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SYNOPSIS 

ever "''''..,AUFo, costs of new flotation circuits or expanding and modifYing 

accurate methods of eXlstlrlg ones reqUlre 

desired and of concentrate. high grade ores has 

better control optimisation of "",( ... ,,.UJlJ<, to 

based on 

operating 
costs. LJ ... .,."'.u and optimisation flotation ,,,,,,,"",...., 

bench-scale flotation However, the of 1-' ......... .. 

OPT'n,I"" from type of in predicting flotation performance continuously operated 

cells is not well understood.' Moreover, the and optimisation of flotation 

with to the cell to handle various of froth 

still depends on art and problem, the use batch has 

continued to playa vital in present day flotation research in many mining companies and 

sm:unon:s. For instance, batch is (i) to O'Pl1pr!'ltp gnLae-recm curves for 

(ii) to extract pulp studying the influence changing physical and chemical parameters, 

kinetic pararnet.ers 

fractions of 

such as flotation rate constants, floatability 

Due to several 

these 

and mass 

between batch and 

is continuous systems, the information 

correlated. It is believed that the poor and continuous flotation <;!V<1TP'lm IS 

froth due to use do not account the influence 

phase. is by lack maerstanamlg of 

Hi'--' .... ",'" proposed in the literature. light it was felt that the literature on 

investigations should compiled, presented, critically analysed and evaluated in a systematic 

manner to research and analysis existing flotation and 

literature were on predicting 

or describing the froth flotation, .... ""!"t1ro·" with rpCf<>rl1 to 

practical use linking batch and continuous performance. 

It was found that models proposed in do not describe of 

the phase a practically useful manner. a new froth model was 

developed this The model assumes that floatable particles 

report to the concentrate launder attached to bubbles, those floatable particles detached 

from bubbles within the froth phase have a chance of either to concentrate 

entrainment or dropback to pulp phase. the following equation was to 

recovery of floatable either 1 or type i, within the 

RJ(i) = + [1 exp(-p 
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Abstract 

where P is a derived parameter arguably related, to the rate at which bubbles are coalescing 

and breaking-up at the is the froth retention time parameter, by the 

effective volume of the froth volumetric flow rate concentrate, and (Oi is the settling 

rate to pulp of detached particles of component i, either or mineral 

within the froth phase. 

determine model parameters, a data set was IS to the semi-

nature the proposed froth modeL In this regard, the use of data obtained from 

continuously operated cells was therefore not suitable for deriving model parameters. It was 

thought that this could only be obtained a batch cell. A 

batch flotation cell has a distinct advantage of being suitable for generating, rapidly, large 

amount data. However, the non-steady behaviour froths found in this type of reqUire 

a robust methodology for the In turn this methodology was 

developed in this thesis. The main hypothesis this methodology is that batch flotation 

pelrlOlrffilIDCe, in terms of recovery, can be adequately approximated by treating a batch test as 

if it consists of a of tests carried out in continuously flotation 

flotation time interval is regarded as a single stage. Treating manner allows 

the derivation of desired kinetic to describe flotation performance. 

model parameters were evaluated laboratory flotation procedures, floating 

SP(:CIes, and plant floating platinum Merensky ore North 

West province of South Africa in a 60 R flotation cell. and continuous tests, using 

quartz as a probe were carried out at froth heights flow rates a 

3.5 R flotation cell. Chemistry was kept constant. were analysed by 

that pulp froth were from observed 

............ vu between the was observed, which was shown 

to well by following eXl)re!lSlCln 

the above equation, the parameter, a, was considered to repiresent the water OAU""'F,'''' rate 
under the froth conditions in the flotation solids 
characteristics, etc), while the parameter b represents a proportionality constant for particle 

drainage rate as a function of b was found to be well 

described by the following 

b g(Ps-p}/J81lh 

g is the gravitational acceleration, Ps is the density of solid, Pf is density the 

fluid, Tl is the apparent fluid viscosity and h is the froth height through which have to 

settle. 
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Subsequently, the model for describing the froth 1''''' .. 'n'',''' .... ' of floatable was 
modified as 

* FRT) +[1- exp(-fi * FRT)] * ---""""'---;:;:----

It was further hypothesised that rate at which water drains within the froth phase has a 

direct influence on the rate at which bubbles coalesce. To ,",U'"'PUL" 

parameters required to froth performance, a and ~ 

assumed to be The final Rr equation was therefore the following 

expression: 

R f (i) :=: exp( P * FRT ) + [1 - exp( p * FRT )] * 

In case of quartz derived from batch data were then used to predict 

continuous flotation performance. An excellent between and ....... u","" ... ',.. 

concentrate mass flow rates was observed when froth and pulp parameters derived using batch 

were to continuous performance. The correlation coefficient was found to 

0.95. 

test the l'rP1"1,Pl"<l applicability froth modelling methodology and froth recovery model 

""'" .... 1"\,,,"',; in this thesis, it was decided to use batch data the literature, generated by 

an galena/silica A good correlation, the 

total masses recovered to the concentrate and masses was 

These results showed that the froth model can be 

to u."""""~JlV'" the the froth phase on the overall flotation recovery in a binary 

system. Thus far, however, ~alysis was limited to particle size classification of 

LAV.",""""",, mineral It was considered necessary to and test the proposed 

recovery model and the methodology kinetic batch data 

a more and ore flotation "u,,"."' ..... 

continuous obtained ore on plant using a 60 .e 
flotation were employed. Froth modelling analysis was performed by mineral 

liberation. The correlation between the measured mineral masses and predicted masses 

obtained from this work was encouraging, the complexity of the ore that was 

Modelling results from the Merensky ore system seem to the froth of the 

various sulphide minerals was the same, at for fully Application 

of the proposed to other and has not refined. 
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..... "' .. no>, it was only possible to quantify the influence of froth on flotation in 

batch and continuous for the minerals that are fully liberated and report to the 

concentrate launder predominantly a true uv',,,u,,vu mf~cham 

Undoubtedly, this research work j's regarded as a major contribution to current use of 

batch flotation batch data for grade-recovery curves, it can now 

be also used to study the influence operating parameters on recovery. addition, the 

derived froth parameters can used as initial for feasibility studies and during 

circuit/cell simulation. It must be pointed out, however, that the nature of batch 

froths (i.e. behaviour) introduce some where 

characteristics are changing rapidly with flotation time. This is because the froth stability 

parameter, p, in the proposed Rf equation represents an average value for the entire batch test. 

of bench-scale data will have a much better chance to if the laboratory 

COJnrrlen~lal operations are out in the same 

foregoing comments do not imply that the proposed methodology 

continuous mode). 

linking batch data to 

continuous performance has no value. Such method can provide an important 

evaluation of projected pilot or industrial plant flotation and costs. 
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CHAPTER 1: INTRODUCTION 

1.1 BACKGROUND 

most widely used and economical technique to valuable from gangue or 

material in the minerals and mining is the flotation process. froth 

flotation process involves the capture of mineral particles by small bubbles their 

collection in the of a froth. Various chemical reagents which are added to a mixture of 

solids suspension (pulp) influence the response of different 

minerals during flotation. is a consequence of mineral surface conditions created by these 

which favour aU,iCIlllmm of certain solids to air bubbles. chemical reagents are 

classified as collectors, frothers, and modifiers (activators and 

are n",<4M "'U'''' that coat or react with mineral them hydrophobic or 

hydrophilic. Frothers, on the other hand, are surface that stabilize air-induced 

flotation froths. with air flow rate and flotation cell design frothers also 

determine the and distribution bubbles flotation celL flux 

bubbles determines the amount particles transferred from the pulp phase into the 

interface. Upon arrival of particle-bubble at the pulp-froth interface, the froth phase 

hydrodynamics and froth stability determine recovery of both attached and 

suspended mineral particles into the concentrate launder. the flotation is 

by principles of fluid mechanics (pulp and froth phase hydrodynamics), surface chemistry and 

physics. 

To model and study the principles and involved flotation a 

well controlled environment is required. This is usually achieved by conducting testwork in 

laboratory scale flotation cells. As a result, much has into the investigation of the 

of operating conditions on flo'tation performance using batch flotation However, the 

of data obtained from flotation cells of this in use 
....... , .... "',"- .. 4> flotation n ..... '1"£\r ..... 

nOll-Sl:ea(lV-stare behaviour of 
in flotation rp<:p~l'(' 

been 

.. ""£" .... .,,"' ... , in batch flotation prevalent current 

continuously l"I1"I,f"'r~tprf flotation cells, It is widely 

batch flotation cells advantages over 
continuously ......... "' .... "r<> .... 

the moment, laboratory batch flotation cells are the most economical devices for testing new 

ores and for studying reagents and many other flotation on 

flotation response. This is mainly batch flotation tests can be rapidly out and are 
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Introduction 2 

an inexpensive way of assessing mineral flotation at various VVA, ...... , .. £'> conditions. 

main current uses batch are depicted in 1.1. 

tests are used to recovery-grade curves. These curves are used as a 

for suites in industrial flotation differences between 

batch and continuous cell it very unlikely that the curves derived 

a batch would be directly applicable to continuous systems. Furthermore, batch tests 

are used to obtain water recovery versus recovery curves. recovery water is 

associated with and Woodburn, 1975). the water IS 

used to indicate whether mineral is recovered by either entrainment mechanism or true 

(Smith and 1989). 

Secondly, images of froths found 

characteristics. This is performed in 

batch tests are used to analyse the froth 

to more information about the differences 

flotation behaviour under different conditions and to the influence of the froth phase on the 

method is provided in Mathe et al flotation pelrtol[1mmce. Pvf.,..,,,'n,.,. review 

(2000). Parameters measured by this technique are bubble size, froth stability froth mobility. 

evaluation of effects of flotation is easily accomplished by 

batch data to first-order kinetic rate equations. This is traditional use tests 

modelling. kinetic modelling of flotation processes is important from both a design and an 

operatioD: pe~,pective, providing a basis the simulation of industrial flotation circuits 

1 Woodburn Wallin, 1 Loveday 1995; et ai, 1998). the 

past, scale-up batch to industrial flotation performance has been largely based on 

determining flotation rate constants using batch cells multiplying these constants by arbitrary 

numbers to continuous performance. problem scale-up, however, is further 

by various flotation conditions as power input, the mIxmg 

of the cell, of pulp and particles 

and bubbles from froth phase concentrate and chemical environment in 

which the ore is being These factors differ significantly from one to another, 

"'''~/'''''''''U,L r when bench-scale and industrial cells are considered. More recent research has shown 

that it is to decouple some of these example, Gorain et al (1996) have shown 

that it is possible to decouple pulp hydrodynamic floatability on 

bubble area flux (Sb') produced shown to readily amenable to 

'" gas and is the mean bubble size 
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both measurement (Tucker et ai, 1994) and (Gorain et 1999). very 

progress been in trying to quantify the influence of the froth phase in terms of particle 

recovery in zone, termed Rr. 

~ #4 

JKMRC approach (refer 
10 Runge e/ al. 1997) 
-Floatability constants 
-Mass in each 
flotability classs 

I 

Milled Ore ] 

" 
STANDARD 
BATCH TEST 

Cone Masses. Assays, 
Cumulative time, Froth 
appearance, etc 

T#l ~ #2 

Rec- Froth stability 
Bubble size 

curves 
Froth mobility 
Texture 

! , 
._-, 

Rate Constants 

(Klimpel Model) 

PILOT 
PLANT TEST 

Mass flows, assays, etc Cell Design 
specifications 

factors ... ... Rate Constants 
1<11 .... 11------111>1 

Mass flows 

I

i Mass flows ~~ .................... . ......................................................... ·············~················ .... ······· .. i 
Circuit config 
Operating parameters 

Cell design specs 
Operating parameters .. ... 

c 
SINGLE INDUSTRIAL 
FLOTATION 

!J;'()I?M ANt'I" 

PREDICTION 

~-.-.-.---.-.-.---.---

~,. 

Optimisation of cell 
Performance 

Variation of 
control 
parameters 

i .... 

FLOTATION CIRCUIT 
PERFORMANCE 
PREDICTION 

._-+ 

-.-.-.-.-.---.-.-.-.-.---~ 

, 
Optimisation of flotation 
circuit 

1.1 Flotation Performance Analysis: Available options 

I 

D 

, 
i 
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Recently, such as mineral floatability and the fraction of floatable classes, 

modelling and simulation of flotation (JKMRC approach) to describe pulp have 

been from tests conducted in batch flotation cells 1998; et ai, 1997). In 

cases, however, the methods used to derive these parameters do not adequately account for 

the effects with the phase a 100% recovery of minerals within froth phase 

is usually assumed in batch flotation tests. This is because batch flotation tests are 

conducted at shallow froth conditions in order to minimise the influence of the froth phase. As a 

very little quantitative information is taken into account with respect to the of the 

froth phase in batch flotation as the flotation cell volume effect 

of the froth and the relevance of batch derived parameters based only on pulp kinetics 

more questionable. It is that problem emanates from the lack of 

fundamental the influence of the froth phase 

Developing a r"''''''r,~<:! an in-depth understanding of the processes occurring within 

the froth phase. 

