds number flows. It can be expected from the equations of motion for a 



sphericll particle in the radial direction that the instantaneous radial settling velocity ard 

percolation (or migration) velocity of a panicle moving in the inner bowl of the KC 

d e m  not only on the cenmfugal acceleration, particle size and density, but also on the 

fluidhtion flow velocity . This suggests that it is possible to reduce significantly both 

the settiiag and percolation (or migration) velocities of gangue particles by controlling 

the rotating speed of the KC and fluidization flow so as to acquire a satisfactory 

recovery of dense particles fiom light panicles. 

It is also inferred from the equations of motion for the particle in the axial 

direction that the magnitude of the axial velocity of a particle is a hinction of centrifuga1 

acceleration, the axial velocity of the following film, and the physical characteristics of 

the particle. Conversely, the retention time of a particle or the height of the inner bowl 

may be estimated if the vertical velocity of the particle is known. 

As a whole. the balance between the ability of the KC ro increase the radial 

settling and percoiating velocity of dense panicles and to decrease the retention tirne of 

gangue particles without unacceptably eroding dense panicles already captured is quite 

a delicate process. Among the variables which might affect ihis balance, the centrifuga1 

acceleration of the KC and appropriate fluidization of the flowing slurry are the most 

critical, 
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It was noted that the maximum radiai senling velocity in the dilute zone could 

not explain the selectivity nomally observed in Knelson concentrates. Huang (19%) 

had observed the same phenornenon. but he had assumed static flow, which clearly is 

incorrect for fuiest particle sizes and operating conditions. As a result, apparent s e thg  

rates (Le. percolation and migration rates) in the zone closer to the concentrate bed. 

where most particles are rejected, will determine how seiective the recovery is (hence 

this zone, as well as the inner section of the concentrate bed, is referred to as the 

separation zone). Unfortunately, the percolation and migration rates cannot be denved 

from Newton's Second Law of motion. In this work. it is proposed that a dynamic 

friction force can be used to aid the description of particle percolation and migration. 

Testwork will be conducted to determine separation performance. and dien 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 panicles into a bulk material bed are quite 

common phenornena in mineral 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 be observed when screening. grinding, feeding, mixing, and even transponing 

minera1 materials. either wet or dry. For the Knelson Concentrator. centrifugai 

percolation and migration of gold into a concentrate bed of the imer bowl are especially 

important because they largely determine its performance. As mentioned in Chapter 2. 

the hindamentals of percolation in the gravitational field have many obvious analogies 

to centrifuga1 percolation, including the necessity for voidage of the bulk bed and the 

effect of solid panicle propenies. Moreover, gravitational percolation is more easily 

observed and measured than centrifuga1 percolation since the movement of particles in 

a bulk bed in the gravity field can be created in a stationary transparent tube. 

Percolation and migration of dense panicles in the gravitational field (one g) was 

conducteci in this work in order to gain insight into the behaviour of dense particles 

percolating or migrating in the i ~ e r  bowl of the KC. Since the gold grade of the KC 

feed is usually very low (normally below 0.01 % , or 100 gk),  gold particles percolate 
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or migrate through a material essentially made up of gangue particles. This is the 

system which this fmt phase of research sought to mimic. 

Systems where goM is separated from silicates (S. g . 2.7-3) or sulphides (S. g . 5) 

display a significant s.g. differential. A third system with a much lower s.g. diffenntid 

was also investigated: magnetite was used to mimic the dense phase, and silica the 

lighter one. This lower s.g. differential is very cornmon in mineral processing, and 

corresponds to a large number of mineral separations, some 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 r 99.92 1. and a density of 17.98 g/crd. were used 

to mirnic naturai gold. Three sizes of the tungsten. with the maximum size 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 pm site 

fraction, is shown in Figure A2-1. SEM back-scattered images of 25-38 prn and -25 pm 

tungsten particles are also shown in Figures A2-2 and A2-3. It can be seen in these 

photographs that most of the tungsten panicles are irregular in shape. with a submetailic 

lustre. 
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Magnetire (with a density of 4.78 glcm3) and minor amounts of coarse (>425 

pm) hematite (with a density close to that of magnetite) from Iron Ore of Canada Ltd. 

(Carol Lake plant) were used as the dense 'desired' mineral or dense gangue, after wet 

cleaning with a hand magnet. 

Silica sand (with a density of 2.65 g/cm3) from Unimin Canada Ltd. was used 

as low density gangue; to achieve the desired size distribution. some was ground, and 

then combbed with fmer silica sand and cleaned with a LKC (Laboraiory Knelson 

Concentrator) and a hand magnet to remove both heavy and magnetic impurities. 

The three feed materiais were individually screened into separate size fractions. 

The minus 25 pm size fraction of tungsten was funher classified with a Warman 

cyclosizer to remove the minus 4 pm fraction. 

The device used for observation and measurement of the percolation and 

migration of dense particles in a gangue bed was a cyliadrical vertical fluidization 

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 column. Essentially. 

it is composed of two sections. the upper and lower sections. which are comected 

tightly by a pair of fîanges and a rubber ring d u h g  testing. The distributor consists of 

an evenly perforated plexiglass plaie covered by a 106 pm (150 mesh) metal screen. and 

is mounted inside the lower section of the column. 
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Unit: mm 

Section A-A 

Figure 4-1 Engineering drawing of the fluidization column 
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Fipre 4-2 Experimental senip for percolation and migration measurement 

4.2.2 Methodology 

Figure 4-2 illustrates the experimental setup for percolation and migration 

rneasurement. At the beginning of each test. 80 gram of silica or 145 gram of 

magnetite/hematite of monosize gangue panicles was added hto the column and 

fluidization water was introduced to the bonom of the column at a high flow rate for 5 

minutes so as to remove air bubbles from the system. A small amount (2 grams of 

tungsten or 1 gram of magnetitelhematite) of monosize dense particles was loaded in the 

feeding tube along with a given amount of water. The tube was sbaken manuaiiy umil 
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ihe dense particle surface had been wetted (in the case of dense particles of very fme 

size, a few drops of 0.1 % Aerosol OT solution were added to the pu@ inside the feeding 

tube to aid the wetting process). Then. fluidization flowrate was adjusted at a given 

readhg; the feeding tube was placed and held at 4.35-4.50 cm above the surface of the 

gangue bed in the fluidization 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 tüniing off the 

fluidhtion flow. After gradually and slowly discharging water inside the column from 

the bottom valve. materials in the upper and lower sections of the column were cut off 

rnanually from their interface between the flanges and then flushed into two separate 

containers. Material inside die lower section. accounting for about two thirds of the 

gangue panicles, was analyzed for the recovery of percolated or migrated dense particles 

by means 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 particles that had 

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 height of the gangue bed and fluidization fluid velocity 

The height of the particle bed affected by upward fluidization flow is useful for 

definition of the behaviour of the particle bed. To investigate the expansion 
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phewmewn. Le. characteristic of fluidised beds. the height of the gangue bed was 

measureû at different nuidkation flow rates without adding dense particles. Figure 4-3 

is a graph of the height of the gangue bed as a function of superficial fluid velocityi fot 

four types of gangue beds with two monosizes (+212-300 prn and +60-850 pm) 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 both particle size and solid 

densi@. In fact. each bed experienced expansion with increasing fluid velocity and 

began to fluidize at a certain fluid velocity. This incipient fiuidization condition could 

not be identified as precisely as that of the ideal system described by Couderc (1985), 

since there was an intemediate region on each curve where the bed was partially 

fluidized. However, the minimum fluidization velocity, Ud, at which fluidkation of the 

bed begins, could be determined visually . Its magnitude varied from 0.2 to 2.4 cm/sec, 

in the order' of 212 pmsilica. 600 Pm silica. 212 pm rnagnetite. and 600 Fm hematite. 

As fluid velocity was M e r  increased. channelling of the bed took place due to uneven 

fluid velocity distribution over the cross section of the column. Generally, fuie gangue 

particles could reach a well-fluidized state more easily than coarser gangue particles 

could; a low density gangue bed was easier to fluidize and expand than with a higher 

' The flowrate divided by the cross section area of the fluidization column. 

The lowet size limit of the size fraction. 
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Fluid velocity , cm/s 
1 it 212 p silica + 212 p magnctitc +- 600 p silica + 600 p hematite 1 

Figure 4-3 Height of the gangue bed as a function of fluid velocity 

1.0 , I 
l 

0.9 1 i 

1 1 a 212 p siliu + 212 p magoetite + 600 p silica + 600 p hemasite : 

Figure 4-4 Fractional voidage of gangue bed as a Cunction of fluid velocity 
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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 be used to calculate the fractional voidage (t) of a particle bed. 

when V, is the volume of the bed not occupied by solid material. V, the volume of solid 

material, and V, 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 tùnction of superficial fluid velocity . The fractional 

voidage of the fine or low density gangue bed was more easily increased than that of the 

coaner or higher density gangue bed. For the 600 pm magnetite. the fractionai voidage 

increased by only 0.09 at a fluid velocity of 3.0 cm/s compared to that measured at a 

zero fluid velocity, whereas for the 212 pm 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) tirne 

With a coarse silica (60-850 pm) bed at fluid velocities of 0.8 and 1.4 cm/s, the 

recovery of tungsten (106 pm and 600 am) was measured as a fuaction of tirne. Results 

are shown in Figwe 4-5. As shown, tungsten recovery hcreased with increasing 
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percolation (or migration) t h .  Two observations can be made from Figure 4-5. n e  

fmt is that at the same fluid velocity (0.8 c d s ) ,  where the bed was partially fluidized, 

the recovery of 600 pm aiagsten was higher than that of the 106 pm fraction. This 

Micatecl that under conditions of partial fluidization, the mas of a tungsten particle had 

a positive effect on the percolation rate. The second observation is that for the same 

size fraction (Le.. 106 pm) of tungsten, when the fluid velocity was as high as 1.4 cm/s 

(Le., the minimum fluidizing velocity, U,. for 600 Fm silica), recovery could quickly 

reach 78% within 5 seconds. while it took 60 seconds for the same tungsten particles 

to reach the same recovery at 0.8 cmls of Buid velocity. The percolation (or migration) 

rate of cungsten at U,, was higher than at a lower fluid velocity. This behaviour can be 

attributcd to the hrease of voidage of the bed when fluid velocity hcreased. 

The, second 

+ tungsten 106 Fm, fluid 1.4 cmls * cungsten 106 Pm, tluid 0.8 cm/s 
! t tungsten 600 Fm, tluid 0.8 cm/s 

Figure 4-5 Tungsten recovery as a fuaction of tirne (fluidized bed: 80 gram 

of 600-850 pm silica) 
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4.3.3 Effect of particle sue and gangue density on percolatioa and migration of 

tungsten 

Figure 4-6 shows mgsten recovery as a function of tungsten particle diameter 

for 2 12-300 pm silica and magnetite beds. For silica, tungsten percolated quite well for 

ail sizes even at a very low fluid velocity (0.1 cm/s), where the gangue bed was only 

panially fluidized. Since 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 be related to the low density and smali size of the silica, 

which remlted in a very low resistance to the motion of ningsten particles. It was 

1 O 100 Io00 
Particle size, pm 

- 
' 4 0.2 cm/~ .  magnearc bed +E+ 0.6 c m / ~ .  magneatc bed -t 0.1 c m / ~  sdiu bcd 

Figure 4-6 Tungsten recovery as a function of particle size for nvo types of 

fine gangue beds (212-300 pm silica and magnetite, Ume: 30 s) 
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observed during the measurement that rnost sizes of Nngsten could pass through the f i  

silica bed easily . This indicates that the resistance or the dynamic fiction force of the 

buk particles to the movement of tungsten is not oniy a function of the bed voihge but 

also a function of the size and density of the bulk particles. 

For the magnetite bed, at fluid velocity of 0.2 c d s .  tungsten particles below 425 

pm could almost not percolate. Above 425 pm, the recovery increased up to 64% as 

tungsten particle size increased to 1 180- 1670 Fm. It was observed during the testing 

that these very coarse tungsten panicles pushed gangue panicles aside and then buried 

themselves inside the panially fiuidized gangue bed, rather than passing through the 

interstices of the bed. Therefore. it might be deduced that coarse Ringsten migrated into 

the gangue bed in an intrusive man.net. the result of high particle mass and senling 

velocity. When fluid velocity increased hinher to 0.6 cm/s. which was more than 5 

times the flow rate for the silica bed on the same graph. the recovery increased 

significantly for al1 sizes of tungsten. as a result of the increased voidage of the gangue 

bed . 

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 pm silica and hematite. For 

coarse silica, as seen in the upper graph, at a fluid velocity of 0.7 m i s ,  the recovery 

of tungsten particles below 850 pm was almost nil. which means that they could not 
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percolate or migrate because at this low flow rate the bed was almost packed. However, 

tungsten recovery increased up to 87 % for the 850- 1670 pm sir+ fraction. indicating rhat 

these particles were able to inmide into the gangue bed due to their very high mass or 

momentun. When the fluid velocity increased to 0.8 and 1.4 c d s .  where the silica bed 

was partially or well fluidized, Nngsten recovery increasad significantly . except for the - 

38 s h  fraction. As a reference. Table A2.1 of Appendix 2 lists the terminal fne 

settling velocities of tungsten. magnetite and silica for different size fractions, calculated 

for the -106 cm size Fractions in the Stoke's law region and the + 106 am size fractions 

in the intemediate region. It can be seen in Table A2.1 that the terminal free settling 

velocity for the 25-38 pm tungsten is 0.9 cm/s. Thus. the recovery of this very fm 

tungsten dropped as fluid velocity increascd to 1.4 cm/s. Experimental observation also 

showed that there was some of the -38 prn tungsten lost in the ovedow. 

In the case of the hematite bed. as seen in the lower graph of Figure 4-7. at a 

superficial fluid velocity of 1.4 c d s .  where the bed was still highly fixed, the recovery 

of tungsten below 425 pm was ahost ni1 for all sizes. As fluid velociiy increased to 

2.4 cmfs, where the hematite bed was well fluidized, tungsten particles above 75 pm 

percolated and migrated well. But those below 75 pm had a very low percolation 

velocity. especially for the -53 pm tungsten whose terminal free senling velocity is 

below 2.0 cm/s (as shown in Table A2.1). Comparing the results of the hematite bed 

with that of the silica bed. it cm be expected that high density gangue, especially at 

coarse sue. has a denimental effect on the percolatioa of the f i  dense particles. 
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Figure 4-7 Tungsten recovery as a fuaction of panicle size in two types of 

coarse gangue bcds (600-850 pm silica or hematite; the :  30 s) 
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4.3.4 Effect of particle size on percolation and migration of magnetite 

in a silica bed 

This section deals with the third system. Le. a system with a relatively lower s.g. 

differential than the two systems discussed above. Figure 4-8 illustrates magnetik 

recovery as a function of particle size for a coarse (600-850 pm) silica bed of thre 

different fluidization velocities. 0.8. 1.4, and 2.0 cm/s (corresponding to the fractional 

voidages of 0.53, 0.58 and 0.61. as shown in Figure 4-4). Magnetite recovery 

increased considerably as fluid vclocity increased from 0.8 to 1.4 cmh. except for very 

fine magnetite, which. as shown in Table A2.1, has a terminal free settling velocity 

much lower than the fluid velocity of 1.4 cm/s. As fluid velocity increased to 2.0 cmis. 

the recovery of magnetite below 150 pm was lower than at lower water flow rates (1.4 

cm/s). This indicates that the reocvery of the -150 Pm 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 fluid velocity. In other words. if fluid velocity was too low. there was 

not enough voidage in the bed for wngsten to percolate or migrate, and if fluid velocity 

was too high. the settiing and percolation (or migration) velocities of finer sizes of 

magnetite were dramaticall y reduced. 
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Figwe 4-8 Mass of percolated magnetite as a function of particle size 

(fluidized bed: 80 gram of 600-850 Cm silica; percolation the: 30 s) 

Cornparing Figures 4-7 (a) and 4-8, at a fluid flow of 1.4 cmh, it can be seen 

that particles of lower density percolated more slowly than those of very high density. 

The difference in the recovery was srnall. since the percolation (or migration) tirne (30 

seconds) was long enough to enable more magnetite particles CO percolate when the bed 

was well fluidized. 

It should be noted that there is a plateau between 106 and 425 pm for the 

recovery curve at fluidization flow rates of 1.4 and 2 c d s .  Experirnentai observation 
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showed thar the fluidized bed under these conditions was channelling due to the umven 

fluid velocity distribution in the column. According to the diffusion (i.e. dispersion) 

theory of particles. solid panicles can disperse if the fluid is in a state of agitation or 

turbulence (Dallavalle, 1948), and large panides can nmain relatively undisturbed by 

turbulence due to their lower eddy diffisivities (Lyman. 1994). Particles fmer than 106 

Pm have such a low terminal senling velocity (< 1.7 cm/s) that they are washed out of 

the bed with decreasing particle size (despite a relatively high eddy difisivity) by the 

drag of the fluidization flow. 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 pm magnetite is an interesting phenornenon. Magnetite larger than 425 pm 

could migrate and stay neu the bottom of the fluidized bed due to its higher migration 

velocity and lower eddy difisivity, especially at a fiow of 1.4 cm/s. 

It was observed that at Buidization flow of 1.4 and 2 cm/s. channeliing took 

place (although the hi11 column was fluidized. some sections exhibited net upward 

motion, others net downward motion). It is theorized that this flow regime yielded 

relatively high eddy diffisivity which dominated in the 106 to 425 pm size range over 

w hatever net downward or upward velocities magnetite particles 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 particle, as 

illustrated in Figure 4-9, are the gravity, the buoyancy, the drag, and the dynamic 

friction force due to inter-particle collision in the gangue bed. It is also assumed ihat 

both fluid and the particle are moving only in the vertical direction (the 2-direction) and 

thus there is no velocity component in the X and Y directions. The expressions of the 

drag and the equatxons of motion of a dense spherical pmicle for different intervals 

fluidization flow 

dense particle; O gangue particle 

Figure 4-9 Forces on a percolating (or migrating) particle in the gravit. field 
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of particle Reynolds number will be briefly presented in the following sections, whereas 

more details are presented in Appendix 2. 

4.4.1 The drag force in different flow regions 

Figure A 2 4  (Clift et al. 1978) shows the drag coefficient of a sphere as a 

function of particle Reynolds nurnber (standard drag curve). The standard drag curve 

rnay be divided into four regions, such as described by Coulson et al (1990). The 

subintervals of R% corresponding to these four regions are: the Stokes' Law region, or 

Region (a), 104 to 0.2. Region (b) 0.2 to 1000. Region (c) 1 0  to 2 x 105, and Region 

(ci) > 2 x 1v. In this section. only the drag forces in the fint three regions of the 

graph will be considered as panicles do not normally attain the extremeiy high Reynolds 

numbers of Region (d). 

(1) The drag in the Stokes' Law region (Region a): 

Similar to Equation 3.17. the drag on a spherical dense panicle moving down in 

the fluidization colurnn can be expressed as: 

where ui is the interstitial velocity of fluidization flow with respect ro the wall of the 

system . 
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(2)  The drag in Region (b): 

An approximate expression of the drag may be as follows: 

(3) The drag in Region (c): 

The drag force in this region can be expressed by Newton 

1990): 

F, = 0.0551rcb2p[(dh/dt) + u,]' (4 . 4) 

's Law (Coulson et al, 

4.4.2 The equation of motion for the Stokes' Law region (Region a) 

Assuming ihat the interstitial velocity of fluid, 4, is constant, the equation of 

motion of a spherical dense panicle in the Stokes' Law region is given by: 

When the panicle sram at t = O. h = h,, and dh/dt = u,,, 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 Equalions 4.3, 3.36 and 3.13, the equation of motion of particle for 

Region (b) can be expressed by: 

(4.7) 

When the particle staru at t = O. h = h,, and dhidt = u,,, using the sme 

mathematical approach as in Section Al.2.3 to solve Equation 4.7 results in the 

following solution: 
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where C,, = 

4.4.4 The equatioa of motion for Region (c) 

The equation of motion for a spherkai panicle in Region (c) can be wrinen by 

combining Equations 4.4, 3.36 and 3.13 and then reamged, i.e. 
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When the particle stans at t = O, h = h,, and Wdt = u,,, the solution of 

Equation 4.9 can be obtained with a mathematical approach similar to that used in 

Section Al.2.3: 

4.5 Conclusion 

(1) The fluidization propenies of the four types of gangue beds have been studied 

in this work by determining the height and voidage of the bed at different fluid velocities 

and the minimum fluidizing ve:ocity for each type of the gangue bed. The results have 

confirmed the conclusions made by Richardson (1971), that is, the minimum fluiduing 

velocity, U,, of fine or low density gangue bed was lower than that of corner or higher 

density gangue bed. 
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(2) The percolation and migration behaviour of the two types of dense particles 

( a s t c n  and rnagnetite) was investigated by measuring the recovery of percolaîed or 

migrated deme particles under different conditions. It was found (such as h m  Figure 

4-8) that in the gravitationai field. percolation of dense particles was maximized at an 

intemediate fluidization flow. below which insuffcient voidage would inhibit or limit 

the percolation of al1 but the coarsest dense particles. and above which fm dense 

particles would be prevented from percolating because of the drag force of the ascending 

fluidization 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 

well fluidized, the migration rate of coarse panicles was higher than that of mer size. 

(3) Tentative expressions of panicle percolation and migration in a fluidization 

column was made for the gravitational field. The equations of motion of a spherical 

dense particle included the effect of inter-particle collision and were derived for three 

different particle Reynolds number reg ions. 



CHAPTER 5 EXPERIMENTAL AND MACHINE 

CHARACTERISTICS OF THE CENTRIFUGE 

5.1 Expeximental Set-up for the ffielson Concentrator 

The centrifuge used in the research work was a modified 3" (7.5 cm) belson 

Concentrator (KC). equipped with a variable speed control (a DC motor and a 

potentiometer) . Figure 5- 1 shows schematically the experirnental set-up. and other 

details such as the position of the water pressure gauge are shown in Fiare A3-3 

(Appendk 3). Photographs of the set-up are shown in Figures A3- 1 and A3-2. Figure 

5-2 provicies a schematic description of the fiuidization water supply systern. 

As seen from the figures mentioned above. the KC is essentially comprised of 

a conical shaped and riffîed imer bowl. which is made of polyurethane and installeci 

concenvically within a cylindrical stainiess steel outer bowl. Table 5-1 lists the 

disuibution of surface area and number of water-injection holes of the five rings in the 

imer bowl . The d e f ~ t i o n  of the ring in this work is the groove between the riffles, 

while a riffle is a rib of the inner bowl. as illustrated in Figure 5-2. The diameter of 

each hole is 0.79 mm or 1/32 inch. The designed concentrate volume of the imer bowl 

is approxirnately 65 ml (Knelson Gold Concentrator Im., 1994). 
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The rotating speed of the drive motor can be varied by adjusting the 

potentiometer rotation. Motor velocity reach 3967 rpm, comsponding to a bowl 

rotahg velocity of 2024 rpm, ancl developing an acceleration at the ring suiface v q h g  

from 58 Gs for the bottom ring to 115 Gs for the top ring. Table 5-2 shows a 

disaibution of computed Gs in each ring of the h e r  bowl at 1040, 1465 and 2024 rpm 

of bowl rotating speeds. At a given rotating speed, centrifuga1 acceleration at the ring 

surface decreases from the top ring to the bottom ring due to the reduction in ring 

dimeter. Since the diameter of the bottom ring (#1) is equal a a half of the diamcar 

of the top ring, the acceleration at the bottom ring is half that at the top ring. 

DC line output 

The KC 

O .  
potentiometer , i 

AC line input 

Figure 5-1 Experirnenral set-up of the KC 
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/ ' 
/- 

outer bowl 

fourth ring 

' inner bowl 

Section A-A 
bowl rotation ciockwise 

Figure 5-2 Fluidization water mpply system of the KC 

Table 5-1 Distributions of lateral area and injection holes of the inner bowl 

* The density of holes is defmed as the number of holes per unit ring area. 
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Table 5-2 Distribution of Gs in each ring at three rotating speeds 

cm 
' 1040 rprn 1465 rpm 2M4 rprn ( 

5.2 Separation Principle of the Knelson Concentrator 

The separation pnnciple of the KC. for al1 rnodels. is based on the difference in 

centrifuga1 forces exened upon gold and gangue panicles and on fluidization of the 

separation zone. As shown sshematically in Figure 5-3, the feed is introduced to the 

base of the rotating i ~ e r  bowl through the downcomer, and immediately mineral 

panicles are centrifuged towards the conical wall of the concentrate bed at different rates 

depending on their size and specific gravity. At the same t h e ,  fluidization water enten 

tangentially opposite to the rotation into the concenuate bed. panially Ruidizing it and 

preventing gangue panicles settling in the separation zone. Under the effect of the 

centrifugai force and water fluidization, gold particles settle down and move (percolate 

or migrate) to the surface of the concentrate bed (some very fine concenuate may pass 

through the injection holes and accumulate on the base of the outer bowl): while gangue 

panicles are washed out of the bowl due to their low specific gravity. thus completing 

the separation process. 
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Feed 

Tai ls 

\ 
, Concentrate 

a gold 

0 gangue 
Fluidizing water 

Figure 5-3 Separation principle of the KC 

5.3 Relation between Centrifuga1 Acceleration and the Bowl Rotating 

Velociîy 

The rotating speed of the drive motor of the KC was measured at different 

potentiometer xnings with a Cole-Parmer tachometer (mode1 82 13-20. 5-digits), and 

each measurement was repeated once and the average rotating speed calculated. The 

rotatiq speed of the outer bowl was calculated from the ratio of the motor pulley to the 
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outer bowl diametea. The magnitude of centrifugai acceieration of the comsponding 

rotatiag speed was computed as follows: 

where Gs: the number of gravity accelerations (Svarovsky, 1990); 

4: the rotating speed of the drive motor, rpm; 

rd: the radius of the motor pulley, cm; 

4: the radius of the inner surface of the top rib. cm; 

&: the radius of the outer bowl, cm; 

g : gravitational acceleration, 98 1 cm/$. 

Bowl rotating speed, rpm 

Figure 5-4 CenWugai acceleration at the top ring as a hurtion 

of bowl rotating speed 
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Figure 5-4 illustrates the relationship between the centrifugai acceleration (we use 

Gs as a dimensioniess value) of the top ring and the bowl rotating velocity: it is a 

parabolic huiction and reaches 115 Gs for the top ring. 

5.4 Effect of Rotating Speed on Fluidization Flow Rate 

5.4.1 Methodology for rneasurement of fluidization flow rate 

In the absence of any feed, the nuidkation flow rate of the variable speed KC 

was detemined at different rotating speeds and water pressures (read from an oil 

pressure gauge. O - 100 kPa or O - 15 PSIG). For given conditions (accelerations of 30. 

60 and 115 Gs and water pressures of 8. 16, 24. 32. 40. and 46 kPa), flow rate was 

measured twice by exuacting t h ed  sarnples of fluidization water and measuring their 

volume. To measure ring-by-ring fluidization flow rate. the injection-holes in those 

rings not ro be tested were sealed with removable glue. In addition. flow rate was 

determined when the imer bowl rotated reversely at 60 Gs so as to swdy the effect of 

the direction of the injection-holes on the fluidiration. The reversai rotation was 

achieved by exchanging the elecvic poles of the DC motor. 

5.4.2 Relationshi p between fluidization flow and centrifugai acceleration 

5.4.2.1 Total fluidization flow of the imer bowl 

Figure 5-5 shows tluidization flow rate as a hinction of water pressure and 

centrifuga1 acceleration. Water flow rate increased with increasing pressure. At a given 
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pressure, tbc water flow rate dccrrrad as Gs hmcasd from 30 to 115, indicating hat 

the centrifirgal force in the KC inw bowl M an ability to hinder the motion of 

fluidization water. This can be confirmed by comparing the result of normal rotation 

with that of reversal rotation at 60 Gs. As shown in F i p  5-5, at 60 Gs a d  a given 

pressure, tbe fluidization flow rate of revenal rotation is lower than that of m d  

rotation. S k e  the rotation of the injection-holes after reversing the bowl rotation was 

somewhat similar to the impeller rotation of a water pump, less fluidization water was 

able to enter the ianer bowl. Owing to the cenaifugal action of the flowing film, this 

effect became saonger at a higher pressure. 