The of froth phase it ,""".lV':,. impossible to develop a that 

can be used to quantify the influence of physical and chemical parameters on froth pel:tolrm,mc:e. 

problem is further complicated by other factors involved in the froth 

as influence of froth particle froth stability, of water 

bubble loading, froth mobility and Linking all and governing the 

behaviour when mathematically describing the of the froth on flotation 

performance is a daunting task. fact, in none the research work reported in the literature are 

factors all modelled together. Given this influence of froth zone on 

overall is often for by use of empirically and 

functions when designing, simulating and flotation cells. This approach it 

difficult to identify the intrinsic par~eters that need to be extracted or estimated using bench-

scale flotation such. as batch cells. As a result is as yet no true link between 

operating and continuous flotation systems. In addition, very little is known about 

extent to which the froth models proposed in to this 

significant proportion of the on froth 

The is to critically analyse and and establish 

their practical and 

1.2 SCOPE OF THIS THESIS 

This \.<1<'''"I.IL'",,' began by providing a background and ",,,,,,,,, ... ,.."'U1U5 the ,.,.,"""0.>" thesis. In 
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next section, a of the flotation process, in general, is provided. This includes a critical 

analysis and evaluation proposed froth models found the literature. The analysis of froth 

models is focused mainly on the mathematical the involved froth 

emphasis of this section is on assessing the usefulness of the proposed froth models, 

particularly the used, in description and prediction of the recovery of different 

minerals within froth phase in flotation The key from this 

are summarised section 1.4 below. This section concludes with c"""""r<:l on 

literature on how the key questions raised in section 1.3 and' ~esearch objectives 

(section 1.5) can addressed. 

A practical froth recovery model and a methodology analysing batch and linking this to 

continuous froth performance are proposed in Chapter The laboratory experimental testwork 

to test and evaluate the proposed models and methodology are discussed in Chapter 3, 

in which a detailed description of ore, and are given. 

In addition, experimental and modelling results are presented and discussed with respect to their 

physical significance on the froth performance and modelling. is based on experimental data 

collected from a flotation cell operated in both batch and continuous Although 

nresenltea here includes pulp phase is on the prediction of the 

mineral recovery within the froth An additional set of laboratory data, obtained from the 

literature, was also used in Chapter 3 to demonstrate the general applicability of proposed 

method for extracting model parameters using batch data. This set of data, obtained from 

a of silica using a batch cell, was (1983). 

To further test and evaluate potential use of proposed froth recovery models and a 

methodology linking batch to continuous data, a case study based on a data set obtained from 

flotation tests conducted on a plant site, a .complex platinum ore a .e flotation cell, is 

nr""C""r1,t""rl in Chapter tests were conducted in both batch and continuous mc)aes. 

work highlights the difficulties that can be encountered when trying to fundamental models 

to operating plant data. Nevertheless, presented in chapter UelnOJ[lS[Jrau~s 

applicability limitations of the proposed froth u.v...., ..... .,. 

put the work presented this 

work. 

into perspective, Chapter 5 summarises the findings and 

present study. This chapter concludes with some 
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1.3 REVIEW AND CRITICAL ANALYSIS OF LITERATURE 

aim of this section is to discuss the general description of the flotation process, with an 

'-''''1-'"<,-,>,,:> on methodologies and techniques of quantifying the influence of the froth 

phase. The fundamental to by this are: 

• is the overall flotation performance described, mathematically, in batch and 

continuous flotation celis, and how is the influence of froth phase accounted for? 

Can influence of froth phase terms of particle recovery, often termed Rr, be 

or batch and continuous .",,,,r,,,rn 

• Is a froth model in the literature that can used to adequately froth 

. performance in batch and continuous flotation systems? 

data obtained from a batch flotation test to extract froth .... U' .... <I'"' 

which are transferable to continuous cells? 

• How can these froth kinetic parameters be extracted from batch data? 

• How can the variation of the froth and pulp phase flotation performances with flotation 

time be accounted for in a non-steady state flotation """TA' ..... 

section starts by reviewing the approach to the flotation process in the past. 

Thereafter it the current approach of decoupling the major factors involved in the 

process. emphasis here is mainly on the determination and of the froth recovery factor, 

Rr, in describing froth behaviour. A summary of the key is then provided. Finally, 

hypotheses are ..... "'" ........ on how the problem of ametelrs n,,,,,,,,,,,,,,,, from batch data to 

froth behaviour continuous operations (viz, linking batch data to continuous 

performance) can be addressed. 

1.3.1 General Description of the Flotation Process 

way of describing the flotation nro,cess. in general, a sense is by looking 

at the major steps involved in the 1 The steps involved include: 

a. chemical 

particle-bubble collision and attachment; 

c. transfer of material from the collection zone to the froth zone; 

d. transfer of material from the collection zone to froth zone by entrainment; 

e. return of material from the froth phase to the pulp phase through liquid drainage; 

f. reattachment of mineral particles to bubbles rising in the froth zone; 

g. removal of the mineral particles at the surface of the froth. 
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FROTH 
PHASE 

PULP 
PHASE 

e 

Q 
o. 
b 

a 

1.2 Steps involved in notation 

• 
........................ 

• unwanted material desired mineral 

consequence is reflected in froth stability and quality of the final 

product and ,.. ..... ""' ... F\T Clearly, this indicates that the flotation process is a very 

complicated pbysico-chemical 'HHOTP1'T1 cannot be explained by one simple theory or 

concept. looking at nro,ces:ses involved simplifies the To 

7 

avoid the complexity involved describing processes, several researchers have adopted the 

approach of describing flotation as a rate process. This approach is now discussed. 

1.3.2 Flotation as a Single Kinetic Rate Process 

1.3.2.1 Batch Flotation 

flotation respOllse of floatable minerals a batch """OTP1'1'1 can the following 

equation (Arbiter and 1962): 

=-kC (1.1 ) 
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where C rpnrp":f'nt..: concentration of floatable material in the pulp at any time t, and k is the 

flotation rate constant. Integrating above 

:::::: 

In terms of """"'''''''''1,",1 equation (1.2) becomes: 

R:::::: 1 

C(t) 
R:::::: C(O) 

t) 

gIves: 

(1.2) 

(1.3) 

It has been widely that mineral recovery seldom 100 np,'"p,nr even at 

flotation a consequence, equation (1.3) is generally used the form: 

(1.4) 

is the mineral recovery at infinitely time in a batch test. 

long 

(1.2) not always yield a straight line when applied to mineral flotation data, and 

therefore a postulation has been made that the solid i floats as if there is a stochastic 

of rate constants, in which case 

(Woodburn et ai, 1994): 

cumulative ,.""","',,"',...., solid IS by 

(1.5) 

where ~(k) is a distribution of rate constants of species i and k; is the flotation rate 

constant of 1. 

Klimpel (1980) described ~(k) terms of a uniform distribution of flotation rate constants 

rectangular), up to a maximum ofkj , which to equation (1.5) becoming: 

(1.6) 
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i at any time 1. 

Equation (1.6) has been shown to obtained at shallow froths, very well (Fichera and 

Chudacek, 1992). of the models to account for the variation of the flotation rate 

due to characteristics the ore (such as particle distribution, liberation and 

"",n' .. ",,,, of chemical adsorption) use discrete values of flotation rates. These models have been 

reviewed by Fichera and Chudacek (1992), and will not reviewed here again. The most 

ln1TV\1'1'<lnT conclusion was that the double floatability) models 

yield an adequate description of batch pulp flotation kinetics. 

1.3.2.2 Steady State 

For a continuous mechanical flotation cell continuous inflow removal of concentrate 

and removal tailings), it can be shown that the mineral recovery, ......... u'6 first-order '"UJ''''U'~''' 

and no of bubbles, is by the following equation and 1962): 

R= k r (1.7) 

is the fractional recovery, t is the retention time the slurry, equal to the slurry volume 

divided the tails flow and k is the overall pulp froth) flotation rate constant. . 

In the case flotation cells exhibiting plug flow transport, the recovery is given by the 

following equation (Finch and Dobby, 1990): 

R :::::1- (1.8) 

Plug flow conditions, are most prevalent in laboratory/pilot-scale flotation cells (Finch 

and Dobby, 1990). Industrial flotation columns operate conditions those of plug 

flow and perfectly mixed Tuteja et al (1994) have suggested that the model proposed in 

Y oon et al (1993), which assumes negligible influence of the froth phase and takes into account 

the axial mixing process the pulp phase, sufficiently plant columns flotation 

recovery: 
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R = 1-----........... -----~- (1.9) 

(1+a2) 

where 

(1.10) 

and 

==0.6 (1.11) 

Dc is column diameter, is the length of the column collection zone, J1 is the 

is the hold-up, and Jg is the superficial air flow rate. 

For plug-flow conditions, tends to infinity. Equation (1.9) then simplifies to equation (1.8). For 

a perfectly becomes very UUL1VU (1,9) then simplifies to equation (1 

equations described above are mostly used for studying global (i.e. pulp and froth) flotation 

kinetics. use of flotation cells, such as industrial flotation cells, in studying 

flotation kinetics requires many parameters which are difficult costly to measure or derive. 

Flotation kinetics is easily studied bench-scale flotation cells. many years now, scale-up or 

conapans(m of batch to has based on 

determining global flotation rate constants. The determined flotation rates are then used to 

calculate scale-up factors. This is the approach widely used by many chemical engineers for 

optimising chemical reactors. The application of this approach to 

flotation processes is now 

1.3.3 Comparison between Batch and Continuous Performance 

n<>,',<!r,n or scale-up of flotation peI'iC.Hm;;lflC,e, particularly from batch data, to 

industrial flotation is a important subject which has been studied by 

many authors. There are many aspects to this problem, ranging from chemical environment, 
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fletatien cell size and hydredynamic cenditiens within the freth and pulp phases, to, metallurgical 

preblems asseciated with different milling cenditiens. To, address this preblem, mest ef the 

propesed metheds in the literature rely en the use ef fletatien rate censtants. "Fudge" facters are 

used to, acceunt fer the influence ef the freth phase. Mest netable is the werk published by 

Weedburn et al (1976), Weedburn and Wallin (1984), King (1978), Leveday and Raghubir 

(1995) and Beurassa et al (1988). Generally, the metheds empleyed by these authers rely en the 

use ef glebal fletatien rate censtants, extracted frem batch data, to, predict fletatien perfermance. 

Batch derived rate censtants are multiplied by arbitrary numbers, mestly based en experience, fer 

use in describing industrial fletatien perfermance. 

To, acceunt fer the influence ef the froth phase In fletatien circuit medelling, King (1978) 

prepesed the use ef a froth transmissien facter, cr. He defined this facter as the ratio' ef selids 

flew rate acress the cell lip to, that acress the pulp-freth interface. All parameters fer the plant 

medel were based en estimates frem batch tests. The measurement ef cr, hewever, preved to, be 

difficult. As a result, the ratio' ef water flew rate ever the lip to, the water flew rate in a cell (i.e. 

the cenditiens at the very start ef a batch test) was used as a measure ef the froth productien 

capacity. In his medel cr was used fer the estimatien ef the kinetic flO,tatien rate censtants fer 

different minerals. Calculated froth transmissien ceefficients decreased frem 1 to, 0 with an 

increase in fletatien time. 

Furthermere, Ress and Deventer (1987) prepesed the use ef froth discharge per unit velume ef 

air that enters the freth to, acceunt fer the influence ef the froth phase. They also' assumed that this 

parameter stays censtant fer beth the laberatery and the plant fletatien cell under similar 

eperating cenditiens. In this case the freth discharge parameter was used to, determine the bubble 

velecity at any height within the industrial fletatien cell. In turn the bubble velecity was used in 

the calculatien ef the tetal cencentratien ef the varieus species in the freth. 

Lastly, Weedburn and Wallin (1984) prepesed a medel in which a first-erder rate censtant can be 

deceupled into, kinetic effects en the basis ef aeratien rate (medelled by a multiplier X**) and the 

equilibrium effects (medelled by K) that represents the inherent distributien ef a selid species 

between an air interface and the centinueus pulp phase. In this case, again, a laberatery batch test 

was used to, estimate the fletatien circuit me del parameters (X and K). Altheugh partitiening the 

netwerk calculatiens into, aeratien effects, freth stability and fletatien characteristics ef the selid 

species is seund, the absence ef any scalable parameters makes this appreach ef limited use. It is 

eften impessible to, study the effect ef eperating cenditiens and freth phase variables en 

** x = ocQ. , where Q. is the "specific" aeration rate and oc is the fraction of the aeration air within the cell effective 
in transporting solids over the concentrate weir 
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as unless in terms of measurable 

aD1,roaclles are fairly easy to use, and have ", ... ",nl'T'l to some usefulness when 

lead to 

very .... ~~J ...... ,,. 

poor 

flotation circuits. However, the inherent shortcomings can sometimes 

costs during plant commissioning is overdesigned or 

the flotation circuit is designed and built, is achieved through 

error plant campaigns. The main source 

the link between batch and continuous 

costs emanates from the 

Batch flotation tests are usually c~rried out at very shallow flotation 

modelling in batch 

been done to improve 

rate constants primarily to the pulp performance. 

flotation et ai, 2000) showed that 

in is by the lack 

of quantitative describing industrial froth behaviour. there is no model 

for pel:lOlm,mce. accurately, in any It is believed, and has been 

reseru'cn,ers that the limitations and methods which make 

use or distributed flotation rate constants extracteo from batch data to predict 

flotation .... "" .. +"' .. IT) ........ ,"" continuous cells are due to the do not account for the 

influence of The flotation process is as a system. It is 

widely aCJ.<:nowle:Olleo. however, that two distinct particulate zones the flotation process, 

viz, froth and pulp. 

decoupling the 

that of the 

Savassi, 1998). 

decoupled. 

is evident in the recent on flotation which has focused on 

the pulp phase performance on from 

(Contini et ai, 1988; Falutsu and Dobby, 1 Dobby, 1990; 

"1'",..1,,,, ... ,, that influence froth and further 

1.3.4 nl'<].I' ... " .. Process 

This aor)fQlICh 

LHU'!.JV.3\dU the 

Ra, in a countercurrent 

material balance 

(1989), Contini et al (1988) 

to describe the overall flotation 

of the two zones. 

and Dobby (1990) 

floatable particles, 

(1.12) 
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where R: is the collection I pulp zone recovery of floatable particles. 