20 - 
I8 - 

6 10 14 18 22 26 30 34 38 42 46 50 
Pressure, kPa 

figure 5-5 Total fluidization flow rate of tk inner bowl as a function of wafer 

prcssurc and ccnMugal accc1e.mtion 
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. .  . 
9.4.2.2 Iÿpg - bv - -on flo w rate 

Figure 5-6 shows ring-by-ring w i t a  flow rPta a t r  conditions of Mtrtnt  

water pressures and centrifuga1 accclerations in terms of superficiai velacity vs ring 

numkr (lowest: Il ; highest: #5, with the lugest diamCrCr). Supcrfciai fluid velacitics 

for iower rings ( I l .  #2 and 13) at 115 Gs could not be read -se at very low flow 

rate and highest rotating speed, fluctuations of the pressure gauge reading were tw 

large. The superficiai fluid velocity at a given ring is qual to tbt fluiduotion flow rate 

of the ring dividcd by the ring surface am (Table 5-1). As seen h m  Figm 5-6, the 

superficial velocity tendcd to decrease with increasing ring diameter and auxleration. 

Since the density of holes. as seen in Table 5-1, is ô a s i d y  the same for ai1 five rings, 

it is infernd that at the same rotating speed. the flow rate per hole decrrases from Ring 

1 to Ring 5 on account of the increasing Gs. This rrsult is consistent with the 

observation that increasing rotathg velocity decreases overall fluidization flowrate at 

constant pressure (Figure 5-5). For a given Mig and at constant Gs. the superficiai 

velocity iacreased graduaily as water pressure i n c d  h m  24 to 46 kPa. which also 

conf'inns the efféct of pressure on fluidization flow rate shown in Figure 5-5. 
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Ring number 

(a) 

Ring number 

(c) 

Ring number 
(b) 

Ring number 

Figure 5-6 Supcrficial velocity of fluidhtion fiow as a h t i o n  of the ring number 

and Gs at differcnt pressures: (a) 24 LPP; (b) 32 kPa; (c) 40 Wa; (d) 46 kn. 
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5.5 Effect of Rotating Speed on the Thickness, Reynolds Number and 

Retention Time of the Flowing Film in the Inner Bowl 

5.5.1 Methoàoiogy for tmmmmmt of the thickness of the fbwing film 

Th meastuement was taken while the KC was ninning, by removing its feedipl 

huurl. For most tests. no solid particles and slurrying water were fcd into thc KC 

during the measurement . Before meamring. fluidization flow rate was adjusted ktwccn 

2 and 14 Urnin. and the bowl rotating speexi was kept at 790, 1040, 1465 anâ 2024 

rpm, comsponding to accelerations of 18, 30, 60 and 114 Gs, nspcctively. Thc 

intemai diameter of the coaicai flowing fîh over the inncr bowl was measureâ with an 

inside callipen under strong illumination. An outside mcasuring Vernier callipers with 

an accuracy of 0.02 mm was then used to determint the pmious callipers se*. For 

each condition. the internal diameter of the flowing füm was measured at five positions, 

located at the surface of each riffle and the top rib. and each measurement was repeated 

three times. Finaîly, the thickness of the flowing f h  at a given riftle was obtained by 

halvhg of the difierence beiween the inner diameter of the riMe and the average intemai 

diameter of the flowing f h  cone. 

For measurement in the presence of a gangue bed, 200 gnms of 212-300 pm 

silica particles were first fed into the rotating inner bowl to form a fluidized bed. The 

KC was kept Nnning at 115 Gs acceleration and 8 Umin fluidization flow for two 
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minutes in order to obtain a constant mass of silica inside the bowl. Then, the thiclaicss 

of the flowing film was measurrd as per the procedure mentioned above. 

The standard deviation of each measurement ranged from 0.08 to 0.6 mm. Tbc 

high dcviation of readings happmd on measuring a thicker water f h  duc to 

oscillations of the flowing film when the KC was nuuiing. This accuracy was 

considend acceptable for a prrliminvy characterisation of the flowing f h  in the KC. 

5.5.2 Effeet of rotating speed and fluidization on the thickness of the flowiq Nm 

5.5.2.1 Thickness of the flowinv film as a function of riffle number 

Figure 5-7 shows how fluidization flow rate affLected the thickness of the flowing 

film in the h r  bowl at 18, 30. 60 and 115 Gs, for ail five riffles. The thickness of 

the flowing film varied from 0.10 to 4.42 mm. depending on the flow position (the riffle 

nwnber), flow rate, and rotating spced. Gemrally , the highest thichvss was observeci 

at the lowest Gs (18 Gs) and the highest flow rate; the lowest thickness was observed 

at the highest Gs (115 Gs) and the lowest flow rate. It cm be seen that the thickncss 

at 30 Gs was about twice the thickness at 115 Gs at any given position of the bowl, 

which mi@ lead to an inference that the retention the of particles at 30 Gs wiil k 

longer than that at 115 Gs. Some characteristics of the flowing füm c m  k summontcd 

by comparing and contrasting the data in Figure 5-7. That is: 
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Figure 5-7 Thickness of the flowing f h  as a fiiaction of riffle numkr and 

fluidization flow rate at (a) 18 Gs.(b) 30 Os. (c) 60 Os, and (d) 115 Gs. 
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1) At a given Os. the thickness of flowing film incrrsscd with incrtasing 

fluidization flow rate. 

2) At a given flow rate. the fiim thiclroess decnascd with Urreasing Gs. This 

was due to the higher dnvhg force (or higkr tangentid fluid velocity). 

3) At given Gs and flow rate. the film thickness i n c d  g r a d d y  as t& 

flowing fiim moved from the bonom to the top of the inner bowl. This effect was 

clearly more signiftcam at high fluid flow. This could be amibuted to the confluta~% 

of the fluidization flow ring-by-ring. 

5.5.2.2 The weir model of fluid flow 

As illustrated in Figure 5-8. the top rib of the inner bowl may h t i o n  as a 

horizontal weir, over which the water fm flows vertically out of the inner bowl. It is 

considered that the thickness (6) of the fiowing film at the top riffle is approximately 

equal to the head. Hence. the relationship between the total fluid fiowrate (Le. the 

water discharge) and the thiclcness of the flowing film may be expresseci by a classical 

weù model (Streeter, 1971). which. in this work, is modifieâ by substituthg the 

centrifugai acceleration for the gravirationai acceleration. That is: 

where Q is the fluid flowrate. mils; is a dimensioniess correction factor: L is the 

width of weu. in cm. which is eqüal to the circumference of the top rib. 



CHAPTER 5 EXPERIMENTAL AND MACHINE CHARACTERISTICS 122 
OF THE CENTRIFUGE 

\ 
fluid flow 

bowl 

Figure 5-8 The weu phenomenon in the KC 

Equation 5.2 can take the form: 

Q = & , , , ~ J Z ~ P ~ ( R G S ~ ~ ~ ~  3 (5-3) 

in order to fmd the value of b, the values of the group were cakulateû 

for the fifth ring at differe~ Os and fluid flow rates and then plotted against the water 

flow rates, as shown in Figure 5-9. The curves in the figure show basically lineiu. 

Therefore, it is appropriate to use Streeter's (1971) weu mode1 to describe the relation 

ôetween the flow rate and the <hichuss of the flowing fih over the h r  bowl. It can 

be found by regression tbat the magninide of the ail coefficients of the grwp RGS'%~~ 

is equal to 107.5. Thus, 
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This 4 value is very close to the empincai value (0.6) measumi by Streeter (1971). 

thus confirmiag the weir model. 

From Equation 5.3, the thickness of a flowing fM at the f& rime can k 

caiculateâ by: 

O 50 100 150 200 250 300 350 
Water flow rate, mVs 

Figure 5-9 Relationship between R G s ' " ~ ~ ~  and fluid flowrate for different Os 



CHAPTER 5 EXPERIMENTAL AND MACHINE CHARACTERISTICS 124 
F CENTRIFUGE 

5.5.3 Efféd of rota- s p e d  and fluidiuaon on the ReynokIs number of the 

norrhy film 

B a d  on the results of the thickness measurement. the average Reynolds number 

of flowing f h  in the inncr bowl, Re, was CalCuLatcd accordhg to the foliowing 

formulation (Sun, 1982): 

where Ü,: the average fluid velocity . c d s .  

6,: the average thicbuss of the flowiog fh, cm. 

7 - -- [ + 2 Umin + 8 Umin ü 14 Umin * 20 Umin / 

Reynolds number of flowing fa as a fiinction of mtating speed 

and fluid flow rate 
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Figure 5-10 illustrates the relationship between the average Reynolds number of 

the flowing film in the inner bowl and rotathg spced of the KC at different fluid flow 

rates. The Reynolds number varied from 254 to 3 164. as fluid flow incteased hwn 2 

to 20 Umin. with very little dependence on Gs bctween values of 18 and 115 Gs. 

In mineral processing practice, it is generally stated that the critical Reynolds 

number for inclined flow marks the transition from laminar to turbulent flow, and varies 

b e w n  300 and 1000 (Sun. 1982). Since the flowing film h the h e r  bowl not only 

moves in the axial direction but also moves radially and tangentially. it is postulated thst 

the regime of the imer bowl flowing film is transitional. Le. at intermediate Reynolds 

number (benveen 200 and 4000), where there rnay be a slight brrpkdown of iemiapr 

motion, or sharp bursts of turbulent fluctuation, or even partial (or local) turbulence. 

Although there was linle eMect of rotating speed on the Reynolds number, it is very 

plausible that higher rotating speeds will require more fluid flow, leading to higher 

Reynolds numbers and an increase in turbulence. 

5.5.4 Effet of fluidlzation on the thickness of the flowing film in the presence of 

a süica bed 

Figure 5-1 1 shows how the thickness of the flowing film varied from the bottom 

(Riffle 1) to the top (Riffle 5) of the bowl at LU Gs and a fluidization flow rate of 8 

Umin with and without a silica (212-300 pm) bed in the inner bowl. The profile of the 
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fw thickness remairiPd almost whanged in the presence of a silica M. This mi@ 

Wcate t b t  the soli& in each of the rings do not affect the flowing film s ign i f idy ,  

and that some of the hydrodynamic characteristics of the flowing fw fm of solid 

particks can k applied to the sady of the actuai flowing f h  in the KC. 

Riffle Number 

Flm 5-11 Thichvss of flowing f U  as a h t i o n  of riffle numkr 

at 115 Gs and a fluidization flowrate of 8 Umin with and 

without a silica (212-30 am) bed 
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5.5.5 Effect of rotating speeà and fluiàization on the retention time of 

the fiowing lihn 

Based on the measured thiclmss of the flowhg fh. the retention time of the 

flowing f i  was calculated with foliowing formulation for different rotaring speeds and 

fluidization flows: 

where Q: the fluid flow rate of the tlowing film, cdls; 

V: the volurnevic holdup of flow in the inner bowl, cm3; 

V,: the volume of the air cone of the inner bowl without fiuidization water, 57.43 

cm3. 

H: the height of the innr bowl. 5.69 cm; 

R,: the radius of the air cone at the bottom ring with fluidization water, cm; 

&: the radius of the air cone at the top ring with fluidization water, cm. 

Figure 5-12 illustrates the resulu of the calculation. It is shown that the retention 

time of the flowing film basically decreases with increasing Gs ai a given fluidization 

flow. At a flow rate of 2 Urnin. for instance. the retention t h e  of the flowing film 

decreased from 0.19 to 0.05 second as Gs increased from 18 to 115. This indicates that 

increasing the rotating speed of the KC will acceleraie the axial motion of the flowiag 

film. At a given Gs, the retention time decreased as fluid flow rate increased from 2 
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1 I 

I 

0.01 
O 2 4 6 8 10 12 14 16 1 8 2 0 2 2  

Fluidization rate, L/min 

Figure 5-12 Retention time of flowing f h  as a function of rotathg speed 

and fluid flow rate 

to 8 Umin, which is the range of fluidization flow rate for normal operation of the 3-in 

KC at 60 Gs. Then, the retention tirne remained alrnost unchanged as flow rate 

increased from 8 to 20 Umin, since the volumes of both the fluid holdup and the flow 

rate increased almost at same rates. Increased fluidization flow is seen to decrease 

retention time for standard Knelson operating conditions, and increase the chickness of 

the flowing film. This would suggest that recovery will be more difficult, especiaiiy at 

hi@ feed rates. 
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The data of Figun 5-12 were obraincd using the thickness of the flowing film, 

a relatively noisy measunment. The nsulting e m r  clearly shows in the scatter, and 

second order polynomial fit of the data yields a lack-of-fit of 20% (error bars are net 

s h o w  on the gnph for the sake of cliuityj. Nevenheiess, the trends are extremely 

clear. and the retention t h e  of liquid phase was below 0.1 s for normal operating 

conditions. 

5.6 Conclusions 

A modified 3" (7.5 cm) variable speed Knelson Concentrator was set up for the 

resemh work. A nwnber of machine characteristics relevant to unit performance, 

including the relation between rotating speed and centrifiigal acceleration at the ring 

surface, the ring-by-ring fluidization flow at different rotathg speeds and watet 

pressures, and the thickness and retention tirne of ihe flowing film, were meamred and 

discussed. It was shown that the relationship between the fluid Row rate and the 

rhickness of the flowing film at the top rib well observed the classicai weir model. 

modified for high Gs. Some of the results in this chapter will be used to provide the 

following gravity test work with a quantitative reference, and others will be used to 

explain sorne experimental phenornena 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 Mateniah and devices 

6.1.1.1 Svnthetic ores 

Synthetic ores were used throughout this work. As shown by iaplante 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 derstanding of sepvation mechanisms. because of the 

more accurate results and controllcd particle shape. In test work conducted in this 

chapter, four types of synthetic feeds were used and prepared by combining a heavy 

metal (ningsten, 2.5 1e of the feed for al1 tests) with a gangue (magnetite or silica) with 

two size distributions (couse and fine). These distributions were chosen to mimic those 

which can be reasonably achieved with indusvia1 static and vibrated scmns, as well as 

flash notation concentrates. The physical properties aad 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 hmgsten aod gangue (96 Mass) 

1 Coarse 1 Fine 

1 Total 1 100.0 1 100.0 

6.1.1.2. Devices 

The Variable Speed Knelson Concentrator used for test work has k e n  demibed 

in Chapter 5 .  A Mozley laboratory separator (MU) was used to determine the mngsten 

content in the sizeâ fiactions of the KC concentrate. Witb proper M I S  operation (and 

magnetic separaiion in the presence of magnetite gangue), the concenuate obtauied can 

be considcd to be pure tungsten. This metbod had been successfully used by Laplante 

et al (199Sa) in theh research work. 
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In this work. the accuracy of the MLS anaiysis has been coafirmed by coducting 

a series of repeatcd MLS gravit. tests on different sizes of synthetic febds (five repeats 

for mch sUe fiaction). in each test. 10 grams of hingsten and 50 gram of silica or 

magnctite werc mixd before fetding ont0 the tray of the MLS. If a mixture was 

coarscr han 106 Fm. a "V" profile tray was used, otherwise a flat tray was used. 