Equation (1.12) assumes that the dropback of material from froth to pulp phase can 

treated as a ( see I 

! 
.. Rr 

R.: (I-Rr) 
FROTH PHASE 

A~ 

Rc 

PULP PHASE 

" 
I 

I-Rc .. .. 
;r 

1.3 Decoupled notation process (after Finch and Dobby, 1990) 

To particle In pulp particie removal is assumed to follow first-order 

kinetics. plug-flow conditions the pulp zone, equation to 

the following three-parameter expression: 

(1.13) 

is the mean retention time within the collection zone and kc is 

flotation rate constant. 

collection zone 

completely conditions within 

inadequate understanding of the froth 

useful froth model. A detailed analysis 

pulp, zone, the overall recovery is given by: 

(1.14) 

has precluded the use a more elaborate and 

froth recovery reported the IS 
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provided sec1tlon 1 below. 

Savassi (1998) proposed an equation that "'''''''''''''','>1.'''.'' that true flotation and entrainment 

of non-floating occurs 

(1.1 

Rv is recovery of water, Ent; is factor found in size 

class i. 

The transfer processes that lead to equation (1.15) are depicted in Figure 1.4 below. In the 

development equation (1.15), it as recovery particles within collection 

zone is not accounted It is that entrainment 

occurs only within froth is no me]otlC)ll of how particles are trrut1Sn;:rrc::d 

the collection zone into quiescent zone. Nevertheless, the above equation appears to 

rp'M,rp;;:pnt a important and ..,."" ...... ,,"' ....... toward a 

for predicting the of minerals. The next challenging however, will be 

to eac~ recovery in terms of measurable flotation pruranlet1ers So far, the focus been 

on the zone recovery, and the 

studied primarily from an empirical perspective by a variety of res:ealt'cners 

and 1976; Ross and 1988; Kirjavainen, 1996; 

However, no model exists for predicting water .. """.n''''' ..... R,.. progress 

~is next. 

1998; 

Johnson, 1972), 

regard to and 
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FROTH PHASE 

sus aU sus 
... DBj,i ... 1Nj ,i ... 1Nj ,i 

COLLECTION 

y.*ous 
•.. ),i 

Mass transfer of solids in a continuous flotation cell (Savassi, 1998) 
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. TOlal mass of particles entering the cell in the feed per unit time; : Mass of suspended particles transferred from the quiescent zone 

to the collection zone of the cel! per unit : Mass of attached particles transrerred from the collection zone to the quiescent zone per 

all 
unit time; Y f7s 

:Mass ·of suspended particles transferred from the collection zone to the quiescent zone of the cell per unit time; IN j. i : 

sus 
Mass of attached particles transferred from the zone to the froth region of the cell per unit time; DR j ,i : Mass of entrained 

sus 
particles which are effectively drained from the froth region to the quiescent zone of the cell per unit time; DB j ,i . Mass of particles which 

sus 
detach from air bubbles within the froth and are drained to the quiescent zone of the .cell per unit IN j ,i . Mass of suspended particles 

transferred from the quiescent zone to the froth region of the cell per unit time; Ti,i : Mass of particles leaving the cell in the tailings per unit 

time; C~:; : Mass of particles which report to the concentrate ofthe cell via entrainment and true flotation per unit time 

Decoupling hydrodynamic and floatability parameters describing Rc 

Pulp pel~toll1mmc:e as discussed above is described by the flotation rate constant 

and the residence time. Residence time is a parameter, the flotation rate constant 

can derived from experimental data. The problem with flotation rate is that it is 

a function many flotation variables such as the of liberation, 

adsorption per unit area and the of the ore is treated. 

Many to describe the of variables on the flotation rate 

constant.· Most notably, et al (1977) proposed the following equation: 
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(1.16) 

where Jg is the superficial gas velocity, db is the bubble and is the collection efficiency. 

Yoon and Luttrell (1989) defined collection efficiency, as: 

(1.17) 

where dp is the particle size, A and m are empirical parameters. 

Equation (1.16) assumes that particles are Finch and Dobby (1990) and Gorain 

(1998) demonstrated that this equation can simplified by lumping the hydrodynamic variables 

together. Subsequently the following equation been proposed: 

(1.18) 

where P is the so called floatability parameter and Sb is the bubble surface area flux. 

Deglon et 999) pointed out that the relationship between k and Sb implies that the flotation 

rate constant should inversely proportional to the bubble size to the power of 1 which is not 

"'v •• " .... "' ... with flotation which a power of between 1.5 and The factors 

used in equation (1.18) are now discussed in more detail. 

1.3.5.1 Floatability parameter, P 

According to (1998), floatability is the propensity of the to form a stable 

attachment to a bubble. Amongst flotation floatability is believed to be 

influenced mainly by the of particle, degree of liberation, chemical adsorption per unit 

area and the hydrodynamics of the system in which the ore is being treated. Mathematically, the 

effect these on floatability has not described. However, " ... ,,"ror:. endeavours are 

currently under way to achieve this (Vianna, 1999). 

It is necessary to mention at this that the floatability parameter/s can be measured if the 
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influence of the froth is u.u,,'"'~ (Le. by at shallow froth). In fact, this is the 

which has been adopted currently to extract floatability oru:anletc;r from batch for 

use in plant 1998; et ai, 1997) .. 

1. Hydrodynamic factor, Sb 
" .; 

The bubble surface Sb' been and proved to an important criterion for' 

characterising-flotation' 'cell hydrodynamics (Deglon, 1998; Gorain, 1998). . Sb can 

be measuring the bubble and superficial gas velocity. Bubble can be 

directly the capillary tube (Tucker et 1994) or the drift 

flux analysis technique (Dobby et 1988). Recently, a fundamental framework the 

prediction of bubble specifications has proposed (Deglon et ai, 1999). 

et al (1999) have ... ",,.,, ... ,..,,OA" an empirical Sb model on 

Clearly, there is a great potential for a fundamental predictor to developed in near 

Furthermore, there is no reason why the above methods cannot be extended to develop an 

Sb predictor for froth. 

1.3.6 Froth Recovery, Rr 

When a significant of froth is the linearity of equation (1.18) is (Gorain et aI, 

1996). This is obviously a r'nnc .. rll of the froth spite of the new 

approaches to the introduction of column cells, the froth 

recovery still an incompletely understood It is believed that this 

incomplete understanding of froth (especially in conventional cells) is mainly due to 

oro,cesses occurring within froth as bubble and dropback. To 

no froth model has been proposed which can used to accurately quantify and 

froth of the froth phase is seen as a 

continued use of the flotation in the mining and 

minerals processing industry. Well controlled and flotation reduce operating 

costs Furthermore, it is strongly and has been ackowledged by many 

researchers, that the limitations and of methods proposed literature, for 

kinetic batch data,' to predict flotation continuous cells 

are due to the fact that they not account for the influence of the It is imperative, 

froth model is or developed. As main thrust 

of this work, will now be discussed in more 

following """·t,,,,,., provide a critical analysis the found 
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Firstly, a discussion on direct measurement of froth is provided. is 

followed by a discussion on indirect measurement froth recovery. Finally, an analysis 

evaluation proposed froth models, which are mostly descriptive, is provided. proposed 

froth models are evaluated on the basis of theoretical validity, involved their 

practical use to model different froth systems. 

1. 3. 6.1 Direct measurement of froth YPf"'llh"YlJ 

Recently, the introduction of column flotation cells provided flotation researchers with a better 

way of sampling and analysing froth at froth Several have now 

studied the mineral within the froth phase, to as froth For 

instance, direct measurement of froth dropback in a laboratory flotation column was performed 

by and Dobby (1989). A modified laboratory column which isolates the froth zone from 

I.,,,,,,.,,, ... zone was developed this work 1 Pure with a of 

approximately !lm was used for this testwork. Results indicated that recovery is (i) 

dependent in favour of particles; (ii) dependent on froth velocity, 

decreasing as froth (Le. more wash water is (iii) not strongly 

dependent on froth height. led to the conclusion that dropback does not occur 

froth zone but rather solids are detached at the pulplJroth interface, If one were to assume that 

this particular system drainage/detachment of particles took place due to bubble coalescence 

as a result of fewer minerals in froth, it is possible that reattachment within the 

froth zone, which kept the froth more or less the same. In addition, the reported strong 

dependency froth on superficial bias velocity that moderate velocities 

..... Uj'''',u\ ..... froth mobility and cleaning action, leading to maximum froth performance. 

velocity leads to downward motion of the causing detachment hydrophobic 

The problem with this directly measuring the froth drop back is that the two zones 

(i,e, collection and froth) are modelled separately. dropback is recycled back to the line 

or discarded. This creates no interaction of froth zone and collection zone. the geometry 

of column is different from that of a column flotation celL It however, a 

approach with respect to providing more understanding of played by froth drop back on 

froth behaviour. 
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Water 
Concentrate 

Feed 

Air 

1.5 Modified laboratory column (after Falutsu and Dobby, 1989) 

Another work on the determination of froth recovery a flotation column, performed by Contini 

et al (1988), observations with direct measurement of froth dropback 

technique discussed This method involved operating a laboratory flotation column in 

cocurrent and countercurrent The between two modes was mainly that 

dropped cocurrent to '~"U'ooJ, 

whereas in countercurrent mode, particles were subject to recollection. Each operating 

mode was into zones: froth zone, secondary zone, and primary collection 

zone. the overall as a the flotation rate on a 

first-order model ,the removal in primary and collection 

zones, . were developed each operating F or the countercurrent 

flotation mode, following recovery equation was proposed: 

(1.19) 

where Rs is recovery the secondary collection zone and Rc is the r"""'AU,"''''' 

of particles within the primary collection zone. 

the cocurrent flotation mode, following overall recovery equation was proposed: 
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(1.20) 

The two were then solved simultaneously for rate constant, and recovery, 

simplify the analysis, it was assumed that the flotation rate constants the two ope~rat1Og 

were the same. This is a questionable particle-bubble collision 

is expected to be very different between the two operating modes. Furthermore, it was assumed 

that froth recovery in cocurrent mode IS same as countercurrent 

assumption was based on two conditions: froth is the same both 

and (ii) there is no froth overloading. It is ",,,,,,,uV'U<4'V'''' whether the condition is truly 

satisfied. Owing to hydrodynamics, solids content in a zone is probably o .... p.'~:tp.r 

cocurrent system to the countercurrent system. Nevertheless, 

method in a cm diameter column showed a resemblance to 

by Falutsu and Dobby (1989) in plots of froth recovery as a function of particle 

seen in Figures 1.6 and 1.7. 

obtained 

as be 

Vera (1995) 

air flow rate and froth 

Contini's approach to test effect conditions such as 

on collection rate constant and froth recovery. This work was 

performed on site Mill, Australia), and conducted with a zinc cleaner 

stream. The confirmed the conclusions by Falutsu Dobby (l that froth 

recovery is not a strong function of froth height. when the collection zone 

'~U,o'U was varied, it was determined that froth recovery was very much affected froth depth. 

In a continuously nn ..... ",t",ri pilot-scale flotation 6 No.2 

open 80 f capacity two single-unit cleaning Cutting et (1986; 1989) 

investigated the a bulk sulphide ore (approximately 50% sulphides by 

weight). froth samples at different points in the 

column, pulp grade, etc. Results 

and plug-flow behaviour 

Froth COIlcenmmcm form of contours mapped on the plane of sampling 

showed a general enhancement with increase in froth height, accompanied a general 

in froth concentration. mobility structure the 

enhancement as a result of high rates. Most importantly, the results from 

'"'u ......... ,.'" 10 with froth .. _ ......... 

testwork 

1.8). This 

seems to imply froth recovery varies with mineral type, and is very much influenced by 
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pattern of drainage, mixing and mobility of the froth. 