Before each test, the speeâ. amplitude and dope of the MLS were set accordingly, and 

the flow rate of wash water was adjusted at 0.5 Umin for the "V" profile tray and 2.5 

Umin for the flat tray. The srandard deviations (STD) of five repeated MLS tests are 

given in Table A44 of Appendix 4 for mixtures of tungsten and silica, and in Table A 6  

2 for mixtures of tungsten and magnetite, respectively. In most tests the mngsten 

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 pm fraction gave slightly lower recoveries. 

6.1.2 Methodology for the gravity concentration tests 

The tests were conducted using procedures analogous to those developed at 

McGill University (Huang, 1996; Laplante et al. 1995, 1 M a ) .  Figure 6- 1 demonstrates 

the key procedures. 

(1)  For each test. a 2 kg synthetic ore sample was prrpared carefully by weighing 

each component material size-by-size with a AD Elecmnic sale according to the s i z e  

disnibutions shown in Table 61 .  It w u  fod at a rate of 400 g/min with 0.5 Umin 

slurrying water to the KC. FiuidUing water flow rate was adjusted between 2 and 14 
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Uxnin; inatr bowl rotatirtg speed at 1040, 1465 or 2024 rpm (corcesponding to 30,60 

or 115 Gs at the top ring). 

(2) At the end of each test, the KC concemate was recovered, cirieci and 

screened using a Tykr progression. Each size class wu pmccssed with the MLS (the 

Mozley Labontory Separator), and in the case of magnetite gangue, residual magne& 

was removed with a haad magnet (Model SP-90, made by Gilson Company. h., USA). 

Recovery was caiculated h m  the mass of tungsten recovered by the MLS ard that of 

the feed. 

Sized KC concentrates 

1 Magnetic separatioa 1 
1 

Figwe 6-1 Methodology for tungsten-gangues separation 
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6.2 Expeximentai Results 

Fi- 6.2 shows how tbc fluidizing water flow rate and rotating spced of tbc KC 

affects total hingsten recovcry. Thc highst nxovery, 96.5%. was achievtd at thc 

lowest rotating speed ami a fluidization flow rate of 5 Y min. On the other hpid, 

lowest recoveries were achieved at the highest rotating speed, especiplly at fluidization 

flow rates below the optimum (a recovery of 64% at 2 Um.). Each rotating velocity 

had an optimum fluidization fîow nte, which incnased from 5 L/min at 1040 rpm (30 

Gs) to 14 Lhin or more at 2û24 rpm (1 15 Gs). 

4 

O '  - 
I . .  L 1 

O 2 4 6 8 10 12 14 16 
Water flow rate, Wmin 

Figure 6-2 Turigsten recovery as a fum:tion of ceiipifuge acceleration 

arid fluidization flow rate (gangue: -425 pm ma&netite) 
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Figure 6-3 illustraies how fiuiduation flow rate aff'ectcd the mass of coirentrate 

comsponding to the tests in Figure 6-2. It can be seen tbat ffuidization flow nite had 

an opposite effet on collcentnitc mass thPa mvery.  At a giwn Gs, the commtrate 

mass demeascd and the recovery i n c d  as flukbtion flow incTc8scd h m  2 io 8 

Umin. This indicates that thc separation zone became morc active since morc gangue 

particles were flushed out of this zone. The largest concentrate mas, 369 grams, wu 

obtpiiwd at the lowest ncovery, d e r  conditions of hightst rotating speeâ ami lowest 

fluidization velocity. This mny imply that the separation zont became more compact 

with increasing rotating speed and decreasing fluidization flow rate. In the study of the 

Water flow rate, Umin 

Figure 6 3  The mus of the KC c o w m t e  as a function of centrifiigaî 

acceleration and fluidization flow rate (gpnguc type: -425 pm mrgdte) 
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relatiomhip 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 fracrimal voidage decreased with 

decreasing fluidization flow rate. Tungsten recovery then dropped because its 

percolation was impeded, as shown in Figure 4.7. A similar phennomenon has been 

reproduced in Figure 6-2. but at higher accelerations. 

It should be noted that the recovery process in the KC is not an example of 

simple centrifuga1 senling of dense particles but also sizing of the gangue. Under the 

infiuence of water fluidization. a hydro classification process for gangue parricles takes 

place within the separation zone. As a resuit of this process. large gangue particles 

survive and stay in the separation zone. whereas small ones are washed out of the zone, 

king replaced by oncoming larger gangue or dense panicles. This classification process 

may operate during pan or al1 of the recoveting cycle. Meanwhile. hioh density 

particles are able ro 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 exceptional1 y high. There fore. 

it may be hypothesized that at a given Gs. the presence of much gangue of a size typical 

of the feed (say the D,) in the concentrate is an indication of inadequate fluidization, 

as the fine size of this material. if properly fluidized. should not report to the 

concentrate. Figure A44  shows the D, of sangue in the concentrate as a function of 

tluidization flow rate and centrifuge acceleration. analyzed for the tests mentioned 

above. It increased with increasing fluidization flow rate and decreasing rotating speed, 
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Figure 6-4 Tungsten recovery as a hinction of panicle size and centrifuge 

acceleration at different fluidization flow rates (gangue type: -425 pm magnetite) 
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indicating that the s i x  distribution of gangue in the bed became increasingly coarser 

than that of the feed (the Dw of gangue in the feed was 130 pm). It is observed that 

operating conditions yielding lower recovenes do correspond to Dd in the concentrate 

dose to that of the ked. 

Sire-by-size ningsten recoveries at fluidization flow rates of 2. 5 ,  8, and 14 

Llmin are shown in Figure 6-4 for different Gs. Results at 2 Llmin (Graph a) conFm 

what could be hypothesized fmm the known effect of fluidization water: at flows below 

the optimum. the recovery drop was most significant at the intermediate size range. as 

reponed for the Muidized 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 Wmin was an inadequate fluidization flow rate. There was also evidence that at 

this low flow rate. even the coarsest Nngsten lacked the momentum to migrate through 

the tlowing slurry to the concenuate bed surface. This problem was corrected at higher 

rotation speeds, and the recovery of the +300 p n  fraction increased to more than 80%. 

Recovery of the finest tungsten, -25 Fm. also benefited from the higher rotating speed. 

At 5 Umin (Graph b). where fluidization became better than at 2 Lfmin, the best 

overall sire-by-sire recoveries were obtained at 30 Gs. with only a slight drop in the 

recovery of the 25-38 pm fraction. and a more substantial drop in the -25 pm recovery. 

The recovery irnprovement from 2 Wmin at intermediate size range was more significant 

at 60 Gs than 115 Gs. resulting in a relatively constant recovery above 80% over the full 
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s k  range. This may be attributed to an Unprovernent of fluidization, which was lost 

again at 1 15 Gs. 

Graph (c) shows rhat as fluidization flow rate increased further to 8 Umia, the 

overall sire-by-size recoveries began to decrease at 30 Gs due to the increasing radial 

drag of fluidization water. which hindered ningsten particle migration and percolation. 

This graph indicates that the drop is limited to tungsten fmer than 106 pm. which would 

be more susceptible to the drag (Le. of lower temiinal senling velocity). Only at 60 Gs 

the recovery of most sizes reaches an optimum because of a sufficient acceleration to 

resist the drag and a suitable voidage to percolate and migrace. Still, at 115 Gs, the 

recovery problems experienced at 5 Umin persisted. Figure A4- 1 shows that the 

gangue D, at 115 Os and 8 Umin. 145 pm. was still close to that of the feed (130 pm), 

indicating rhat fluidization of the separation zone was not yet sufficient. As a result. 

chere was little improvement in tungsten percolation (or migration) and overall recovery 

under these conditions. 

At 14 Umin, as seen in Graph (d), the recovery at the intermediate size range 

was the highest for 115 Gs. This again was linked to improved fluidization. as 

suggested by Figure A4-1, which shows that the high recovery was achieved at a 

fluidization flow rate high enough io increase the Dm of the recovered gangue to reach 

values similat to those of the optimum recovery at lower Gs. At 60 Gs, the recovery 
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of the -53 pm tungsten startecl to decrease, as it had at 30 Gs at a lower fluidization 

flow. 

6.2.2 Separation of tmgsten from coarse magnetite 

Figure 6-5 shows how the fluidization flow rate and rotating speed of the KC 

affected overall tungsten recovery from coane mapetite gangw. As expectd* overall 

recovery was below that of the fme magnetite gangue, and varied from 58 to 83 %. The 

lowest rotating speed achieved the highest recovery at a fluidization flow rate of 5 

L/min. as had ken the case with the f u ~ r  magnetite gangw. 

Water flow rate, L h i n  

Figure 6-5 Tungsten recovery as a function of centrifuge acceleration and 

fluidization flow rate (gangue: -1670 pm magnetite) 
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Figure 6-6 Tungsten recovery as a function of particle size and fluidization flow 

5 

rate at different centrifuge accelerations (gangue type: - 1670 pm magnetite) 
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The effect of tungsten particle size was very significant, and is detailed in Figure 

6-6 for accelerations of 30. 60 and 115 Gs, respectively. It was clear that high 

recoveries over the hi11 size range could not be achieved within the range of operating 

conditions tested. The highest recoveries below 38 pm were achieved at 115 Gs and the 

lowest fluidization water, whereas the +212 pm fraction was best recovered at 30 Gs 

and a high fluidization flow rate of 9 Umin. These are diamevically opposed operating 

conditions. and also correspond roughly to the minimum recovery of particles at the 

opposite end of the size specuum. None of the curves showed the restoration of 

recovery at tungsten sizes equivaleni to the coarsest gangw particles. but tfiis was 

simply because coane (>425 pm) tungsten was not used. Curves such as the one at 

14 Umin and 60 Gs suongly suggest that this restoration would indeed take place. 

Al1 recovery versus size curves indicate that recovery in the 50 to 100 am size 

range was relatively independent of both of tluidization tlow and rotating speed ( ix .  

when the results in Figure 6-6 are compared). Interestingly enough. this corresponds 

CO the dominating size range for gold accumulating in most grinding circuits (Banisi et 

al. 1991; Bang, 1997: Vincent. 1997). 

One final observation should be made: Figure 6-6 suggesu that a wider range of 

fluidization nows should be tested. For example. recovery of the + 100 pm fraction at 

115 Gs could undoubtedly be boosted with a flow above 14 Umin, whereas the -37 pm 

fraction recovery would probably be slightly boosted with a flow below 5 Umin. In 
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both cases, this would be at the cost of recovery at the other end of the sue distribution; 

flows exceeding 14 L/min would also result in a very high water consumption. more 

than threefold that of the belsons in present industrial applications. 

The effect of fluidization flow rate and rotating speed on the mass of the 

concentrate is presented in Figure A4-2. and the relationship between the Dm of gangue 

in the concenvate and fluidization flow at different Gs is shown in Figure A4-3 of 

Appndix 4. It c m  be seen from these two figures that the variation of both the 

concentrate mass and the Dm of gangue in the concentrate were not as significant as for 

fine magnetite gangue (compiuing 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 well fluidized even at the highest fluidhtion flow tested. Figure 

1-3 had shown that the corne (600-850 pm) hematite bed was the most diificult to 

fluidize at one G. Furthemore. Figure 4-7 had shown that the percolation or migration 

velocity of ningsten in the coarse hematite bed was much lower than those in other three 

types of gangue bed. Results in this chapter suggest that shilar problems plague the 

Knelson over a relatively high range of Gs. They also suggest that there is a b i t  to 

the top size that a centrifuge such as a Knelson can treat when gangue density is 

exuemely high. This limit is located somewhere between the coarse and fine magnetite 

feeds tested in this work. 
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6.2.3 Separation of tungsten from fme silica 

Figure 6-7 shows how the fluidizing water flow rate and rotating speed of the KC 

affected tungsten recovery from fuie silica gangue. Tungsren recovery was hi@ (well 

above 95%) for al1 cases, except for the lowest water flow rate (2 Umin) at the highest 

Gs. where fluidization was obviously inadequate. There was also a modest &op in 

recovery at the highest water flow rate (6 Umin) and the lowest Gs. where fluidizing 

water flushed some of the fine mngsten out of the concennate. 

O 
O - 7 4 6 8 

Water flow rate, Llmin 

Figure 6-7 Tungsten recovery as a function of cenmfuge acceleration and 

fluidization rate (gangue type: -425 pm silica) 
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Figure 6 8  Tungsten recovery as a function of panicle size and fluidization flow 

rate at centrifuge acceleratioos of 30. 60 and 115 Gs (gangue: -425 pm silica) 
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Size-by-size tungsten recoveries at 30, 60 and 115 Gs am shown in Figure 6-8 

for conditions of three different fluidizing water flow rates. Common for these three 

centrifuge acceleratiom was a small dip in recovery beween particle sues of the 106 

and 300 Pm. which was exacerbated by reducing fluidization flow rate and increasing 

The effect of fluidization flow and rotating speed on the mass of concentrate and 

the D, of gangue in die concentrate was significant. and is detailed in Figures A4-5 and 

A 4 4  of Appendix 4, respectively. As a whole, the concentrate mass decreased with 

increasing fluidization flow rate and decreasing Gs. whereas the Dm of gangue in the 

concentrate increased with increasing fluidization flow rate and decreasing Gs. Although 

mngsten recovery was very high over the full range of operating conditions Figure A4-5 

shows that the dip in mngsten recovery in the 150-300 pm fraction is most pronounced 

where the D, in the concentrate is closest to that of the feed --- in the 130-150 pm 

range. 

Comparing the results in Figure 6-7 with those in Figure 6-2 for separation of 

tungsten from magnetite, the fluidizing water flow rate where the maximum recovery 

occurred at a certain rotating speed was much lower for the silica gangue. even at the 

highest Gs. We suggest that the fine low density gangue (silica) tended to fonn a more 

fluidized separation zone in the imer bowl, thus requiring a lower fluidization flow rate. 
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The hindamental snidy of fluidization behaviour of different types of gangue bed in 

Chapter 4 has already illustrated this observation. 

6.2.4 Separation of coarse tmgsten from coarse sillca 

Figure 6-9 is a plot of tungsten recovery versus fluidhtion Bow rate at different 

Gs. As for Figure 6-7, the most serious drop in recovery was due to an inadequate 

fluidization flow at high Gs. Figure 6- 10 shows that the extent of the problem was 

limited io a relatively w r o w  size range, 150-600 pm, thus. again the intemediate 

coarse size range. Increasing fluidization flow to 7 Wmin fully nstored recovery above 

the 95 8 range, except for the -37 pm fraction. whose recovery remained high ( > 80 46) 

even thaugh it 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 Gs. This is consistent with observed industrial performance. 