100,---------~----------~--------~--------~--------__. 

so· -'- III Shallow froth, low feed f10wrate -

20 - 1- ,-, 

OL---------~----------~----------~--------~----------~ 
o 10 20 30 40 50 

Particle Size (microns) 

1.6 Froth recovery versus particle size (Falutsu and Dobby, 1989) 

100 

80· - -

~ 
~ 60 -
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:> 
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~ 40 

u: 
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Ave. Particle Size (microns) 

Figure 1.7 Froth recovery versus particle size (Contini et ai, 1988) 
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Froth grade profiles in a pilot-scale flotation """"""'" cell (Cutting, 1989) 
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The pilot-scale work, reported above, to " ..... .1" .... \.1 work on an;J·e-5.calle production cells 

based on froth mobility 

cell froth were (i) cell 

paddles zone. Froth corlCeJntr~itloln 

known drainage 

(ii) the central mechanism; 

the 1.9) 

"'""IV'.'" in flotation 

discharge 

significant 

differences in the distribution of solids three particle addition, 

distribution discharges, in weight percent, indicated more particles of the size -38 

!lm than the particle size + 1 06 !lm particles. This confirms that larger particles drain 

above findings is 

locations in flotation 

.. u" .. " ..... by water more frequently. 

IS a ......... "' ... v .. particle and it 

implication of 

with 

Two sets of plant testwork were carried out to froth structure in column cells 

and Dobby, 1992): one at Cominco's Sullivan concentrator in Kimberley, 

second one at the concentrator of Falconbridge III The objective of 

work was to the III froth in terms of profiles. The 

measurements were made in a plant which treats ore that contains 6.5% (as sphalerite), 4.5% 

Pb (as and 10% (as pyrrhotite). In the a probe supported by two parallel 

was used to sample froth at different froth locations. Water was 

eliminate entrainment of grulglte were 

the ""'1.''''U1Q.LJl''' representation in Figure 1.10. 

to 

a 

probe to 

pump. 
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Figure 1.9 

Figure 1.10 
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Froth cha'racteristics in a plane perpendicular to froth discharge lip (Cutting, 1989) 
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Solids in slurry 
Bar holder .. Guide bars .. 
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Plant froth sampling apparatus (adapted from Falutsu and Dobby, 1992) 
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second test was out a copper-nickel flotation column - copper 

product. was as shown in 1.1 L assumption was no 

recollection of hydrophobic particles occurred inside probe. to verify 

the observed the first set of tests obtained the above. was 

also added to eliminate en1ralmrlent. 

Water 

interface 

1.11 Isokinetic sampling apparatus (adapted from Falutsu and Dob~y, 1992) 

question of bubble coalescence be advanced both these case studies. This is 

addition to to occur the froth zone itself. The use of a pump can 

completely change froth structure inside the probe. a result, bubble be 

expected to occur at an rate, thereby the drainage hydrophobic minerals. 

helretC)re. the final sample might end up not even close to approximating true state of 

at the point of sampling. 

A .way to would be to to a container at a particular height 

removing the out of froth. In way, the froth sample will the true 

status of the froth (including water solids contents) at a specific height. IS 

not an thing to do. (1988) a froth sampling lance 

accommodates suggestion advanced method was to of 

BU'"""':!.! species concentration and water in the froth. It was careful 

adjustment, sampling device could produce excellent froth measurement results. instance, 

to ensure accurate measurements water content in froth, trap (B) could 
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........ .: .. _, .... '" such that the door stays completely closed by pulling string (E). The """'''''''''6 of the door 

in the on the inside the which might not always be 

sufficient. The problem with is that one cannot the contribution 

of floatable material and entrained material to grade profiles, separately. 

o 
Holes for heigh:..t _-+1--111"10 
adjustment 

Froth 

Rubber bung for 
sample removal 

o 

c 

Figure Froth sampling device (Ross, 1988) 

B 

of pull 

A == sampling column; B = trapdoor; C == support walls; D == support bar; E == pulling string 

E 

Recently Savassi (1998) attempted to measure froth recovery of attached particles by modifying 

Falutsu Dobby (1992) He designed a 

These were used to "' ........ ,,'_ in the of the 

concentrator at Mount Mine. Results obtained work indicated that the 

froth attached particles of tend to decrease down the bank. At the moment, this 

method of measuring froth recovery of attached particles is restricted to flotation rougher cells, 

which obviously indicates the need for further development of reliable froth 

According to Savassi (1998), in froth .. ", ....... rn where the of the particles attached to 

bubbles is close to of the solids pulp, and in froth the bubble 

load is low the proposed method of measuring froth ,."",.,."",,,, ... is 
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not likely to produce accurate measurements. This is because the accuracy of froth analyser 

depends on there a significant difference between the grade of attached and suspended 

particles in the pulp. Generally, the of attached particles the rougher is an order 

of magnitude greater than that of the particles suspended in the pulp. the proposed froth 

is limited to rougher 

Syringe 

Air cylinder 

[p 

Figure 1.13 Entrainment analyser (Sav8ssi. 1998) 

1.3. 6.2 Indirect measurement of froth 

this second approach froth performance is evaluated in terms of froth recovery factor, Ry, 

Finch Dobby (1990) mathematically described as follows: 

k (1.21) 

is the collection zone flotation rate constant k is global flotation rate constant. 

Several other have been proposed to froth kinetic 

Most notably et at (1989) defined froth recovery as follows: 

K' 
R f ::: K'+K" (1 

where K ' is the froth transfer rate constant and K" is the drop back rate constant. 
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et at (1987) defined froth tenns a probability function, P r, as follows: 

(1.23) 

probability is related to probability occurrences a events occurring 

within froth phase. A considerable knowledge influence on 

perfonnance the froth batch systems has measurement of 

overall flotation rate constant at heights allows for the determination of 

probability of a particle-bubble surviving the cleaning of the froth. From the 

et at (Ion galena ore (assaying as 81 % Pb, 0.82% and 1.1 % and 

white quartz) in a batch a linear between P f the depth of 

the froth was 

workers have the variation of the flotation rate constant as a 

froth depth (Mular and 1991; et ai, 1983a and 1983b). workers 

reported that overall flotation rate constant decreases linearly with an III 

relationship can obviously used to analyse the effect many flotation variables. 

instance, Mular (1991) relationship to the of pulp on 

collection zone flotation rate constant. Laplante et ai (1 later showed a curved 

relationship between k the froth depth. The latter observation may be a more accurate 

representation of the relationship that the behaviour overall kinetics 

with to the froth depth. It is expected that the froth recovery factor should sharply increase 

as particles less time in the froth phase. indicates' importance of the residence 

time on froth behaviour. transfonned to froth rp'rn"';'>T"\T 

depth relationship can be 'used to study the ...... " ..... """"'''' of on froth 

13tWcn ...... Vera et al (1999) ooroac;n to study of h-r.i'h"" .. 

"""".·"""."T solids air flow rate on froth 

the Rr versus froth depth relationship can be neither to detennine 

dominant within the froth phase, nor to develop a scale-up criterion for the froth phase. 

This can only be if the froth recovery is described tenns of .......... ,,. ....... 

that do not on the flotation 
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Descriptive froth recovery models 

Results obtained from direct measurement froth recovery studies 

.. ""'"',"'.,."' .... , is a function physical operating parameters such as 

to the behaviour that 

those that are detached must take into consideration 

28 

show froth 

size and density . 

attached to bubbles 

particle 

density minerals. Physical operating conditions such as air flow rate and water 

in the case column flotation cells, should also froth 

mode! should incorporate description froth sub~processes as bubble 

coalescence, particle and entrainment or dropback of The problem 

that is are not amenable to direct 

As a model which uses meaningful parameters is required. 

Proposed froth models found in the literature are shown in Table 1.1, and will reviewed in 

chronological order. 

Table 1.1 Proposed froth recovery models 

Model System used Assumptions 

General No entrainment of (1978) 

. floatable particles 

Pilot scale & industrial No entrainment Cutting et af (1982) 

columns 

No entrainment of R
j 

. ::: -:--:--A-:-.,..,...,.. 
.1 

Industrial Moys (1984) 

floatable particles 

*FRT) General No entrainment of Gorain et at (1998) 

floatable particles 

No entrainment exp (-0.0144* h(l+,3Jw
)) 

J .It 

Industrial column Yianatos et af (1998) 

flotation cell 

"'FRT) Industrial data Non-selective Harris (I 

detachment 
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the early on 1l1'-, .... ""U>1'.5 ese:arc:heJrs recognised that particle 

and type or playa crucial in determining recovery particles within the 

floatable component i (either or Moys (1978) described 

mineral type) with froth height, """'U'U5 n.,<'T_r.rn,ar kinetics, as follows: 

(1 

where kn is the detachment rate ""v •• ", .. un, 

bubbles at any froth height, mr,(O) is 

(z) is mass flow rate i attached to 

mass flow rate of i attached to bubbles into the 

froth, h is the froth and IS superficial velocity. 

From the above equation, it follows that froth 

following expression: 
of floatable "'1-"'''''''' i is 

(1.25) 

by 

The problem with this model is that kfi is not amenable to any measurable technique. It can only 

obtained by curve 

detached floatable 

to experimental data. 

via uu""",,,,,,, is not 

Cutting et (1982) derived a quadratic equation to 

material per volume of froth with froth 

where c is the COIlcemr:Elm)O of suspended 

y is column coefficient 

nteliZra110n and solving of equation (1.26) to 

addition, possibility of recovery of 

concentration gradient of suspended 

(1.26) 

h is the froth height, B is drain 

m is froth throughput coefficient. 

following expression froth 

(1.27) 

where p and q are root of the quadratic in equation (1 and E = (C,-q) / where is 

the concentration at bottom froth. 
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The oar-am.eters used in equation (1.27) could independently measured using an 

flotation cell. An equilibrium cell is a ;::'I"\",,·;::,t.(\T'\1 flotation' in which sides are built up so 

continuous froth removal is not possible (Watson and 

(1984) improved the froth 

(1 

K is the froth removal efficiency. 

Ross (1991a) further derived equations and modified existing ones, of Moys 

(1978), to describe the influence of variation of froth properties increasing height above 

the pulp-froth on drainage rates particles the froth. Transforming 

equations to froth recovery, as this thesis, to long complex eXt)re~)Sl(ms. 

addition, parameters in these expressions to be derived or measured using specially 

.... """OL"' •• "" .... flotation cells, as an flotation It must pointed out, nn1,A/p'Upr 

that these to be sufficiently detailed for use in investigating interactions 

between sub-processes operating variables, and their use in simulating froth recovery in 

nze:-scrue flotation potential for evaluation. 

More recently Gorain et al (1998) used recovery derived from plant data to show that 

a relationship between recovery froth residence time. It is not yet possible, 

however, to measure the true froth residence as a result froth time was fn+'''rr~.rI 

use of a froth time parameter (FRT). FRT is given by: 

I Qconc' (1.29) 

where 

froth. 

IS froth volume, is the concentrate flow rate and is the hold-up 

elanOIISllJlP between recovery 

aPlJearea to be exponential, which obviously 

proposed to describe froth recovery as follows: 

Rj exp(-p* 

by etal(1998) 
with the proposed models above. they 

( 1.30) 
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where ~ is a derived froth stability pw'atIlen::r and IS froth retention time. 

Recently Yianatos et al (1998) proposed an empirical froth recovery equation 

collected using a column flotation cell: 

R
J 

95exp(-O.0144* (1.31) 

where is the wash water rate (cm/s), and h is the froth height (cm). 