The concentrate mass varied from 13 1 to 146 grams, increasing with decreasing 

fluidization flow rate and increasing Gs. This variation was consistent with others 

analyzed above. thus confirming the inferred Auidkation behaviour of the concentrate 

bed. 
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Figure 6-9 Tungsten recovery as a function of rotating speed and fluidization 

flow rate (gangue type: -1670 am silica) 
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Figure 610 Tungsten recovery as a function of particle size (centrihigai 

acceleration: 1 15 Gs. gangue type: - 1670 pm silica) 
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6.3 Discussion 

6.31 Modehg the optimum fluidization for tuagstea (gold) recovery 

The optimum fluidization velocity (at which the maximum recovery can be 

nached) is an important parameter for the KC performance and depends upon variables 

such as the acceleration of the separatioa system and physical propenies of the f&. 

The effect of acceleration on the optimum fluidization for fme (-425 pm) magnetite aPd 

silica gangues is ploned in Figure 6-1 1.  The minimum fluidizing velocities of 212-300 

pm magaetite and silica at one G (in the gravitational field). detemined in Figue 4-3 

of Chapter 4, are included as a reference in order to develop a more comprehemive 

relationship between the optimum fluidizat ion and acceleration . 

Acceleration, Gs 
1 r test for fme magnetite gangue r test for fine silica gangue / - - Fit for fm nugnciite gangue - Fit for fuie r i l ia  gangue l 

Figure 6-11 Optimum fluidization velocity for hingsten recovery as 

a function of acceleration for magnetite and silica gangues 
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Figure 6-1 1 shows a good linear fit for the test data for both magnetite and silica 

gangues. despite the obvious diffculty of estimating U-, especially for the -425 pm 

silica gangue (tungsten recoveries were very high for most tests, and varied only in a 

very narrow range). The optimum fluidization velocity U, for the Nngsten size 

distribution used may be given by the following equations. 

For the feed of the -425 pm rnagnetite gangue: 

U, = 0.59 + 0.05*Gs 

For the feed of the 425  pm silica gangue: 

6.3.2 Relation between the ratio of Dq of the gangue to tungsten in the 

concentrate and acceleration 

Figure 6-12 shows the ratio of the D, of the gangue and tungsren in the 

concentrate as a hinction of acceleration at the optimum fluidization for rnagnetite and 

silica gangues. The figure also shows how the concentrate mass varies for the 

corresponding optimum condition. In the graph (a), the Dm ratio is basically constant 

(between 1.3 and 1.4) over an acceleration range of 30 to 115 Gs. The concenuate 

mass remains aimost constant at 203 - 208 grams. For fine silica (Graph b). the effect 

of acceleration on the D, ratio and concentrate mass for silica gangue is comparable 

with that for magnetite gangue (Graph a). though the magnitude of the optimum 

concentrare mass is different due to different types of gmgue. 
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Figure 6-12 D, ratio and concentrate mass as a functioa of centrifuge 

acceleration at the optimum fluidization flow rate 
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This interesting analogy demonsirates that neither the Dm 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 tungsten 

In this work. the meaning of the intermediate size 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 prn range is an intermediate size for the -425 pm 

feed (Dm of 135 pm), and the 150-425 grn range is an intermediate size for the -1670 

pm feed (D, of 600 pm). 

It was shown in this chapter that there was a dip in recovery whenever 

fluidization flow rate was beiow the optimum. especially for the condition of the highest 

Gs (1 15 Gs). This may be attributed to the percolation or migration problem of ningsten 

panicles of the intermediate size moving in a relatively compact separation zone. Since 

in the separation zone the ratio of the diameters of intermediate size mngsten to gangue 

panicles is relatively higher than the ratio of the diameters of finer tungsten to gangue 

particles. the intermediate size tungsten has a lower ability to percolate through the small 

void of the relatively compact separation zone. Intermediate size ningsten. unlike 

coarser tungsten. does not have a mass large enough to intxude forcefully and firmly into 

the separation zone (i .e. " migrate"). 
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It should be 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 a1 (1996 

b) observed a dip in recovery in the 100-300 pm range of the Knelson gold concentrates 

with two difîerent densities gangues (-1000 pm) and under a condition of insufficient 

fluidization water pressure. Zhang (1997) also found a recovery "trough" in a Knelson 

gold concentrate recovered from a high density Gemeni table tails with a D, of 160 Pm. 

Even in other gravity devices. such as jigs. a smaller recovery dip has k e n  reponed 

(Bun. 1984). Different explanations for this phenornenon were proposed by these 

authon. In the hypothesis presented by Laplante et al (1996 b), the recovery "trough" 

was attributed to a particle shape effect. i. e. gold became increasingly flakier with 

increasing particle size, and they were too coarse to percolate and not large enough to 

displace other particles 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 to interstitial tricking (Bun. 1984). Obviously , 

both the explanations above should be proved experirnentally. In this work, the feed 

rate was low enough to maximise recovery , less than 500 gf min of solids (Laplante et 

al, 1996b); ningsten panicles in each size class of the feed were of irregular. rather than 

a flaky shape. Thus. the observation of the similar recovery dips in this work clearly 

negates the major effect of panicle shape on ningsten (gold) recovery, and recognizes 

panicle size as the main cause of the recovery trough. On the other hand, based on the 

f x t  that coarse Nngsten particles could be panially recovered even though the separation 

zone was compact, where the hindered settling was impossible due to the hadequate 
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voidage, it is inferred that coarse tungsten was recovered mainly by the migration 

mechanism rather than by the " hindered settling " mechanism proposed by Bun. 

6.4 Conclusions 

Rotating speed and fluidization fîow have a significant effect on the performance 

of the Knelson Concentrator. They affect both the percolation or migration of tungsten 

and the fluidization of the flowing slurry and the concentrate bed. which in tuni affects 

how large tungsten particles cm percolate or migrate to the concentrate bed. At high 

rotating speed (1 15 Gs), tungsten particles are imparted a high centrifuga1 force and tend 

to reach a high percolation or migration velocity; at the same tirne, however, the 

flowing slurry tends CO collapse rapidly, which lowers the recovery of tungsten in the 

coarse intemediate size range. Le. particles slightly finer than the D, of the feed. 

especially in the presence of high density gangue. 

Coarse size distribution (-1670 pm) of high density gangue (magnetite) has a 

markedly detrimental effect upon the tungsten recovery. No single combination of 

centrifuge acceleration and fluidization flow can achieve a totally satisfactory 

performance in the presence of coarse high density gangue. The detrimental effect of 

coarse magnetite on Nngsten recovery might be due to three mechanisms: a) increasing 

the intensity of interparticle collision, which would cause the oncoming tungsten 

particles to be "bumped" off the inner bowl. b) building up in the separation zone ancl 
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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 flows. 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 overall recovery. 

For the -425 pm feeds with magnetite or silica gangue. it was found that the 

optimum fluidization velocity was directly proportionai to acceleration of the 

concenmtor. with a slope that increased with increasing gangue density. 



CHAPTER 7 SEPARATION OF MAGNETITE FROM 

SILICA GANGUE 

As reviewed in Chaprer 2, indusinal applications of the KC are essentially 

limited to gold recovery. Since most dense minerals which are traditionally recovered 

by gravity concentration, such as hematite, pyrite. wolframite and cassiterite. have a 

density between 4 and 7.5 g/crn3. it is worthwhile to investigate how weli the 

performance of the KC would be in the recovery of a lower high density mineral from 

gangue. In ths chapter, tesnvork was conducted on separation of magnetite (with a 

density of 4.78 g/cm3) from silica gangue and the discussion will focus on an assessrnent 

of the performance and recovery 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 shed 

CO below 425 pm. The first type. Iow grade. contained 1.25 % magnetire. to ensure that 

even a full magnetite recovery (25 grams) from a 2 kg sample would not cause an 

overload in the separation zone. The second. high grade. contained 2.5 % magnetite. 

to investigate the effect of feed grade on the performance of the KC. It also yielded 

slightly lower experimental erron (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 anaiyzed with the Motiey 

Laboratory Separator (MSL). The standard deviations (STD) of five repeated MLS tests 

are given in Table A54 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 9 0.3 1 in recovery. For the -25 pm mixture the standard deviation 

was higher. 0.5 ?hi. and recovery slightly lower. 98-99 76. but still acceptable. 

7.1.2 Methodology 

(1) For each test. a 2 kg synthetic feed was prepared by carefblly weighing each 

component mineral site-by-size with an AD Electronic scale (precision: 0.0 1 g) 

according io the given size distribution in Table 6.1. and then split equally and loaded 

into five plastic trays after rnixing 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 flowrate was given in the range between 1 and 14 Llmin; rotating speed was 

conditioned from four oprions conespondhg to 18. 30. 60 and 115 Gs. 
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(3) At the end of each test, the KC concentrate was recovered. dried and 

screened. Each size was anaiyzeà for the magnetite content anâ then the total recovery 

caicuiated. 

Figure 7-1 illustrates the methodology for the magnctite-silica tests, which was 

similar to that of Chapter 6. For the analysis of magaetite content in the sized 

concentrate, a two-step procedure was used: each ske class of the concentrate was fmt 

separated magnetidly (with a hand magnet), with a cleaning stage. to produce a pure 

Middlings 

Magnetic separation ( Mozley lab separator 1 
I 1 I 

Maenetite - Tails 

Figure 7-1 Methodology for magnetire-silica separation 



magnetite concentrate, 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 (i.e. the tail Stream was not 

anal y zed) . 

7.2 Experimental Results 

7.2 .  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 /mh  

at 115 Gs. Table 7-1 lists the experimental data of the repeated Knelson gravity tests. 

showing that the recovery difference of two repeated tests was 0.9 and 1.946, 

respectively . 

Table 7-1 Magnetite recovery of repeated Knelson gravity tests at 115 Gs 

Figure 7-2 shows that magnetite recovery varied from 35 % to 89%. depending 

on both the rotating speed and fluidization velocity. Two feanws of the three recovery 

curves in Figure 7-2 can be observed. The first is that total magnetite recovery passed 

1 Test No. Test I 1 Test 2 Test1 1 Test 2 1 
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F'igwe 7-2 Magnetite recovery as a fuection of centrifuge acceleration and 

fluidization rate (feed grade: 1.25 1 rnagnetite) 

a maximum at a given rotating speed. The maximum had also been observed with 

nuigsten as the dense phase in the previous chapter. The second feature is that the peak 

shifted and increased slowly to a higher fluidization velocity as Gs increased. This 

could be amibuted to the following two factors. First, shce the separation zone tends 

to be more compact as rotating speed increases, the fluidization velocity has to be 

increased so as to keep the separation zone effectively fiuidized. Second, since the 

centrifuga1 force applied on gangue particles also increases with increasing Gs, the 

fluidization velocity must be increased to maintain a water drag high enough to keep 

them from settling and moving on to the concentrate bed. 



The etiect of fluidization velocicy and centrifuge acceleration on the mass of the 

concentrate corresponding to the tests in Figure 7-2 is shown in Figure As-1 of 

Appndix 5. Except for the test at highest Gs and lowest fluidization flow. concentrate 

mass varied little. At a given Gs. the concenuate mass decreased with increasing 

fluidization velocity . At a given fiuidizarion veiocity , the highest Gs (1 15 Gs) rpsulted 

in the largest mass of concentrate. especially at the lowest fluidization velocity (2 

Llmin). The signifiant increase in concentrate mass at 115 Gs. as fluidization flow rate 

is reduced from 5 to 2 Lfmin, corresponds to a severe collapse of the flowing film. with 

less of fluidization and voidage between particles. As a result. magnetite recovery 

dropped markedly, although this drop i s  panly compensated by a large increase in yield 

(Figure AS-1). and as a result is not as significant as the corresponding loss at 60 or 30 

Gs . 

Figure A5-2 in Appendix 5 shows the D, of the gangue in the concentrate as a 

function of fluidization velocity and centrifuge acceleration. Sirnilar to the results shown 

in Chapter 6, the Dm of gangue in the concentrate increased with increasing fluidization 

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 Dm of the 

gangue in the feed was 130 pm). The lowest magnetite recoveries corresponded to DG 
C 

in the concenuate closest to that of the feed. 
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Figure 7-3 Magnetite recovery as a function of particle size and fluidization 

rate at different centrifuge acceleration ( feed grade : 1.25 % magnetite) 
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Size-by-six magnetite recoveries at different fluidization velocities are shown in 

Figures 7-3 for accelerations of 30, 60 and 115 Gs. nspectively. in most cases the 

recovery of the fmest magnetite particles (-38 pm) 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 teminal settiing velocity, too low to settle and percolate into 

the separation zone against the strong drag of fluidization flow, even in centrifuga1 field 

of 30 to 115 Gs. As a result, the recovery of the -38 prn magnetite fraction is highest 

at the highest Gs 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 pm fraction. the sire-by-size recovery was strongly dependent of 

both fluidization velocity and centrifuge acceleration. At a given Gs. low recoveries 

over almost the full size range took place at the lowest fluidization. 2 Umin: a gradua1 

restoration of recovery of coane magnetite then took place with increasing fluidization 

velocity, until the recovery dropped again at an over-fluidization velocity. 

7.2.2 Separation for the feed of 2.5% magnetite 

Figure 7-4 illustrates the effect of fluidization velocity and centrifuge acceleration 

on total magwtite recovery for the feed of 2.5% magnetite. These tests were perfonned 

to test the effect of feed grade, Le. the possibility chat 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 fd. rather than 25 grams. Results are similar to those 

obtained with a 1.251 magnetite feed. and a small loss did indeed take place because 

of overload. However. the rffect of rotating speed and fluidization flow is similar. For 

example, the maximum recovery at a given Gs is obtained ar a sirnilar fluidization flow, 

e.g. 5 Umin at 30 Gs and 8-9 Umin at 60 Gs. 

Figure 7-5 shows that the six-by-size behaviour of rnagnetite is similar to that 

of the lower feed grade (Figure 7-3). Again. most curves assume the typical "S" curve 

of classifien. except at high Gs (60 and 115) and low fluidization flow (2-4 Umin). 

Fine magnetite recovery is clearly much lower than with the 1.25 X magnetite feed, an 

indication of possible erosion of these lighter particles from the concentrate bed. 

O 
O 2 4 6 8 10 12 14 16 

Water Flowrate, L/min 

Figure 7-4 Magnerite recovery as a iùnction of centrifuge acceleration and 

fluidization rate (feed grade: 2.5 % magnetite) 
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Figure 7-5 Magnetite recovery as a hinction of panicle size and fluidization 

rate at different centrifuge acceleration ( feed grade: 2.5 % magnetite) 
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7.3 Discussion 

7.3.1 Modelling the Optimum fïuidization 

The effect of acceleration on the optimum fluidization which was averaged from 

the data for the feeds of 1.25 % and 2.5 5% magnetite is plotted in Figure 7-6. The 

minimum fluidizing velocity of 212-300 Fm silica at one G (in the gravitational field), 

determined in Figure 4-3 of Chapter 4. is included as a reference. 

Acceleration, Gs 

I Measured - nonlinear tSt 

Figure 7-6 Optimum fluidization velocity as a function of acceleration 

for magnetite recovery 



As shown in the figure, the optimum fluidization velocity increases with 

kreasing acceleration of the concentrator, which is similar to the observation for 

mgsten recovery in Figure 6-1 1 of Chapter 6. Figure 7-6 shows a good nonliaear fit 

for the test data. hence the estimation of the optimum fluidization velocity for magnetite 

concentration may be given by the foiiowing equation: 

= 0.26m + 0.û2Gs (7.1) 

where U, is the optimum fluidization velocity, cmis. The validity of this empirical 

relationship is restricted CO the feed size distribution tesied. 

7.3.2 Relation between the Dm of the gangue and acceleration 

Figure 7-7 shows the ratio of the Dms of the gangue and magnetite in the 

concentrate and rhe concentrate mass as a function of acceleration at the optimum 

fluidization for the feeds of 1.25% and 2.5% magnetite. The curves of the D, 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 ahost  horizontal at a position of 87 gram for the feed of 1.25 96 magnetite and 

95 grams for the feed of 2.5 % magnetite, indicating that higher feed grade yields a 

higher concentrate rnass . These phenornena are similar to those observed in Figure 6- 12 

for tungsten recovery. Hence. it is clear now why the optimum fluidization velocity had 

to increase with increasing acceleration: to prevent gangue particles moving into the 

separation zone and keep the fractional voidage of the separation zone at a constant and 

optimum value. 
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O 
' 

O 20 40 60 80 100 120 
Acceleration, Gs 

--  1 1 -e- Da0 ratio, 1 .Z% + D80 ratio, 2.5 46 +- rnass, 1 .Z% + mas, 2.5% 1 

Figure 7-7 D, ratio of the concentrate and the optimum concentrate mass 

as a hinction of centrifuge acceleration for magnetite recovery 

7.3.3 Characterizing K n e h  separation 

Since the shapes of the sue-by-size recovery curves of the magnetite - silica 

system are essentially shilar to the typical "SM curves of classifiers, except under poor 

fluidization. the classifier-mixer mode1 described by Plitt et al (1990, 1980, and 1976) 

according to a R o s h - R d e r ' s  equation can be used to express this type of Knelson 

separation. That is 

pj = (1 - e~p[-0.693(d~/d~&~])(l - ri) + ri (7.2) 

where pi is the mass fraction of particles of a given size and density which will be 

directeci to the concentrate as a result of the classifying action; m is the sharpness of 
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separation coefficient; 4 is the characteristic size of particle size class i ;  d, is the 

corrected cut size; ri is the fraction of particle i in the concentrator feed which reports 

to the concentrate by short circuit. 

For the Kneison gravity srparation, the values of the three variables (h, m and 

ri) can be estimated by optimizing (i.e. minimizing the lack-of-fit) some combination of 

variables in Plin's mode1 (Equation 7.2). Table 7.2 lists the values of m and d,, 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-ske. &,,, as a function of centrifuge acceieration (Gs) 

of the concentrator in the optimum fluidization range. 

Table 7.2 Estimation of m and d, for gravity separation tests 

Test conditions 

Variables 
r 

m &OC* Pm 
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Figure 7-8 The cut-size. dm, as a function of centrifuga1 

acceleration in the optimum fluidization range 

Separation sharpness, except for one meamrement at 1 15 Gs, is in the 1 - 1.7 

range with no obvious mnd. The d, clearly decreases as acceleration increases fiom 

18 to 60 Gs, but the trend is lost between 60 and 1 15 Gs (possibly because of 

experimental error). Because the d, represents the size with a recovery of only 5056, 

the potential for adequate recovery below 40 pm is clearly limited. Above 40 Pm, there 

is no need to increases acceleration above 60 Gs, 

7.4 Conciusions 

(1) At a given rotating speed. total magnetite recovery passed a maximum as 

fluidization rate increased from 1 to 14 Llmin, and the peak of the recovery c w e  

shiftcd gradually to a higher fluidization rate as rotating speed increased. 



(2) Under the conditions studied in this work, the recovery of magnetite from silica was 

lower than that of tungsten fiom silica because of low solid-liquid density difference for 

magnetite. 

(3) The loss of fine magnetiîe (-38 pm) was çignifcanf for dl conditions snidicd in this 

work. Recovery of fine magnetite was maximized at 115 Gs and a fluidization rate of 

2 Umin. where fine magnetite could be irnpaned high centrifuga1 force and while 

exposed to a small fluid drag, and the lowest overall magnetite recovery. 

(4) Due to the rnoderate classification of the KC, there was a tendency for the sue 

distribution of gangue panicles in the concenvate to shifi to a coarser sbe range with 

increasing fluidization rate and decreasing rotating speed. At the optimum fluidization 

velocity. the ratio of Dd of the gangue and magnetite panicles in the concentrate was 

approximately constant to 1.9 or 1.8 for al1 rotating speeds studied. 

(5) At any acceleration, the shape of the recovery vs panicle size curve shifted to that 

of a classifier as fluidization 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 cicceleration. 



CHAPTER 8 THE EFFECT OF FEED RATE ON 

SEPARATION OF TUNGSTEN FROM 

SILICA GANGUE 

This test series was designed to snidy how the rotating speed and the feed rate 

affect the performance of the Knelson concentrator under conditions of optimum 

fluidization, and investigate the mass and size distributions of the concentrate in each 

ring of the imer 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 kglmin) 

and three levels of rotating speeds conesponding to 30 Gs. 60 Gs and 115 Gs. The 

lowest feed rate. 0.5 kglmin. yields the highest recovery with 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 % NngSten and 99% 

silica was prepared by weighing each component sue-by-size to achieve the size 

The manufacturer gives a nominal capacity of 36 t/h for a 30-in Knelson. 
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distribution shown 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 fluidization rate (i. e.. 3 Wmin for 30 Gs. 4 Y min for 60 Gs. and 6 Umin for 

1 15 Gs). For the high feed rate tests ( 1.5 and 5 kglmin). the downcomer was replaced 

with one of a larger diameter (Laplante et al. 1996a). 

(2)  At the end of each test. the 

KC concentrate was recovered and 

screened into four size ranges (300- 1 180 

Fm. 106-30 prn. 38-106 pm. and -38 

pm). Each sUe range was processed 

with a Mozley laboratory separator to 

analyze ningsten recovery . 

Table 8-1 Size distributions of 
tungsten and silica (% Mass) 

(3) For the four Knelson gravity 

tests under extreme conditions, Le., at 30 

and 1 15 Gs and the feed rates of 0.5 and 

5 kglmin, the concentrate was analyzed 

ring-by-ring. A set of mbber stoppers of 

different diameters and suitable thickness 

was used to block the rings of the inner bow 1 in onier to remove the concentrate from 

II Total 1 100.0 11 
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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 tuming the 

i ~ e r  towl upside down and removing each stopper. the concentrate in each ring could 

be 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 

mngsten recovery . At the lowest feed rate (0.5 kglmin). total tungsten recoveries were 

very high (around 97.5 %) for al1 three rotating speeds studied. However. the recoveries 

decreased gradually and almost linearly as the feed rate was increased to 5 kglmin. This 

trend was obviously caused by the reduced retention time of the feed in the imer bowl. 

Recovery decreased at an increasing rate wich 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 speed. more tungsten particles 

imparted higher centrifuga1 force and were able to percolate or migrate to the 

concenuate bed. thereby causing a lower loss of tungsten at high feed rate. 

Since tungsten recovery decreased almost linearly with increasing feed rate. a 

general mode1 for the recovery curves in Figure 8-2 can be expressed by 

Rw = - k,*f(QJ (8.1) 
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Figure &1 Methodology for analysis of ring-by-ring recovery 

Feed Rate, kgf min 

Figure 8-2 Tungsten recovery as a function of feed rate (fluidization rate: 3 Umin 

for 30 Gs, 4 L h i n  for 60 Gs. and 6 Umin for 1 15 Gs) 
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where Rw is the percentage tungsten recovery; Q is the feed rate, kg/min; k, is a 

constant that depends on the rotating speed of the KC (and probably depends on the sue 

distribution and density of gangue). which is the dope of the recovery curve. mdkg. 

8.2.2 Size range-by-size range laalysk 

Figure 8-3 shows size range-by-size range tungsten recovery for the 

nine tests. For al1 rotating speeds. tungsten losses below -106 Pm increased with 

increasing feed rate and decreasing rotating speed. Percolation velocity in this sysrem 

c learl y decreased wi th decreasing NngSten particle size. 

8.2.3 Ring-by-ring analysis 

Figure 8-4 presents mngsten recovery as a function of the ring number at 30 and 

115 Gs and the feed rates of 0.5 and 5 kglmin. which represent the extreme operating 

conditions of the test series. Recoveries of the lower three rings (Rings 1. 2 and 3) 

were higher than those of the two upper rings. as rnost wngsten was recovered into the 

lower part of the inner bowl. This phenornenon was rnuch more pronounced at the 

lowest feed rate. at both rotating speeds (recovery in Ring 5 was almost negligible). 

It should be noted that tungsten recovery at the top ring (Ring 5) for the highest 

feed rate was still significant (about 8 % at both 30 and 1 15 Gs) . This suggests that 

extending the length of the inner bowl (i.e. increasing the number of rings could be an 
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Figure 8-3 Tungsten recovery as a function of particle size and feed rate 

at different centrifuge accelerations (gangue type: -1 180 pm silica) 
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effective approach to rnaximize the overall recovery at the high feed rate. In a closed- 

loop application. most of the lost fuie gold would be recycled back to the unit fecd. 

At the iow feed rate, there is linle difference in overall recovery between 30 and 

115 Gs, and virtually al1 of the Nngsten has been recovered a€ter four rings. At the 

high feed rate, recovery is highest in Ring 1. and drops to level at around 108 for each 

of Rings 3, 4 and 5. w hereas it drops more steadily at 1 15 Gs. Because recovery is so 

sue dependent. only size-by-size data can y ield additional insight into the mechanisms 

results. This will now be presented. 

l 

O 1 2 3 4 5 
Ring number 

Figure 8-4 Tungsten recovery as a function of the nurnber of ring ai 30 and 

115 Gs and the feed rates of 0.5 and 5 kgimin (gangue: -1180 prn silica) 
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8.2.4 Analysis of ring-b y-ring and size-by-size 

Figure 8-5 shows tungsten recovery as a huiction of the ring number and average 

panicle size at accelerations of 30 and 115 Gs and feed rates of 0.5 and 5 kglmin, 

respectively. Figure 8-5(a) shows that at low Gs and feed rate. the reiatively srnail 

differences in the recovery of each sue class (Figure 8-3a) are amplified when ring-by- 

ring recovery is examined. mg 5 is ody recovering the fmest Nngsten fraction. Ring 

1. which can only recover fast percolating and migrating tungsten. or that which is close 

to the concentrate bed upon feeding. shows a steadily decreasing recovery with 

decreasing particle size. The three intermediate rings recover al1 size classes equally, 

or with no detectable pattern. 

Still at 30 Gs but a feed rate of 5 kglmin. as seen in Figure 8-5(b), ring-by-ring 

recovery has dramatically changed. The much shorter retention t h e  requires very high 

migration velocity for recovery in Ring 1; consequently, recovery drops dramatically 

from 58% for the coarsest fraction down to a mere 6% for the -38 pm fraction. In the 

second ring, the higher percolation or migration velocity of the coarser particles is still 

apparent, especially for the 106-300 Pm size class. The last three rings recover much 

less of the two coarsest size classes. and about equal amounts of the two fmest size 

classes. Obviously, a sixth ring would recover significant amount of mngsten from al1 

size range but the coarsest one (Le. retention time is oniy adequate for the coarsest 

( + 300 pm) materiai). 
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Figure 8-5 Tungsten recovery as a huiction of particle size and the ring number 

at accelerations of 30 and 115 Gs and the feed rates of 0.5 and 5 kglmh: 

(a) 30 Gs and 0.5 kglmin; (b) 30 Gs and 5 kg/ min; (c) 1 15 Gs and 0.5 

kgIrniri: and (d) 115 Gs and 5 kglmin 
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Figure 8-5(c), at high Gs but low feed rate. is very similar to 8-5 (a), but a 

reveaiing difference appears: the last ring serves more to recover the 106-300 pm 

material (recovery : 6 5% ) than the -38 pm material (recovery : 3 56). This observation is 

in good agreement with the dip in recovery in the 106-300 pm 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 flowing slurry due to the 

higher Gs hinden percolation and migration in the intemiediate size range. 

Figure 8-5 (d) confirms the rather surprising observation that recovery in Ring 

1 for the coarsest size class went up from 36 to 58% ar 30 Gs when feed rate increased 

from 0.5 to 5.0 kglmin. At 115 Gs, the corresponding incnase is lower. 26 to 38% 

(still above the experirnental error, an estimated 2%). Other trends of Figure 8-5 (c) 

are also confirrned. 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 shown in Figure 8-2) 

chan that of Figure 8-5 (c) (97.92). It is extremely likely that the increase in recovery 

of Ring 1 (as feed rate increases from 0.5 to 5 kg/min) is due to the inability of the KC 

to accelerate the slurry to its theoretical acceleration (i.e. 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. 
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hence lower Gs, fail to collapse the feed slurry to any significant extent. resulting in a 

high voidage aad very high migration velocity for the coarsest size fraction. 

8.2.5 Kinetics of separation 

Since kinetics for most minerai processes is first-order (Kelly et al. 1982; 

Laplante, 1989), the rate of separation of mineral particles with identical size, density 

and shape in the KC can be described by the following equation (Hu et al. 1991): 

dR/dt = K'(1-R) (8.2) 

where R is recovery fraction at tirne t. and (1 - R ) is the loss of mineral particle at tirne 

t. or the fraction unrecovered; K' is the rate constant. 