Page 31 

on data 

This model, in which froth ... ""I"'·f'\U,"' .... , factor is described in terms IS 

".",,, ... '" of considerable main problem with this model is that it was developed from 

column flotation data entrainment is considered negligible. its application to 

other systems, such as in conventional A ..... "' .. ' ... u"' ... flotation IS 

model by Harris (1998) has some practical significance, Previous work on the 

effect of froth flotation (Gorain et 1998) that froth seems to 

exponentially with an in froth time. Following on this development, the 

following relationship to froth recovery has been proposed: 

Rj= (I-a) exp (- f3 * FRT) + a (1 

a is a derived froth paratrleter related to 

derived froth stability paratrleter. 

amount of non-draining mineral, and ~ is a 

(l assumes that froth is nror._"p'P£','nIP (i.e. all UU,",",A .. A., within the froth 

same froth the froth recovery of is to vary 

with particle and hydrophobicity, Nevertheless, its usefulness has been demonstrated 

by the modelling of froths found in industrial flotation (as shown in 1.14 and ] .1 

approach which has been adopted by many l"p<:''''l'Irl~hpr<: is to based on 

"''''''''''''>TU'''''' and extract the required by 

to overall Such data would generally be obtained either from specially 

designed laboratory flotation cells or directly from a plant. The nature of most of the proposed 

froth models is that they are limited to describing flotation data (i.e. empirical). this 

reason, the usefulness batch data in extracting useful froth kinetic parameters for use in 

froth recovery is not yet .clear. It is believed that the lack 
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1 Introduction 

froth !uu ........... use pru:'atn.ete.fS that a physical ............... "'. 
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Figure 1.14 Effect of Froth Retention Time on Rr (Harris, 1998) 
(Copper ore, application, Mt. Isa Mines, Australia) 
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Figure 1.15 Effect of Froth Retention Time on Rr 1998) 
(Zinc ore, cleaner application, Scuddles Mine, Australia) 
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The models that 

the simple two or 

of and mineral type are clearly more f1""~""""lnTI 

The most important factor to note is that 

models indicate that froth 

time. However, none of 

coalescence, particle 

models will be limited to 

aec:rea.ses exponentially with an increase 

not incorporate 

matter. The 

1.3.7 Influence 

VUl''''V''', the ",., ... """"" 
chemistry 

a very ,",Vi,HV''''''' 

influence 

UCLA, UMIST, 

review of all 

more 

Mokrousov (1963), 

purposes of this 

be limited to 

It is well "nl'",Aln 

models explicitly describes the influence of 

U ntH this is addressed the use 

existing data. In addition, all the models U!.:l."u.,.,,,,,u 

of chemistry on froth recovery, or on pulp oro!ces:ses that 

omission are discussed next. 

on Froth Performance 

froth models cited above has 

on froth performance, and on 

on own. Several 

research groups at the 

the University of 

researchers will be "'''''fArln 

of 

IS 

the 

Columbia, 

att€~mlJt to a 

...... ",,,""... is referred to the publications 

(1982), Laskowski and Ralston (1 

~"''''''VH. the analysis of the influence of chemistry on oertor:mrunce will 

of frothers and the measurement of 

bubble coalescence is associated with Therefore, factors that 

.... v< .. v~''''vJi'''''' are to influence froth stability. is another term 

and Forssberg (1988) 

authors (Moys, 1984; 

that is not and defined in the literature. 

defined the stability a froth as the time of its 

1 have defined froth stability as a fraction 

concentrate froth as unbroken bubbles. The stability 

no in the literature explicitly 

stability. These 

stabilize 

supplied to the cell which 

is influenced by many 

mechanism by which 

and physical effects, 

0"0"1."'0"<>1'", by decreasing the 

T .. ,..,TI'\<'" molecules interface. -"'11-T""'''' ..... u.:> .• vu 

''-'U'''''J'11 to a high value .",,,,.v .. The rate at which this nrr.l'P'o,", (i.e. the 

movement trr.t·..,,,,, .. • u ...... "' ..... ",'" from a low surface to a takes place 

differs one of frother to another and depends on :r .. r.1'1"1':'" concentration. a 

result, the COIlce.ntfiitlcm of frother in the pulp phase has a on the rate of bubble 
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cmues.cellce within froth especially when deep are involved. affects the 

bubble distribution and bubble within froth which turn determine the 

............. _ rate net flux of water and through the frOllh. Together with 

dimensions, 

phase. 

water solids determine the retention of particles within froth 

to the au.:!,,,,,,,,,,, of froth ... '-' .... "" .... niv',.,..' ..... <>~tP chemistry, the link between chemistry ",1"1",',.,.1"" 

froth recovery is difficult to quantify. far, the influence on froth been 

studied from a very fundamental such as investigation froth stability in 

simple two-phase or the global effects. (1952) used two methods to 

measure the froth stability viz, compressed sucked 

In aIr method, the was passed through a frother solution contained in 

a graduated glass cylinder. A glass which an of to 145 

microns, was used to froth. In sucked same apparatus used in 

the compressed method were employed with exception of the use of a vacuum system to 

iT""""",.,,,t,,, bubbles. methods were used to investigate characteristics of pine oils. 

frothability index defined as the a fOaIn volume on a solution to a foam 

volume formed on a solution a reference substance, was used to characterise the foam. n-Hexyl 

alcohol was as the rPT,"'rplnl'P substance. conclusion from 

stability is {'unl"" ...... ""''' by rate of height liquid ,",v., ... un, of 

frother (i.e. chemical composition of frother), solution temperature and frother 

concentration in solution. It is questionable, however, whether frothability index 

(FI), as defined In stability is relevant to HU''''''-LlU'''''''''' froths. 

Livshits and Dudenkov (1965) proposed the use of mechanical and pneumatic methods to 

measure froth stability. The mechanical method subjecting a known volume aqueous 

frother solution to vigorous in a for a given The In 

volume and of persistence of froth shaking is as the of froth 

Dippenaar (1978) used a similar to the mechanical method proposed by Livshits . 

and Dudenkov (1965) to study particle and hydrophobicity on froth stability. 

the pneumatic air is blown into 

at a constant rate 

aqueous frother ,,"'.' .... ,,'-'u 

method was IJL V'jJV.,,,,,,, 

a 

(1938). The ae!2:ree 

dynaInic stability is volume the characteristics of static stability by rate 

decay. Johansson and Pugh (1992) used the pneumatic to study the of 

particle 

fine particles 

65°) stabilise 

and hydrophobicity on the stability of froths. results showed that 

to 44 with an degree hydrophobicity (Le. contact of 

froth, more destabilises froth. 
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To properties of frothers, Malysa et al (1 1) proposed a method which uses a 

another frothability index terms retention time the of a 

bubble in the solution and foam). Malysa et at (1987) that FI could be 

multiplied a concentration of frother a solution to obtain dynamic frothability index 

(DFI). DFI is as a constant because it characterises solely the frothing 

properties the itself. On of Malysa et aI's dynamic frothability index, 

et al (1997) determined the effect various normal and branched-chain alcohol type frothers on 

bubble and of aqueous solutions. They compared results between the frother 

concentrations at which bubble is substantially (to of value) 

the dynamic frothability nUlc .. u'~r such comparison suffers the limitations connected 

with linking the dynamic frothability to recovery. Although relevance of work 

IS the quantitative ...... "' ......... '" of it on froth is not at moment. 

other common approach of studying the influence frothers on flotation is by comparing 

curves obtained from batch floats. and (1990) 

this method to of frothers (MIBe, polypropylene glycol). 

influence frothers on froth performance is usually masked by the use of recoveries. 

this reason, very little insight has been on how frothers froth rlprtr.rrn 

A recent attempt to quantify, directly, the influence frother on froth recovery been reported 

Vera et al (1999). In this work a laboratory flotation 16 f , was to float a copper 

rougher ore at frother doses. The froth recovery was the 

relationship exists the overall flotation rate constant and the froth depth, 

discussed in 1.3.6.2 Theresults-'indicated that an increase in frother dose leads to 

an increase in froth recovery. an optimum frother dose however, an in 

frother concentrations has a on recovery 1.16). observation 
certainly shows that it wiU require a very complex froth rpf'A"'''' .... l to the 

of chemistry. 
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Figure 1.16 Effect offrother concentration on frotb recovery (data obtained from Vera et 1999) 

1.4 SUMMARY 

1.4.1 Flotation Process in General 

Pulp processes seem to be well kinetic equations. decoupling 

and pulp .hydrodynamics (in terms of floatability, and bubble area 

the the 

flotation process. More work, however, to to of physical 

and chemical factors on floatability parameter. bubble surface area flux, on the 

hand, can be easily measured, and recently there has been some work toward it 

from operating (Gorain el aI, 1999), 

been looked at the "py'''"",,,,, of their 

froth H.V' .... ""u,,"'. Just as froth flotation is often labeled as complex 

difficult to understand, the froth models presented above are not different from the process 

considerable amount of fundamental knowledge about the behaviour of froth 
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established by the models 

information about froth 

investigations so far. Good and reliable qualitative 

is now available. Froth sampling and measurement, 

particularly in conventional cells, seem to be another obstacle to 

froth 

This review has also shown that the of froth on flotation performance can be 

accounted for by using a recovery factor. Froth recovery is determined by direct 

or indirect measurement methods or from experimental data. It is 1"1'1"",.""1",(\"",, 

appropriate, to summarise the significance of froth recovery studies, reviewed above, 

determining the influence of the froth on different flotation Firstly, direct and indirect 

methods are Secondly, mathematical expressions are summarised. 

1.4.2 Froth Recovery 

1.4.2.1 Direct indirect measurement of Rf 

Attempts have been to directly measure froth recovery in laboratory This 

however requires 

measurement in ...... "ron'_'u· 

designed flotation cells. Under these circumstances, froth recovery 

cells might not be directly in predicting froth performance in 

industrial cells. obtained by Falutsu and Dobby and by have 

demonstrated that froth recovery is particle size dependent. From these studies, IS an 

indication that froth recovery for a particular ore can be measured specially "'''',U",j,.", ... 

bench-scale flotation cells. 

Moving from bench-scale to industrial however, introduces another important factor which 

plays a key in determining froth characteristics and distance travelled 

by froth before overflowing into the concentrate launder. The indirect method of determining 

froth recovery has some very serious limitations this 

Indirect method of determining froth on use as transfer rate 

constant of pulp to drop back rate constant of 

froth back to the pulp, and the rate constant of material froth into 

concentrate launder. Some of these transfer rates are not physically measurable. Moreover, the 

ones are to differ one flotation cell to another, especially when bench-

and industrial flotation 

manner is system specific. 

in a system. 

are considered. As such, froth recovery measured in 

addition, these are to with """'Hun time 
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1.4.2.2 Mathematical Modelling 

Direct or measurement of the froth as discussed above, uses very questionable 

techniques. The alternative to this is to predict froth recovery based on empirical or 

fundamental principles. Froth models based on fundamental principles are very difficult to 

formulate, mainly to the complex nature of the processes involved in the froth phase. a 

result, models presented in this review are based only on experimental observations and 

intuition. instance, models proposed by (1998) and et al (1998), which 

indicate that froth recovery decreases exponentially with an increase in froth are 

merely based on experimental observation and have no fundamental Intuitively, 

one would coarse particles to dropback to pulp more than the once 

detached from which is the Moys's models. The models, 

particularly Harris's model, has been demonstrated by their applicability to a wide of data 

obtained from different plants operating under different conditions. However, their use at the 

moment is limited to existing plant flotation circuits or This situation makes it 

difficult to use U .... ' ..... "l-" ... "..... flotation as batch cells, to extract meaningful froth and 

pulp parameters. 

1.4.3 Prediction of Flotation Plant Performance from Laboratory Data 

From this it is clear that the scale-up of flotation cells from the laboratory to an industrial . 

is complicated mainly by the presence of the froth. Batch tests are the most widely used tool 

at present for performing mineral processing work. Although, many are 

currently at use type flotation cells, and cell banks a 

the use an 

reported batch flotation '"' ..... ," ........ out at shallow froth '""v, ..... , .. v,.'" 

Most 

such, the 

parameters extracted batch tests pertain only to the within the 

pulp This is understandable there are no froth models that use meaningful 

ameters that could batch In addition, the non-steady state behaviour 

of batch froths creates another complication as froth recovery is to depend on flotation 

time a batch complexity of using a non-steady state system (batch cell) 

to derive model for a state system (continuous plant). Nevertheless, it is 

rnn,Art<>nT to establish whether batch data can be utilised more efficiently. The 

influence of froth in this system is obviously the main obstacle. 
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1.5 SPECIFIC OBJECTIVES OF THE PRESENT STUDY 

The main aims of the work presented in this thesis therefore are: 

• to develop a realistic, practical and robust model to predict the extent to which particles in 

the froth phase of a flotation cell report to the launder; 

to develop a practical methodology for deriving the necessary model parameters using a 

non-steady state flotation cell, viz, a batch cell; 

• to determine and evaluate parameters used in the proposed froth recovery model; 

to investigate the extent to which the model parameters derived from batch """"T"'TY'" can be 

used to describe the behaviour in a continuous flotation system. 

1.6 FORMULATION OF HYPOTHESES 

The following hypotheses are the basis of proposed froth recovery models and methodology 

linking and continuous flotation data: 

(i) It is possible to relate batch froth to continuous froth if the key factors 

influencing the froth behaviour in both systems are into account. In this it is 

proposed that a froth recovery model that takes into account the froth 

the way in which to relate batch and continuous froth behaviour. 

time could well 

(ii) The froth phase performance, in an environment in which the pulp chemistry is constant, can 

be adequately described by a froth model that incorporates true flotation of particles attached to 

bubbles, the behaviour of detached particles and transportation minerals via the entrainment 

mechanism. The assumptions involv(!d in the development of this model are in Chap. 

(iv) Due to the non-steady-state behaviour of froths found in batch systems, the link between 

batch froths and continuous froth performance can be achieved by analysing data obtained from 

batch floats as if batch data are made up a of continuous flotation cells. 
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· Development of a Froth Recovery Model 
and a Methodology for Extracting Model 
Parameters from Batch Data 
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CHAPTER 2. DEVELOPMENT OF A FROTH RECOVERY 
MODEL AND A METHODOLOGY FOR 
EXTRACTING MODEL PARAMETERS FROM 
BATCH DATA 

INTRODUCTION 

To l'Irlrl'rp<!<! the objectives outlined in n<>r.T"' .. 1 the following methodology adopted 

in the Firstly, a qualitative description of the occurring in the froth 

phase, mainly bubble detachment of hydrophobic particles, drainage and 

entrainment detached particles is presented. The purpose of this section on qualitative 

description the froth phase processes is to highlight and give a real picture of all the major 

froth sub-processes that a realistic froth model needs to quantify. Thereafter a 

definition of froth is formulated. Secondly, this section is then followed by a general 

discussion on the topic of mathematical modelling and the approach adopted in this study. 