When t = O, R = O. Then, integrating Equation 8.2 gives (Hu et al. 1991): 

For the Knelson Concenuator. each ring of the imer bowl can be considered a 

stage of separation with (approximately) an equi-retention tirne. Hence. the relationship 

between the fraction unrecovered and ring location acnialiy represenu 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 funftion of the number of 

the ring for the four conditions used in Figure 8-5. which can be used to estimate the 

rate constant. As a first approximation. capture kinetics for each tungsten size fraction 

is essentially fust-order. although the linearity may tailor off when only small masses 

of tungsten are left unrecovered. Estimation of the rate constant. K. for each size 

fraction of Nagsten was made from the slope of each cuve in Figure 8-6 and listed in 

Table 8.2. 

Inspection of Figure 8-6 suggests that fust order can represent capture kineiics 

for the two finest fractions, for al1 four conditions testeci. and for the test at 30 Gs and 

5 kglmin. However, for the two coarsest size classes. panicularly at 115 Gs and a feed 

rate of 5 kgimin, there is a clear indication that the rate constant (i.e. die slope of the 

curve) increases with increasing ring number. (Although it could also be claimed that 

the kinetic order is highcr than unity. this is a very uniikely possibility.) This  result is 

consistent with the hypothesis that coarser particles are accelerated more slowly because 

of their higher inenia. As a result. their rotation velocity (and the centrifuge 
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Figure 8-6 ll(1-R) 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 kglmin: (a) 30 Gs 

and 0.5 kglmin; (b) 30 Gs and 5 kg/min; (c) 1 15 Gs and 0.5 kg/min; and (d) 1 15 

Gs and 5 kglmin 
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Tabk 8.2 The rate constant K for diffennt size fractions of tungsten 

Rotation & 1 300-1180 pm 1 106-30 pm ( 38-106 pm 1 4-38 pm 
feed rate 

force they are subjected to) increases from Ring 1 to S. in such a way chat capture rate 

constant also increases. Table 8.2 suggests that increases can be significant, especially 

at 115 Gs and a feed rate of 5 kglmin. 

Table 8.2 shows that the capture r a s  constant decreases with decreasing particle 

size, pa&ularly below 300 pm (Le. for the three finest size fractions). Increasing 

rotation velocity increases the capture rate constant most significantly below 106 pm at 

high feed rate. 

Comparing rate constants at 0.5 and 5 kglmin is extremely informative: since 

retention time is not explicitly included in Equation 8.4, one would expect the rate 

constant at the higher feed rate to be one tenth of that at the lower feed rate. In fact, 

the rate constants of the two coarsest size classes hardly drop at 5 kglmin, whereas the 
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drop for the two finest size classes is generaliy between twofold to three fold. This 

suggests that the recovery drop for the coarsest sire classes at very high feed rate is 

minor, w&ereas for fmer (< 106 pm) material. the drop is more signikant but easily 

compensated by the significantiy higher feed rate. Thus. for rypical applications whex 

the KC feed is a bleed of the grinding cuculating load. it would be beneficial to nui 

plant units at very high feed rates (and higher Gs). to maximize the mass of gold 

recovered (as opposed to stage recovery). For alluvial operations with many KCs, series 

operation may be preferable to the more classical parallel circuits. 

That increasing feed rate tenfold only reduces the recovery of coarse ( > 106 pm) 

tungsten slightly strongly suggests a retention time very different from that of the liquid 

phase, or even other mineral panicles. This is likely to make the phenomenological 

modelling of Knelson Concentrators and sirnilar units very difficult. 

For gold recovery from grinding circuits. fme gold is always present. whereas 

coane gold will be absent from the cyclone if it is absent from the ore itself. The 

bcnefits of a higher rotation speed are limited to finer gold (< 106 pm) recovery, and 

rnay be negated by higher Wear and water consumption (although the latter can be 

initiated with the use of a water saving cone). It is suggested that when GRG is 

predominantly below 106 Cm, a hgher rotation speed should be used. or at least tested. 
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8.3 Conclusions 

1. For al1 the tbree rotating specds smdied. Nngsten recovery decreased gradually and 

almost linearly as the feed rate increased from 0.5 to 5 kg/&. and the slope of the 

recovery curve became smaller with incrrasing Gs. This suggests tha< reductions of 

both the retention t h e  of the feed and rotating speed have a negative effect on the 

performance of the Knelson. 

2. Under the conditions smdied in this work. most of the tungsten was recovered and 

built up in the lower rings of the inner bowl. The coarsest auigsten particles tended to 

be recovered in the lowest ring (Ring 1). 

3. The rate constant of capture basically increased with increasing particle size at 

constant rotation speed and feed rate. At constant rotating speed, the rate constant (with 

ring number used as a measure of retention tirne) of the fner (C 106 pm) sue fraction 

was lower at high feed rate than at lower feed rate. For a lower feed rate. the rate 

constant of a given size fraction was a h o s t  simijar for both high and lower Gs. 

4. The effect of a tenfold variation in feed rate was smll for coarse ( > 106 pm) 

mngsten and moderate for fine ( < 106 pm) tungsten. suggesting that feed rate should be 

maximitect in ty pical grinding circuit applications. 
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9.1 General Summary 

The main fmdings of this thesis rnay be summarized as follows: 

(1) The percolation and migration of dense panicles in a fluidized gangue bed at one 

G (i.e. in the gravitational field) was found to be dependent of the density and size of 

both dense and Gangue panicles. and fluidization velocity. There was an intemediate 

fluidhtion flow rate which maximized recovery. High density gangue, especially when 

coarse. had a detrimental effect on percolation and migration. Particles of higher 

density percolated or migrated faster than those of lower density. When the gangue bed 

was well fluidized, the migration velocity of coarse particles was higher than the 

percolation velocity of fines. These fundamental findings c m  be used to explain some 

of the recovery mechanisms of fluidized semi-batch centrifuge concentrators. 

(2) At constant fluidization pressure. the tluidization flow rate in the imer bowl 

decreased with increasing rotating speed . The superficial flu idization velocity was found 

to decrease slightly with increasing ring diameter. This is consistent with the above 

findinp, as hole density is constant from ring to ring. and the centrifuge force increases 

with increasing ring diameter (i. e. from Ring 1 to 5). The thickness of the flowing film 

was measured and found to increase with decreasing rotating speed. At a given rotating 

speed and fluidization flow, the film thickness increased gradually from the bottorn to 

the top of the imer bowl due to the contluence of fluidization flow from each of the 
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rings. The relationship between the Buid flow rate and the thickness of the flowing film 

at the top rib followed the classical weir mode1 well. Le. the fluid flow rate is direcdy 

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 flowing fiim 

decreases w ith increas ing rotating speed and increas ing fluidization flow rate. The 

decrease in retention time at high Gs is offset by a decrease in film thickness, which 

lowers the average travelling distance from the flowing sluny to the concentrate bed. 

The Reynolds number of the flowing film was also determined. varying from 250 to 

3200 as fluidization flow increased from Z to 20 Umin. This intermediate Reynolds 

number suggesu that the regime of the flowing film in the KC is transitional, probably 

moving with a slight breakdown of laminar or partial turbulence. In addition. it was 

found that rotating speed has little effecr on the Reynolds number of the flowing film 

at constant fluidization flow . 

(3) Rotating speed and fluidization flow were found to have a significant effect on 

the performance of the KC. In general, they affect both the movement of solid particles 

and fluidization of the flowing film and the top layer of the concentrate bed. which in 

turn affects KC performance. In this work. the peak of the recovery curves generally 

shifted to a higher fluidizaùon 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 centrihigai force and the drag of fiuidization flow , which 

maximises the arnount of dense particles capable of migrating or percolating to the 

concentrate bed. In addition. it was found that the size distribution of gangue particles 

in the concentrate shifted CO a corner size range with increasing fluidization rate and 

decreashg rotating speed. This tinding might imply that a classification process takes 

place in the first stage of or during the separation process. At the optimum fluidization 

velocity, the ratio of Dd of the gangue and dense panicles in the concentrate was 

approximately constant for al1 roürting speeds studied. 

(4) When separating magnetite from silica. the loss of tïne magnetite (-53 pm) from 

the KC was found to be significant for al1 conditions studied in this work, except for the 

highest Gs (1 15 Gs) and the lowesi fluidization rate (2 Llmin). For the magnetite silica 

system (top size: 425 pm). most oi  recovery vs size curves exhibited the type S-shape 

of hydro classifiers. thus confirrning 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 .O and 1.7. Increasing rotating velocity had only a modest 

effect on the cut size. suggesting that higher rotating velocity will oniy have a limited 

success in recovering finer panicles. Although such a behaviour has never been 

reponed for gold. it likely takes place below 25 pm (a size range which does not lead 

itself well to sue-by-size characterization) . At high rotating speed and low fluidization 

flow, the unit exhibited a very differenr behaviour not unlike that of a non-fluidized 
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cenmfùge. Whilst this can be 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 

rotaring speeds. It was found that tungsten recovery decreased gradually and almost 

iineariy as the feed rate increased from 0.5 to 5 kg/min. and the siope of this decrease 

became smaller with increasing Gs. However. the effect of a tenfold variation in feed 

rate was small for coarse (> 106 pm) mngsten and moderate for fine ( < 106 pm) 

tungsten, suggesting that for normal plant operations, feed raie should be maximized. 

The study of kinetics of separation shows that the rate constant of capture increased with 

increasing panicle size at constant rotation speed and feed rate. At the same rotating 

speed. the rate constant of the finer ( < 106 pm) size fraction was lower at high feed rate 

than at lower feed rate. For a lower feed rate. the rate constant of a given size fraction 

was almost similar for both high and lower Gs. 

(6) Equations for determining the instantaneous radial settling velocity of particles 

iii 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 deterrnining the instantaneous 

percolat ion or migration velocity of particles in the separation zone were tentatively 

derived. but with an unknown dynamic coefficient of friction. It can be expected from 

the equations of motion for a spherical panicle in the radial direction that the 
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instantaneous radial settling velocity and percolation (or migration) velocity of the 

panicle moving in the imer bowl of rhe KC depend not only on the centrifuga1 

acceleration, particle size and density. but also on the radial fluidization fluid 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 study has also examinrd the percolation or migration 

behaviour of dense particles in a gangue bed in the gravitarional field. Specific 

contributions are: 

(1)  A comprehensive experimental study of the performance of a 3-in Knelson 

centrifuga1 concentrator for differenr types of synthetic ores at three rorating speeds. and 

the effects of fluidizing 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 tunpsten recovery whenever fluidization tlow 

was below the optimum. which resuited essentially from panicle size instead of panicle 

shape. 
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(4) A study of percolation and migration behaviour of dense particles in a vertical 

upward water flow and in the gravitational field, and the use of the experimentai results 

to relate and explain recovery mechanisms of the Knelson Concentrator. 

( 5 )  The development of a simple and rapid merhod (Le. the use of a set of nibber 

stoppen) to obtain the concentrate ring-by-ring. which helped rffecrively the author 

analyze the mass and size distributions of the concentrate in the imer bowl. Unlike a 

previous method developed at McGill University . a conventional (rather than split) imer 

bowl can be used. and éxperimental results çan be directly cornpared to those of 

conventional tests. 

(6) The examination of the effect of rotating speed and fluidization flow on the size 

distribution of gangue particles in the concentrate. which unfolds a hydro classification 

process which rnieht C have been carrying on in the first stage of or during centrihige 

concentration. 

(7) The detennination of the thickness of flowing film in the inner bowl at four 

rotating speeds. thereby giving the relarionship between the rotating speed and the 

retention tirne of the flowinz film. and confirming that the relationship between the fluid 

flow rate and the thickness of the flowing tïlm at the top rib obeys the classical weir 

mode1 . 
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(8) A scudy of the kinetics of separation under conditions of different feed rates and 

Gs, using ring number as a measure of retention rime. and the estimation of the rate 

constants of capture of different sizes of tungsten. 

(9) An extension to the theory describing centrifuga1 separation of dense particles 

from gangue particles by deriving the equations of motion of a spherical solid panicle 

in a fiuidized centrifuge concentrator. 

9.3 Suggestions for Future Work 

There are many aspects of this relatively new field that warrant further smdy 

both from theoretical and experimental standpoints. which could have short-term 

industrial applications. Some specific points are: 

(1)  Experimental and theoretical exploration of the possibility of using air or 

pneumatic for pan of the tluidization of the Knelson Concentrator. It is Iikely that the 

consumption of water for the KC would greatly decrease due to the use of air as an 

abundant (and free) substance for fiuidization water. This should also improve the 

efficiency of recovering very fine dense particles since extreme high rotating speeds 

(higher than 200 Gs) would be possible and rhe thickness of the flowing film would 

decrease. 



CHAPTER 9 GENERAL CONCLUSIONS 195 

(2) The development of a new type of laboratory centrifuge that can achieve a higher 

recovery by means of periodical alternat ion of positive and negative fluidization. Since 

the existing Knelson Concentrator uses merely positive fluidization flow (positive means 

opposite to the senling of particles), the loss of very fine (-38 pm) of dense panicles is 

significant, especially for separation of lower high density particles (i. g. magnetite) 

from silica gangue. To solve this problem. a periodically negative flow should also be 

applied to the slurry . The mechanism of altrmating positive and negative fluidization 

flow would likely enhance the differential acceleration and interstitial trickling of 

panicles and increase the recovery of ver' fine dense panicles. 

(3) Experimental snidy of oil-sands separarion by high-temperature Knelson 

centrifugation. There is a huge source of oil-sands deposits in Canada; thus. it would 

be interesting to explore the possibility of usine a high speed Knelson Concentrator to 

separate crude oil from sands ar high umperanire and compare technically and 

econornically this gravity approach with conventional tlotation. In addition. testing a 

flowsheer such as tlotation followed by Knelson concentration or Knelson concentration 

followed by flocculation of fine sands in crude oil is also recornmended. 

(4) Experimental and theoretical snidies of the percolation of fine dense panicles in 

centrifuga1 fields with a fluorescent tracer technique. This would provide insight in the 

difference in percolation behaviour of fine dense particles between the gavitational and 

centrifuga1 fields. 
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( 5 )  Experirnental investigation of the recovery process of fine and extra fine dense 

particles from a nanow size feed wirh a very high rotating speed (300 Gs or higher) 

centrifuges. As noted in the gravity experiments of this work, the recovery of very fine 

(-38 pm) dense particles (either tungsten or magnetite) at the highest speed ( 1  15 Gs) and 

at the lowest fluidization flow (2 L/min) was higher than those of any other conditions, 

especially for low density gangue (silica). I t  would br inreresting to further increase the 

rotating speed of the KC and decrease the fluidization tlow to enhance the recovery. 

(6) Experimental study of the separation of ores of intermediate density difference 

(i.e. between those ningsten-silica and magnetite-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 

Al.1 The equations of motion for a particle in the düute zone 

Al .  1.1 The equation of motion in the radiai direction 

As described in the section 3.2 2 . 1  of Chapter 3. the equation of motion is given 

lr 3 dr n 3  n s d2r 
;dP(ps - p)ro2 - 3% + ufi] = (-d, 6 p, + -d,, p)- (Al .  1) 

12 dt2 

7 t  3 -d,(p, - p)ro2 - 3x pd - + u/, = -d, (p, + -)- 
6 

p d 2 r  (AI.2) 4: ) 6 2 dl2  

Equation (Al.2) can be funher expressed as follows. 



APPENDIX 1 DERIVATION OF GENERAL EQUATIONS OF MOTION A2 
FOR A PARTICLE IN THE KC 

The solution of Equation A1.4, which is a nonhomogeneous linear differentid 

equation with constant coefficients. takes the form : 

If  the particle starts (t =O) at a radius r, with zero velocity (dr/dt =O). then from 

Equation A 1 .6: 

Substiniting the boundary condition into Equations A 1.6 and A l .  7: 

r! = Cl + C1 + qi 

O = G(k ,  - aJ2) - C,(k, +a,R) 

Solving the equations set of A1.8 and A1.9 gives: 



APPENDIX 1 DERIVATION OF GENERAL EQUATIONS OF MOTION A3 
FOR A PARTICLE IN THE KC 

Thus. Equation A l .  6 becomes: 

( A l .  1 1) 

If the inenial term on the right-hand side of Equation A1.2 can be neglected (or 

when the Uistantaneous velocity is close to the terminal velocity), then 

Therefore, the expression of the instantaneous velocity of the particle is: 



APPENDIX 1 DERIVATiON OF GENERAL EQUATIONS OF MOTION A4 

A1.1.2 The equations of motion in the axial direction 

Substituthg Equations 3.8, 3.9 and 3.2 1 in Equation 3.13 and rearranging yields 

the equation of motion in the axial direction: : 

(Al .  15) 

If the particle starts at t =O, h= h,, and dh/dt =O, then the solution of Equation 

Al.32 is as follows. 



APPENl3I.X 1 DERIVATION OF GENERAL EQUATIONS OF MOTION A5 
FOR A PARTICLE IN THE KC 

If d2h/dt2 on the left-hand side of Equation A 1.14 is equal to zero. i. e., 

particle stops vertical acceleration, then 

Solving Equation A l .  17, the axial velocity of the panicle is expressed by : 

A1.2 The equations of motion for a particle in the separation zone 

A1.2.1 Relation between the collision frequency and fractional voidage 

The collision frequency of a moving spherical particle in the separation zone of 

the inner bowl can be expressed by a formulation sirnilar to rhat of the collision 

frequency for a gas molecule (Serway. 1996). that is: 

f = rd2 1 Üp 1 CI,, ( A l .  19) 

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 buk particle; n,, is the number 

of the bulk particles per unit volume. 



APPENDIX 1 DERNATION OF GENERAL EQUATIONS OF MOTION A6 
FOR A PARTICLE IN THE KC 

nie fiactionai voidage of the separation zone. c, can be expressed by : 

where V, is the volume of solid parcicles; V, is the volume of the separation zow. 

where db is the average diameter of the bulk panicles in the separation zone. 

Thus, solving Equation A 1.2 1 gives: 

(AI -22) 

Substituthg Equation A1.22 in Equation A l .  19 gives: 

Since the centre line d is equal to 412 + d,/2. Equation 1.23 becomes: 

A1.2.2 The expression of the dynamic friction force 

The dynamic friction force FL proposed in rhis work may be a hinction of 

momentun of the percolating particle and the collision frequency: 



APPENDM 1 DERIVATiON OF GENERAL EQUATIONS OF MOTION A7 
FOR A PARTICLE IN THE KC 

F, = CJmT, (A1.25) 

where CL is the dynamic coefficient of friction between the buk and percolating 

panicles, a concept proposed in this work based on the hypothesis that percolation 

velocity is a function of the ratio of percolating to bullc pmicle diameters (Bridgwater. 

1983), and takes the fonn: 

where k, is a dimensionless correction factor; p, is the density of bulk particles. 

If C, is used to stand for al1 the constants in Equation AL25 (the fractional 

voidage e is supposed to be constant), the dynamic friction force FL cm be expressed 

by : 

(Al  .27) 

The X-component of F, can be expressed by: 
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FOR A PARTICLE IN THE KC 

The Z-component of F, can be expressed by: 

A1.2.3 The equation of motion in the radial direction in the Stokes' Law region 

Since the action of fluidization flow is more significant in the separation zone 

than in the dilute zow, it is assumed that the X-component of fluid velocity is 

approximately equal to the intentitial velocity of fluidhtion How with respect to the 

wall of the system, denoted by ui. This intentitial velocity of fluidization flow is a 

hinction of the fractional voidage and can be expressed by (Witteveen, 1995, p. 129): 

where UF is the superficial fluid velocity . 

The equation of motion in radial direction in the separation zone is given by: 

Assuming that the centrifuga1 acceleration of the panicle, ruL, is constant, the 

a h v e  nonhomogeneous nonlinear differential equation with constant coefficients 

becornes : 
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FOR A PARTICLE IN THE KC 

Let dr/dt = p, then 

Separating the variables and integrating both sides gives 

Hence 

where k, = (b,' - 4rn3a3)O-'. 
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FOR A PARTICLE IN THE KC 

Dividing the right side into two terms gives: 

3 -  '&+CG (Al  .39) 
24g1-c5e-9 

Integrating Equation A1.39 and then calculating the constants C, and C, when the 

particle s t m  at t = O, r = r,. and dr/dt = r$,, the solution is given as follows: 

If the inertial term on the right-hand side of Equation A1.32 can be neglected (or 

when the instantaneous velocity is close to the terminal velocity), then 
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FOR A PARTICLE IN THE KC 

Hence , solving this second-order equation with one unknown (drf dt) gives 

~ d ; ( ~ ,  - p)ro2 - 18% pu, 

di 
(A1.43) 

6dpCP 

Since the displacement of the particle is assumed to be positive (Le. assuming 

that it aiways moves from the centre to the wall of the inner bowl), the insrantaneous 

velocity of the particle should take this form: 

~ d ; ( ~ ,  - p)ro2 - l8n pu, 3x pd, - -  (Al  .44) 
& 6 d p G  2CP 

A1.2.4 The equation of motion for a particle moving up the inner bowl dong the 

separation zone in the Stokes' Law region 

The equation of motion for the panicle moving up alone the separation zone is 

expressed by : 
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FOR A PARTICLE IN THE KC 

(Al  .45) 

Assuming that the centrifugai acceleration of the particle ( r d )  is constant and 

manipulating algebraically , we have: 

Under conditions of t = O, h' = h',, and dh'ldt = u,, (the initial velocity larger 

than zero), the solution can be obtahd using the same approach as for Equation A1.32 

and is expressed by: 
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FOR A PARTICLE IN THE KC 



Appendix 2 Images and Settling Velocity of Particles 

and Derivation of Equations of Motion 

in a Fluidization Column 

A 2  1 Images of Tungsten Particles 

Figure A2-1 Natural appearance of 300-425 pm tungsten particles. The 

photograph was taken with an ordinary camera with a magnification of 3x. 



APPENDIX 2 IMAGES AND SETTLING VELOCITY OF PARTICLES AND A15 
DEWATION OF EQUATIONS OF MOTION IN A FLUIDIZATION COLUMN 

Figure A2-2 SEM back-scattered image of 25-38 pm tungsten particles 

from a polished surface of a sarnple (grey phase is tungsten; 

dark phase is mounting medium; the accelerating voltage was 

set at 15 keV; the mapification was set at 250x; the working 

distance was set at 37 mm.) 
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Figure A2-3 SEM back-scattered image of -25 pm tungsten particles 

from a polished surface of a simple (grey phase is tungsten; 

dark phase is mounting medium; the accelerating voltage was 

set at 15 keV; the magnification was set at 75Ox; the working 

distance was set at 37 mm.) 
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DERIVATION OF EOUA'HONS OF MOTION IN A FLUIDIZATION COLUMN 

Table AZ-1 Terminal free senling velocity of particle, cmls 

The data for particles below 150 prn in Table A2-1 was calculated with the 

equation for the Stoke's Law region. i. e. 

The data for particles above 150 pm was calculated with an equation (Wong, 

1988) for the intermediate region of the drag coefficient curve, i. e. 
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A2.3 Derivation of General Equations of Motion of a Particle in a 

Fluidization Column 

A2.3.1 The drag force in ditferent flow regions 

Figure A 2 4  (Clift et al, 1978) shows the drag coefficient of a sphere as a 

hinction of particle Reynolds number (standard drag curve). The standard drag curve 

may be divided into four regions, such as described by Coulson et al (1990). The 

subintervals of R% corresponding to these four regions are: Region (a) 104 to 0.2, 

Region (b) 0.2 to 1000, Region (c) 1ûûû to 2 x 10.'. and Region (d) > 2 x 10.'. In 

this work, only the drag forces in the first three regions of the graph will be considered 

as particles do not attain the extremely high Reynolds numbers of Region (d). 

Figure A 2 4  Drag coefficient of a sphere as a funcùon of particle Reynolds 

number (after Clift et al, 1978, p.l IO)] 
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D ERIV A no N O  F E o UA n o ~ s  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 paaicle moving d o m  in 

the fluidization column can be expressed as: 

where ui is the interstitial velwity of nuidkation flow with respect to the wall of the 

system. 

(2) The drag in Region (b): 

For the drag coefficient in the intermediate region, an approxirnate expression 

mggesteci by Dallavelle (1948; Coulson et al, 1990) is used. Le. 

Substituting Equation 3.7 in Equation A2.4 and reananging gives: 

Assuming that the motion of 

dimensional, combinhg Equations 3 

expression of the drag force: 

both fluid and panicle in the column is one 

6 and A2.4 and then rearranging gives the 
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D E R n r A T I O N '  

(3) The drag in Region (c) : 

The drag force in this ngion c m  be expressed by Newton's Law (Coulson et al, 

1990): 

F, = O.OSS?~d,~p[(dhldt) + uJ2 (A2.6) 

A2.3.2 The equation of motion for the Stokes' Law region (Region a) 

The equation of motion of a spherical dense particle in the Stokes' Law region 

is given by: 

Assuming that the interstitial velocity of fluid, y, is constant. Equation A2.7 
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When the panicle starts at t = O, h = h,,  and dMdt = u,, using the same 

mathematic approach as in Section A l .  2.3 to solve Equation A2.9 can resulü in the 

following solution: 

A2.3.3 The equation 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: 
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When the particle starts at t = O. h = h,. and dh/dt = upd, using the same 

mathematical approach as in Section A1.2.3 to solve Equation A2.12 cm results in the 

following solution: 

2a,u,, + 6, - ks 
where C,, = , k, = /= 

2asupro +&6 +k6 
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A2.3.4 The equation of motion for Region (c) 

The equation of motion for a spherical particle in Region (c) can be wriaen by 

combiriing Equations A2.6, 3.36 and 3.13 and then rearranged, i.  e. 

0 . 3 3 ~  d i  + 6Cp 0 . 6 6 ~ ~ ~  
where a= , bal = , m =  0.33puz -gd,(p* - PI 

When the panicle starts at t = O, h = h,, and dWdt = y,, the solution of 

Equation A2.15 can be obtained with a mathematical approach similar to that used in 

Section A1.2.3: 
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APPENDIX 3 Photos and Drawing of the Variable Speed KC 

Figure A3-1 The 3 " (7.5 cm) variable speed Knelson Concentrator (side view) 
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Figure A3-2 The 3" variable speed Knelson Concentrator (fiont view) 
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'I'ablc A4- I Siiuidard dcviiiiiuii OC rungstcn rccovcry frolii siliça a n d y d  by MLS and rnagneiic separarion 

Table A4-2 Siandard deviaiion of iungsten recovery from magneiite analyzed by MLS and magneiic separaiion 



P m M  4 SWPLEMENTARY DATA AND FIGURES FOR CHAPTER 6 A29 

O 2 4 6 8 10 12 14 16 
Water fiow rate, L/min 

Figure A41 D, of gangue in the concentrate as a function of Ruidization rate 

and centrifuge acceleration (gangue type: -425 pm magnetite) 
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4 6 8 10 12 14 16 
Water flow rate, L/min 

Figure A42 Mass of the concentrate as a function of centrifuge acceleration 

and fluidization rate (gangue type: -1670 pm magnetite) 

Water flow rate, L/min 

Figure A 4 3  D, of gangue in the conceamte as a fùnction of fluidization rate 

and cenaifuge acceleration (gangue type: -1670 am magnetite) 
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2 4 6 
Water flow rate, Umin 

Figure A44 Mass of the concentrate as a function of centrifuge acceleration 

and fluidization rate (gangue type: -425 pm silica) 

Water flow rate, Umin 

Figure A45 Dm of gangue in the concentrate as a function of fluidization rate 

and cenmfuge acceleration (gangue type: -425 pm siiica) 



Appendix 5 Supplementary Data and Figures 

for Chapter 7 



50 ' 
O 2 4 6 8 10 12 14 16 

Fluidization rate, L/min 

Figure A S 4  Mass of the KC concentrate as a function of centrifuge 

acceleration and fluidization rate (feed: 1.25 1 magnetite) 

Fluidization rate, L/min 

Figure AS-2 Dm of gangue in the concentrate as a hurtion of fluidization rate 

and cenaifuge acceleration (feed: 1.25 1 magnetite) 
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m 1 

l 

O 2 4 6 8 10 12 14 16 
Fluidization rate, L h i n  

Figure AS-3 Mass of the KC concentrate as a hinction of centrifuge 

acceleration and fluidization rate (feed: 2.5 % magnetir) 

b 
O e 1 8 G s  3 0 G s  -6ûGs -A-11SGs 

2 4 6 8 10 12 14 16 
Fluidization rate. Umin 

Figure A 5 4  D, of gangue in the concentrate as a function of fluidization rate 

and cenmfuge acceleration (feed: 2.5 % mapetite) 