Thirdly, quantitative of the froth phase are and used to 

describe froth The proposed froth recovery model uses a called froth 

retention time (FRT), which has been identified as key parameter in the study of froth 

phase behaviour. Fourthly, a methodology for extracting parameters used in the proposed 

froth recovery model is presented. 

2.2 QUALITATIVE DESCRIPTION OF FROTH PHASE PROCESSES 

Several in froth phase determine. the ..... llHU! .... r ... ·'·(H.fPFV of minerals 

the concentrate launder. It is believed that most the associated with 

selectivity, both with l;;;;)U'j;;;"'L to mineral type and particle occurs at pulp-froth 

interface. Such processes include detachment of loosely attached and draining back 

to the pulp phase of entrained particles. Although the process of particle at the 

pulp-froth interface is not considered in 

the sake of completeness. 

work, its qualitative is included for 

It is that the forces of bubble-particle attachment would playa important role in 

terms detachment of with varying hydrophobicity. The 

mechanism of particle detachment at the pulp-froth interface is believed to mainly 

by sudden in bubble velocity leads to attached to bubbles 

detaching back to the pulp Therefore, probability of particles at the 

pulp-froth interface on the of attachment to detachment forces. 

Attachment forces are determined by the of hydrophobicity of attached particles and 
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the buoyancy force (Le. the push exerted by the fraction of the particle volume immersed in 

the liquid). Detachment forces, on the other hand, may include capillary forces, drag force and 

gravitational (Rubinstein, 1995). 

The attached particles that survive the disturbances occurring at the are then' 

transported through to the froth where they further experience disturbances from the draining 

slurry. Draining slurry cause films between bubbles to thin, to bubble It 

is known also that chemical reagents, such as frothers, have a major influence on bubble 

Frothers promote bubble-particle stability by 

air-liquid Surface tension the frother 

molecules from a low surface tension to a high value region. The rate at which this process 

place differs from one type of frother to another and also depends on the frother 

a result, the concentration of frother in the liquid film surrounding a bubble 

has a major influence on the rate of bubble within the froth fjU"." .... 

when deep froths are This the bubble distribution and bubble flux within 

the froth phase, which in tum determine the drainage rate and net flux of water and 

through the froth. Together with the cell dimensions, the flux of bubbles, water and solids 

the retention time of particles within the froth phase. 

Furthermore, bubble 

minerals within the 

ale:sCeJnce (or froth stability) depends on the of the 

"'.v.u~'''' froths (Dippenaar, tend to 

1978). Highly hydrophobic also the air-liquid interface .to a much greater 

extent and rupture the film (Johansson and Pugh, 1992). This action to dropback of 

floatable particles, which may be non-selective. 

Besides playing a major role the stability. the froth, properties 

significantly to the amount of material or physically detached bubbles, back to 

the collection zone in flotation processes. Particle particle density and hydrophobicity or 

contact angle may determine the overall froth recovery of individual within the froth 

Coarse and heavy particles that are loosely to lJULJUHJ':> have a high probability 

of dropping to the slurry within the froth due to out 

laboratory column cells have indicated a in froth recovery of at 

the pulp-froth interface attached to bubbles with an in particle size (Contini et 

1988; Falutsu 1989). This could by gravity effects which In 

coarse detachment rates. According to Bascur and Herbst (1982), the 
shear force ""v,~..,.~".. by the past particles would be in the case of 
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Detached particles within the froth !.JUG,,,"'. physically detached or contributed by bubbles 

breaking-up and coalescing, may be either entrained into the concentrate launder, drain back 

to the pulp phase or reattach to bubbles. Entrainrilent of detached particles into the 

concentrate launder is most to occur if particles are released near the top the froth .. 

For particles released within the froth, the of either entrained into the 

concentrate launder or returned to the pulp phase on their mineral properties 

etc) and froth residence time. Generally, detached are expected to 

yield high froth recovery values, except in systems where the drainage of water is very high. It 

is well known that fine particles tend to follow water flows; as a result, it is possible to have 

situations where the froth recovery fine is lower than the recovery of intermediate 

particles. IS to happen by a film drainage water and fine 

particles drain around the However, high flow rates are involved, which 

result higher values net upward water flow the above statement might not be 

necessarily true. 

As mentioned above, there is also a possibility the detached particles to be reattached to 

bubbles rising in the froth zone. However, there is no concrete evidence in the literature to 

establish that reattachment particles within the froth take place. Klassen and 

Mokrousov (1963) estimated contact the of contact for the case of particle 

sliding bubble) around 10 to 100 times greater in the froth compared to contact 

pulp. the possibility of attachment detached in the froth 

On other hand, the lower impact velocity a particle and a bubble the 

froth phase not be sufficient to allow the to form an attachment. 

Finally, there is an of hydraulic entrainment of non-floating (i.e. the material) 

and very fine particles from the pulp phase into the froth phase. These particles enter the 

of the froth suspended in the water between the bubbles (Moys, 1978) or by being trapped in 

the bubble (Yianatos et ai, 1986) or by being mechanically pushed up by ascending 

swarms bubbles (Smith and Warren, 1989). Depending on conditions within the froth 

some of these a chance of washed back to pulp phase or 

recovered into the concentrate launder. It is not known particles will behave the 

same as detached floatable particles. The manner in which this issue is dealt with in this study 

will in se(:ncln 

DEFINITION OF FROTH RECOVERY 

In light the above the prclces:ses involved the froth phase, definitions of the 
froth .... ","",:" .... , at the pulp-froth interface attached to bubbles and froth 
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recovery of particles that at the pulp-froth via entrainment are suggested. Froth 

recovery floatable particles, ~, is the fraction of particles that at the pulp-froth 

intlert':ice attached to bubbles which eventually reports to concentrate launder. fraction 

includes floatable particles which report to the concentrate via 

Secondly, the froth of non-floating particles (Le. the gangue material), ~n' is 

fraction of particles that at pulp-froth interface trapped between bubbles or 

mechanically pushed into the froth phase which to the concentrate launder. 

approach adopted in describing froth recovery, mathematically, is now discussed. 

2.4 MODELLING APPROACH ADOPTED 

Mathematical modelling is the process of describing and approximating actual physical 

mathematical techniques. This provides an alternative approach of predicting 

the of major variables on that would otherwise be difficult to 

study experimentally. A real in this case flotation, is mathematically abstracted or 

represented for purposes understanding and predicting its behaviour. approach also 

the of reducing experimental effort and costs of collecting raw data. In the 

flotation most of particularly with the 

measurable. This situation necessitates modelling of the froth phase 

even more. For a mathematical model to be useful, however, it must be robust and be based 

on realistic assumptions. The model can be checked experimental and then 

reconsidered in order to be effective and more useful in the physical T'\rrlt'p,~<: 

types of modelling a model 

describing the physical be engineering u ...... I'''." and 
physical such as in the flotation process, lack 

of and measuring the data precludes 

the of a fundamental, mechanistic, model. second approach involves 

development of an empirical model from dynamic This method is the most 

<nr"AI"""rl and to use in deriving equations for describing of the 

system. However, the parameters obtained, usually by fitting equations to experimental 

using linear regression techniques, do not always have an obvious physical 

third approach, often referred to as a hybrid or involves developing 

a model empirical modelling In study, the 

two are adopted, which allows of modelling approach to 

Quantitative description of froth is now considered. 
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As in section 2.3 particle the froth zone can be considered to 

occur two mechanisms: recovery of intrinsically floatable (either attached to 

bubbles or by once detached from bubbles in the froth), and of 

intrinsically non-floating with water. Both these mechanisms are important in 

the overall performance, and that can be achieved in a 

flotation cell. general, four major sub-processes influence floatable 

particles within the froth phase. These processes include bubble coalescence and b:eak-up, 

detachment of particles, detached It is very difficult to 

account for the influence of all that processes in one 

Froth residence time, however, has been identified as the most important froth 

It is worth discussing this parameter before deriving a froth modeL 

The froth residence time to time particles within froth before 

reporting to concentrate launder. It is mainly determined by cell geometry, froth height, 

froth removal technique and water recovery. High froth residence time increase the exposure 

of loosely attached particles to froth disturbances such as water drainage between bubbles. 

This situation can induce an increase in the drop back of 

Several factors can to high froth residence time, such as solids 

coarse particles. 

lua.u.H,I~ (as in highly 

mineralised froths), insufficient air rate and frother concentration (which attt~cts water 

recovery and froth stability), and very deep froth heights. factors result in mobile 

froths, susceptible to froth disturbances induced by drainage and mechanical shocks . ....,.' .......... 1'>" 

of water and lead to flow na'tteTTlS. 

The residence time distribution of particles within the froth is thus a characteristic of 

mixing that occurs in the froth. In froth phase system, the distribution of residence times 

can significantly performance. Many particles froth spending a 

period of In vicinity mean residence time. However, this is not 

easily at moment. As a result, a descriptive parameter known as froth retention 

time (FRT) has been proposed as an approximation of true froth It must be 

1-111,:1.':11,),,1..1. though that it is not how accurate this 

actual residence one would measure within the froth in a flotation The following 

definition of FRT has been generally reported in the literature and White, 1 

Lynch et aI, 1981; et aI, 1998): 

= (1-E~ v.rIQconc (2.1) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chap. 2 Development of a froth recovery model and a methodology 45 
for model parameters from batch data 

where Vf is the froth volume (cross-sectional area of a cell, Ac' x froth height, h), Qconc is 

concentrate volumetric slurry flow rate, Eg is the average hold-up within the froth 

(typically considered to be around 90% in bench-scale flotation cells (Goodall, 1992)). 

It is acknowledged that the gas hold-up varies with air flow rate and froth height. However, it 

is not yet possible to accurately measure this parameter in conventional flotation cells. For the 

,,..,..,..,,,,"',, of this study an auxillary equation deduced from work by Goodall (1992) 

is used to estimate hold-up at flow rates. Goodall (1992) hold-

up In a cell directly at heights whilst floating a synthetic 

ore containing 10% and 90% He then quantified the amount water, solids and 

air from the sampled froth. hold-up measured at different air flow rates, whilst keeping all 

other parameters constant, is shown in Figure 2.1 below. solids content the pulp was 

5%, which is comparable to the pulp density used in current study. It is assumed that froth 

height has a minimal effect on this parameter in bench-scale mechanical flotation 
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Figure 2.1 Gas hold-up measurements at different air flow rates (Goodall, 1992) 

For the of study, a correlation was derived that hold-up, In 

to superficial gas velocity for the shown 1 : 

&. = 64 + m g g (2.2) 
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mg is the slope 

gas velocity (cmls). 

relationship, was to 22, and IS 
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The other description has been used the .+ .... "t", .... for estimating. froth ....:,. ............ '" time is 

(Moys, 1989; 1998): 

(2.3) 

where h is the 

The above description essentially represents 

that air is flowing freely through the froth 

air residence time froth, assuming 

However, in real flow rate is 

retarded by of slurry within froth. As a result, the above equation may be 

overestimating 

water 

true gas residence addition, it is 

will provide an U .... U ... 'lU .... 'll of the residence 

It is believed that time 

to what extent the 

of the solids and 

concentrate slurry 

main driving force the or bubbles flow rate is 

slurry within froth. As such, the retention time (FRT) is used throughout 

this to the mean froth "'., ...... "' •• "'''' time. It must be DOllme:a out, however, that 

equation (2.3) is more useful than 1) from a prediction and therefore 

a useful relationship to used in the absence of more information. The 

development of a froth recovery model of particles is now COllSI~Jer 

Recovery of 

The .uv .... "'. or~~se]tltea here. developed on the basis postulates. are 

tum in this section, with discussion where 

1) particles arrive at pulp-froth interface attached to 

the froth phase, they unselectively from due to bubble 

3) ~0I1lS1Q(~n under steady-state at the 

particles which remain an:actlea to bubbles will 

bubble flow patterns. the particles 

the flow 

lnT'F'rT'~("p depicted in Figure 

concentrate launder following 

"' •• ,,''''u,''' .... to bubbles will not the flow conditions froth and will return to 

pulp. As such the fraction particles attached to bubbles will be reduced. In this 
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a potentially useful empirical relationship froth recovery floatable mUleraJS 

and froth retention as the ratio of to the concentrate 

volumetric flow rate, has observed in several flotation systems (Harris, 1998; Gorain et 

ai, 1998). This was shown in 1.1 where it can seen that the relationship 

froth time was independent (0.25 m3 and 

2.8 cell mechanism (Dorr-Oliver, Batequip and Outokumpu) or cell operating 

conditions (different froth depths, gas rates and impeller speeds). 

Figure 2.2 

MINe (out) 

•• 
Md", (drain) 

MINe (in) 

FROTH 
PHASE 

INTERFACE 

PULP 
PHASE 

Various paths followed by true floating particles within the froth phase 

On the basis the relationship in Fig~ 1 ~ 1 it is postulated that the .. """""',"' .. '" 
to concentrate H4 ... ' ........... remain attached to bubbles, Rra> can described by 

a simple function (i.e. froth decay follow first-order kinetics): 

Ria exp(-fJ * FRT) (2.4) 

where is froth U";;lllU,,;U as the ratio froth 
volume to the concentrate volumetric slurry rate (equation 2.1), and ~ is a derived 

which could related to the rate at which the bubbles are coalescing and 

breaking-up. 

Equation (2.4) must obviously corltorm to the following boundary conditions: 

as~"'" 0, ..... 1 
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as p 00, Rra-+ 0 

The p parameter as equation (2.4), however, is <3: function of a 

48 

of flotation 

which might air flow frother concentration, particle 

solids, etc. However, to simplify nwnber of during 

modelling, this parameter is initially assumed to be a function of frother COllcentr:atlCm only. 

4) The fraction detached (I-RIa), have a chance of being either recovered 

into the concentrate launder an mechanism or back to the pulp phase 

due to gravitational It is assumed that there is no of If it 

is assumed that the settling rate of detached particles of component i by either 

size or type) returning to the pulp is proportional to the mass of these particles 

within the froth (Moys, 1989), fraction of component i remaining in the froth after 

time t, mf.i(t) of the mass of component i at any time t to initial mass of 

component i at time zero), is by following eXI)ressi~[}1 

(2.5) 

where Wj can be regarded as the settling rate constant of component i. 

'helretiJre the output mass flow rate of component i, Mdet(i) (out), is related to the mass 

rate component i, Mdet(i) (in), by convolution 1992): 

(2.6) 

where (t) is of detached particles at time 1. 

If it is fraction of particles is well distributed within 

AlU,,,,",'" flow manner, then Ec(t) is by: 

(t) = zLexp(--i-) 
f f 

(2.7) 

froth 

where is the mean froth residence aPl:,ro:x:rm,lted by FR T in study as explained 

Substituting equation (2.7) into equation (2.6) and solving for the ratio of the output mass 

flow rate to the input mass flow rate of component i 
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(2.8) 

It should obvious in (2.8) that ratio of output mass flow rate to the input 

mass flow rate of component i .. " ..... "(' ..... TC1 the fraction of detached to the 

concentrate launder via entrainment. Hence, the 

given by: 

R fe(i) = 

recovery these particles, is 

(2.9) is " .... , ........ to a CIaSSlllClillCIll function proposed by ........ ""u,v and (1976) 

to ....... ,"'" ..... '" entrainment of hydrophilic particles in bench-scale nn:n'lfUl cells: 

r CF.=..............-i'---
l r 

(2.10) 

~ and Ai are empirically rI""·"/~"" parameters, and r is the froth residence 

same as 

(defined 

The results obtained these authors indicated that numerator above was 

to unity (Le. ~ ....... 0). such a condition equation (2.10) the 

same fonn as equation with (OJ == Ai' 

5) It is possible some 

traJrls[Jlort ...... , ......... "'u .... ",., ... These 

not be """,r·I"\u",,,,,,,,,, from 

within 

froth owing to froth 

froth phase and also be 

subjected to 

analysis 

possibility being "'''''-''1"'\''''''''''.,., via entrainment. However, to simplify 

all particles arriving at are assumed to recovered the 

concentrate launder (a condition most likely to be met bench-scale flotation 

on 

component i 

postulates listed above, 

the froth is then 

ultimate .. "ron","M! of floatable particles 

by: 

11) 
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Substituting Rfe(i) from equations (2.4) and above gives 

R J(i) == exp(-p* +[1- * 12) 

2.5.2 Froth Recovery of Entrained Non-Floating Material, R,n 

Particles can transfer into the base the froth by suspended in 

the water bubbles (Moys, 1978) or being in bubble wakes 

(Yianatos et mechanically pushed up by swarms of bubbles 

(Smith on hydrodynamic conditions within phase, 

some these a chance of being washed to the 

into the concentrate At moment, there is no reliable 

"""f'nU,F>T'lT of entrained particles the pulp and within froth To 

simplify analysis in this work, it is assumed that entrained and detached will 

behave the same within froth phase. such, equation (2.9), which describes 

entrainment ..... 'v .... u .. "' ... for describing of 

particles entered froth zone in the instance via an mechanism. This 

implies that the particle settling rate parameter within the phase, ro, will be determined 

by of the mineral species. manner in these particles are 

the froth phase not Since 

amount of entrained solids can considered to be proportional to the amount of water 

(Engelbrecht and Woodburn, 1975), recovery entrained can 

therefore related to the water recovery. A methodology model 

for use in the prclposea equations is now 

2.6 PROPOSED METHODOLOGY 

PARAMETERS FROM BATCH DATA 

Introduction 

EXTRACTING FROTH MODEL 

So the "'1"""'"1'"\' sections have U'-"HUj,,,,, with identification and derivation or 

development 

proposed 

froth models which could be to adequately froth behaviour. The 

that are not at this 

stage. by fitting the performance equations to data from 

continuous systems. approach an extremely large number of 

points in the derived parameters to significance. such, it is most 

convenient to derive these parameters batch tests. the nature of batch floats 

a method describing flotation that into account the non-steady 
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state behaviour of froths found batch <i:V<;:lfPf'I"I 

present a proposed methodology for ""Vl' .. "'r.~' 

The this section, therefore, is to 

required parameters from batch data. To 
achieve this the froth influence is decoupled from the" pulp phase pel~rolnnanc:e 

2.6.2 Decoupled Flotation Process 

In general, flotation performance is mainly described in terms of recovery of the 

concentrate. In this study, however, only recovery is considered. is overall 

flotation is easily in any flotation system. problem with using 

overall (pulp + froth) flotation recovery, however, is that it encompasses occurring 

both within the froth and pulp As such, it is very difficult to distinguish the 

of froth pulp on mineral flotation In the methodology 

proposed here, the pulp phase mineral recovery, for both floatable and entrained minerals, is 

decoupled from the froth mineral recovery. To this, a mass balance approach of 

treating dropback material froth to the pulp as a recycle (Contini et 

1988; Falutsu and Dobby, 1989; Finch and Dobby, 1990; 1998; 1999) is 

aO(Jmeo. with some modifications. This approach is now discussed. 

2.6.3 ... .0, ....... ,"', ...... , Equations 

mass balance equation proposed recently by Savassi (1998) to 

performance is as follows: 

flotation 

(1.1 

where is the overall or global flotation recovery of a particular mineral, is the pulp phase 

mineral is the global water recovery on the feed water flow ~ is the 

froth recovery of particles that remain to bubbles, Ent; is the entrainment 

defined as the ratio of of suspended or entrained within the froth to 

the recovery of water based on tails water flow rate, and i is the particle class. 

was use in this study because it provides a means of simultaneously 

accounting flotation minerals by both true flotation and 

addition, form allows for the evaluation of various models describing froth recovery and 

entrainent. Explicit mathematical descriptions each factor in equation (1.15), and 

manner in which they are used describing overall flotation recovery in a batch cell, are 

discussed in section 2.6.4 below. 
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Despite its preference for use in this are worth mentioning with 

to equation (1.15). This equation considers 

not separate entrainment within the pulp phase from 

does 

phase). In addition, the 

recycling of the entrained material that 

considered. Furthermore, equation (1.15) 

into the pulp is not 

pn)Ce:ssf:s occurring at the 

interface explicitly. It is associated with 

to develop an 

The derivation 

occur at It was 

alternative recovery equation 

of the alternative 

2.6.3.1 Proposed global flotation 1'£1/"fl110 

A sequence of events that occurs 

particles, initially in the 

the probability network 

and the recovery of 

recovery of particles attacrlea 

froth phase. 

concentrate or 

conditions, which lead to 

can be represented by 

recovery of particles by entrainment 

pulp phase is decoupled from 

.. ""r·n""" ..... ' of entrained particles within 

• ..... "'u .... uJ ... n.. whereby particles are transferred 

from the froth phase to concentrate 1< •• .."" ........ by entrainment will be similar to of 

particles which 

which would """",.nTll 

density and froth 

back to pulp phase 

Rfe[ ( 1-Rr.) R,,{ 1-R".)( 1 

x 

I+X 

Figure 2.3 

(I 

within the froth. The fraction of these particles 

concentrate launder is determined by only particle 

symbol represents a fraction of particles recycled 

+X)] 

(I-R"e)( I + X) 

Proposed mass balance scheme 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chap. 2 Development of a froth recovery model and a methodology Page 53 
for model parameters from batch data 

Solving for overall flotation recovery in the network presented in 

following equation: 

R" :: ~~-;:--;::-...,..--::--:!---;~~-::-:-;;-;;-i'" {R fe [(1- R fa )Rc (1- ) + Rcc ] + R fit Rc (1 RcJ 

(2.13) 

the 

Rce is the of non-floating within the pulp phase by entrainment, Rc is 

true flotation, Rfe is the of particles the recovery of particles within the pulp 

within the froth phase by entrainment, 

bubbles within the froth phase. 

is the of remain attached to 

1, recovery floatable particles component i within the froth phase 

by <un.H .... " .. is given by: 

recovery of particles that remain attached to bubbles within the froth is by: 

Ria = exp(-p FRT) (2.4) 

Engelbrecht Woodburn (1975) showed is a linear relation between the .. "'" ..... ."" ... " 

of entrained material recovery of water. This relation could be described by the 

following equation: 

Re . =e.Rw ,I I 
(2.14) 

ej is the with diameter i, is the overall cell 

water 

It is worth mentioning here that the entrainment factor e, in equation (2.14) is very 

similar to the entrainment factor, proposed describing entrainment in equation (1.1 

(Savassi, 1998). The between these two factors (viz, e j Ent;) is that the 

(1.15), to represent recovery of 

entrained only within froth On ej ret're~;en:ts the 

classification of particles, with size diameter i, within both the pulp and the froth phases. 
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When applied to the entrainment of particles within the pulp phase, equation (2.14) oecomjes 

(2.15) 

where is entrainment factor of particles, with size diameter i, within the collection or 

pulp phase, and Rwc is recovery water within the pulp phase (Le. at shallow froth). 

It is proposed to use the following empirical partition curve, developed by Johnson (1972), to 

the factor component i within the collection zone: 

=--------~~~--~--~--
i 

(2.16) 
exp{1.317 

particle diameter c; is an constant. 

describe recovery minerals within the pulp by true flotation, it is proposed to 

use a first -order equation 1998): 

R . =~~:---
C,l 1:c 

(2. 17a) 

where Pi is the floatability oaramc~ter found in particle size class i. Sb is the bubble 

area flux and 1:'c is the pulp residence time. 

measurable. 

this equation, both and Sb are 

In the case of plug-flow or batch behaviour. recovery of floatable within the pulp 

i = exp (2.l7b) 

The ora'CtlCal use of the above """I ......... 'u .. '" in the analysis of batch and continuous froth 

performance is presented next. 

2.6.4 Synthesis and Analysis Batch Data 

All the models above are applicable to data obtained from continuously nn,=>r.,t .. t1 

flotation cells. As such, they are not directly applicable to batch data. apply to non-
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C'T .. ,,,..,,, state batch data need to be + .... ",+""rI in a special way. Cumulative flotation 

recovery 

or down 

non-steady state Derlcn-scale flotation cells 

... v.LAu.,,"", ..... "" industries, a number of continuous In senes 

it is proposed that batch data treated as a series continuously 

""'1"\,,,, ... ,,,1-,,,;1 flotation the nature of batch tests is such that the characteristics 

'"'''''"UI',''' with flotation time. As such, the froth parameters proposed froth """·lU/."''''' 

H''''''''''''''''' are expected to vary with flotation introducing many unknown oalranrleters 

during modelling. This situation requires a lot of measured data at similar flotation 

conditions to the parameters. The use of obtained from industrial 

flotation cells to test models is therefore As modelling of the 

is preferably performed using data obtained mainly from bench-scale flotation To 

achieve the of flotation recovery in cells must accommodate the 

'"' ....... 0 ... 0 froth characteristics flotation Two approaches are proposed this ."' ....... , ... 

(i) modifying a batch cumulative equation to accommodate the influence the 

and (ii) dividing batch test n of continuous flotation or 

flotation interval, and describing overall stages based on 

These two DDlroa.cm::s are now discussed. 

100 

~ 80 ~ .. -~--~ 

~ 
01> 
> 60 0 
I.) 
Ill< a:: 
<I> 
> 40 ;; T 
ftJ 
'3 
E 
:::J 

20 (,) 
I 

-.- - I 
. I 

----1-- I' - -

I'. 

0 

0 2 3 4 5 6 7 

Number of tanks or Flotation Time 

8 9 10 

2.4 Typical cumulative recovery as a function of number of cells in series or flotation time 

(i) Transformed batch 

first-order rate expression for describing cumulative mineral recovery a batch 

cell is by the 

R = exp(-k t) 18) 
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where k is the overall flotation rate constant and t is the cumulative flotation time. 

If a batch test is regarded as comprising of a of tests carried out in continuous plug­

flow flotation cells, the cumulative recovery particles by true flotation can approximated 

by the sum of particle recoveries obtained from each flotation interval as follows: 

RTrue( batch) l-exp { .£[C-k.(I, -I '-I»J} 
1=' 1 1 1 

(2.19) 

where n is number of time intervals and j is the "cell number". 

It has been shown by Gorain et al (1998) that 

decoupled as follows: 

where P is the floatability 

measurable. 

overall flotation rate constant can be 

(2.20) 

bubble ,area flux, which IS 

Substituting equation (2.20) into equation (2.19) leads to the following expression: 

1) 

where Ry-is byequation (2.12). 

Treating batch data in this manner allows the P parameter for a particular particle 

class to be kept constant for the entire batch flotation time during modelling. Only the mass 

fraction of a particular particle size class would vary from one flotation time interval to 

another. bubble surface area flux, Sb' is also assumed not to bea function of flotation 

time. Most importantly, method analysing batch data allows the factor to vary 

with flotation time, which tum enables the extraction of froth parameters that can be used 

to predict the performance of the froth in continuous tests. 

Including entrainment, 

RTotal = RTrlle '" (l-ReJ + Re 
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where entrainment recovery, could be described by the following ""V'l'\r"",~<;:1(',n (Engelbrecht 

Woodburn, 1975; 1981; Warren, 1985): 

it is 

is the overall cell water recovery. 

that the rpr',£,\",,.n, of water is 

R . - e '" e,l - i '" t)) 

kw is the .. "'''AH''' .... ' rate constant" of water. 

(2.23) 

by first-order R, i is given by: 

(2.24) 

",,,,U\.I'U,, (2.21) and into equation RTotal is: 

e. +e. 
I l 

apparent ,",Vj,Uj.J""',c ... y equation represents a 

flotation data, form of cumulative recovery with BUL«L"V .. 

of some parameters in this however, 

understanding insight into some the key froth sub-processes. For 

equation considers entrainlnent of non-floating material as a global 

w '" 0] 

nature 

better 

.""U'''''''. the above 
(Le. does not 

non-floating within pulp phase from in the froth 

"""~~-J' In .... u, ..... vu. some 

the pulp is not _''' ...... ' ... '''L Development .... "'.' ........ '.... and more 

realistic models for describing froth sub-processes is difficult using (2.25). 

recovery in a 

entrainment 

This can only achieved by using a more tractable for describing 

batch test. method should allow for the decoupling 

true .uv., .... u'v. as a function In addition, it 

flotation time. information of the froth 

method could 

O-t.ro(:es,ses or 

be used to equation (2.25) to r ... nr ... ".·n 

of the batch HVLCLLj'UII performance. It is believed that can only be 

variation of some 

such a 

"'''' •• ,,'''''' description 

by analysing 

flotation pellI01ITnianc:e 

discussed. 

per stage in a batch flotation test. This method is now 
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An alternative approach is to each batch test into a number of discrete continuous 

flotation which can be treated as if they are independent flotation cells operated under 

plug-flow conditions, based on the flotation time intervals. mass charged into cell at 

the start of a test is treated as feed to stage. feed to the next IS 

determined by subtracting the mass concentrate from that initially inside the 

cell. The recovery is then calculated on the of mass (which 

could 

the 

by size and/or mineral and/or liberation) in the concentrate to the mass of solids in 

. This is repeated until the last stage. A schematic representation of this 

procedure is m 

Cone I 

Cone 2 

Figure 2.5 Synthesis of batch data 

The main reason for adopting this approach is that it allows for the use of the 

continuous flotation pertbrmanl::e 

in which these equations apply to method is in the next 

reason adopting this method is '-''"''''U'"'. particularly 
batch are transterable to continuous flotation tests. Depending on 

manner 

from 

operating 

conditions and the observed froth characteristics, this approach also makes it to vary 

some parameters, necessary, by stage. Generally, froth characteristics, such as froth 

mobility, loading and stability, change with flotation time as frother and solids concentrations 

are parameters describing or associated with froth characteristics can 

be allowed to change by stage during modelling. In addition, method allows the 

errors each flotation 

to apply this method are now 

To illustrate the use of equations discussed in section 2.6.3 in this method, it is assumed that 

the recovery is only a function of particles found in particle class L the 
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recovery found in particle class i in stage ofa test is given 

following equation: 

(2.26) 

where collection zone .... ,,'''',''' .... , in stage 1, of particles found in 
size class i, 
i, is the 
of particles 

to the 1, of particles in particle 

The .... _.,,~".., describing 

R :::: 
fl,/ 

1. 

individual used in 

i is the factor, in 

(2.26) are as 

(2.27) 

(2.28) 

(2.29) 

where Pj is 

to vary with 

of particles found in size 

interval; is bubble 

was assumed not to vary with only ill is 

1, 

not 

assumed to with particle are pulp and froth retention 

times in 1, respectively, 

more detailed on how ......... vu"" are applied to particle 

batch flotation stages, is in Appendix 

An Algorithm for Estimating Model Parameters 

In the work, are used to predict concentrate masses. The 

predicted concentrate masses are compared experimentally measured concentrate 

masses. the differences between predicted measured concentrate masses are 

minimised using a regression tool (Solver) in Microsoft software. abbreviated 

algorithm is shown in A more "''-'''...,u .. ''-' example the 

application methodology is provided in 
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Rc = eqn (2.27) 

Choose initial P 
values for various 
size ranges 

em = Measured 
mass in cone 

Standard deviation, 
0", estimated from 
reproducibility tests 

Model does 
not fit 

Rr "" eq n (2.28) 

= equation (1 

Monte 
Simulation 

2.6 Modelling algorithm 

Rw{feed) 
Measurable 

Page 60 

Choose initial values 0 

13 and ro (by comp 

1 

Ent; == eqn (2.29) 

P size) 
CD (by size) 

~ 

Model fits 
well 
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2.7 SUMMARY 

froth model floatable has 

R !(i) == exp( -fJ * FRT) + [1- * F RT)]* ------'-== 

It was also shown how this model could be used in the 

were proposed in this .. ",,,,, .. £1 The method is based on 

Page 61 

this chapter, 

(2.l2) 

data. Two methods 

a transformed equation 

batch cumulative recovery which accommodates explicit descriptions of the 

. froth and use method, however, is to be very limited. 

is mainly it uses global parameters for describing some of the flotation mechanisms, 

such as recovery of non-floating material and the recovery of water. Subsequently, an 

method was This method is based on dividing batch test into a 

number continuous or which plug-flow or ""Pl.'tPI~t 

mixed based on the flotation time intervals. As such, each is treated, separately, as 

a continuous The main reason adopting this approach is that it allows the use of 

the recovery equations continuous flotation other reason for 

adopting this is that the particularly the parameters derived from batch data, 

are readily transferable to continuous flotation tests. this method allows the 

assignment errors associated with recovery during flotation stage. 

In the mathematical expressions 

' .. 
The overall recovery of particles found in particle 

where, 

.=1-
./.1 ) 

= exp( - fJ FRTj ) + (1- exp(-fJ 

Rw 
.I 

this u."' ... "' ..... are as follows: 

class i, per j, is described by: 

(2.26) 

(2.28) 
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A methodology for "''''., .. u' .... .,'6 or extracting param.elers used these from batch 

was also this chapter. which the derived par'am,eters could 

then be used to behaviour in was also next 

chapter deals 

of 

recovery equations. 

HU'~""'U work conducted to test the practical use of the proposed 

data and evaluate model parameters used in proposed 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Evaluation of Model Parameters using 
Laboratory Procedures 



Univ
ers

ity
 of

 C
ap

e T
ow

n

I 
CHAPTER 3: EVALUATION MODEL PARAMETERS 

USING LABORATORY PROCEDURES 

EXPERIMENTAL TESTWORK 

3.1.1 Introduction 

experimental testwork was to conduct flotation tests in and 

derived 
overall objective 

continuous modes, 
I-"l'IT'l'Im'PTP'T<; of mtlerest time, area 

flotation rate parameters .... "'r ..... ""'s:>rI Chapter 2 to describe recovery. 

simplifY experimental tests and analysis it was m:;I..;C:S:Sii:IJ to conduct tests with a 

Ul;;;l!,",U-",",CUI;;; flotation a very simple system. 

Equipment Used 

3. 1 Flotation 

l bottom driven flotation cell was for this investigation, and was 

for conducting both batch continuous flotation tests. This cell was varlOUS 

reasons, including the possibility of extending the top of the cell to allow flotation 

tests to be conducted with froths. In addition, of the froth when 

is with a speed corLtro] 

pipe (approximately 2 mm ID) to the bottom 

impeller has a of 7 cm. The cell is 

with a pulp level whi~h uses a constant to adjust the volume 

liquid inside the cell. In some instances, it was necessary to add water manually 

flotation to compensate for the response of the constant device in filling up 

was measured to water to the set level. The crc)ss··se(;nCmal area at the top 

.,,,,u,,,u.,,,,u,,, diagram of this cell is shown in L 

3.1. LTtUUU.1 Flotation 

In to the 3.5 l 

steel U\J" ...... lj<, tank, fitted with a 

to the slurry inside the 

circulation Feed was fed into a 

ensure a smooth flow of 

"' .... eu ... '...... was lJu .. ' .... "'... at the 

used for these tests included a 250 l """111''"','''' 

impeller for mixing. A circulation pump was 

feed to the flotation cell was bled off from 

feed box, made out III ... '" H.L to reduce 

back "',.",,, ""'" cell. 

to collect the concentrate. The launder was 
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replaced with a plastic bucket whenever flow rate measurements were taken. shows 

a schematic of the continuous flotation "''''',-I.UJ. 

(b) 

Flotation Cell 

Impeller 

(a) 
) 

Motor 

Figure 3.1 (a) Modified Leeds cell, (b) 2 cm extension (c) 4 em extension piece 

3.1. 2.3 Set-Up for With-Wash 

flotation cell m c.PI"T1t"\.n 3.1 1 was used for this work. to an increase in 

froth volume, it was nec:::essary to " ........ ., .. ""' the upper part of the cell using 4 cm extension 

"'''''~''''V'''\.L above. Wash water, mixed with a to cOlnc~mtlratllon as 

that inside the cell, was a coiled PVC pipe 

Small holes approximately 0.01 mm were drilled into 

coiled 

water 

A litre bucket was used to- hold wash water. was then fed 

of the 

spray 

using a pump. A schematic diagram of this set-up is shown in 3 
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5 

6 

Figure 3.3 Batch tests with wash water set-up 

1. Wash water tank, 2. 3. Water spray, 4. Flotation cell, 5. Impeller, 6. Motor 

3.1.3 Choice of Ore 

purity quartz was ...... ,j"" ...... as the probe ore to used this study. This mineral has been 
rp<:!I"l'Ir{'MPlr<:! to of (Mular 

1991; Falutsu Dobby, 1989; \..JUAlLHll et ai, 1988). This is 

availability, that it is obtainable at high As 

with mineral liberation and locking are eliminated. Quartz is an anlOmc negatively 

charged over most of the pH range} non-metallic mineral and is naturally hydrophilic. 

Therefore, mineral can conditioned with to achieve desired of 

hydrophobicity. In this the amount or rate the pulp phase to 

phase can controlled. 

concentrate, which enables researchers to 

simplify the analysis of the 

on the problem at hand. 
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3.1.4 Preparation of the Ore 

3.1.4.1 Milling and Screening 

of No.2 Foundry sand, with a purity more than 99.6%, were obtained from 

Consol Industrial Minerals in sand was HlUH ...... to obtain 

distributions. It was COIISICler(:a necessary to use a feed material with a size distribution 

representative of the distribution most flotation with +1-75% the 

floating usually below 106 /-Lm in diameter. Accordingly, one the size 

for the eXi)erlm(~nt.al testwork was to be milled to approximately 75% 

106 it. coarser particle fraction (+ 150 to 300 /-Lm) was also selected. 

was used a number of tests to the study of the of dropback particles 

within the froth phase. 

A 300mm Mill, ,...k",rCT~.rl with 20 stainless rods approximately 13 em in length 

and 1 cm ' ... ,""n','''l was used to mill the sand 2 atctles. at sand was milled 

to 60% passing 106 /-Lm, using a milling time minutes. This was 

to produce a nominally 60% passing 106 /-Lm sample, and a nominally 1 to 300 f.lm sample. 

3.1.4.2 Calcining o/the Quartz 

The bulk screened fractions of sand (nominally 60% passing 106 /-Lm, and + 1 to 300 /-Lm) 

were calcined at 500 " .. "rEA'·" for 2 hours to bum any impurities and organic 

coated 'on the surface of the particles. conditions were by 

Breytenbach (1 who the same mineral for use in studying the 

collection different flotation systems. The particle size distribution of the 

calcined quartz sample, originally nominally 60% 106 /-Lm, is shown in Table 3.1 

below. this table, it can be seen that approximately 75% the particles were below 106 

/-Lm. One can conclude that calcining the quartz caused a reduction diameter of 

particles, or, more likely, improved the screening characteristics of the sand by removal of 

organic material coating these The removal of impurities from 

quartz particles was also evident from the of on 

to light pink. On 150 to 300 /-Lm was 

""-l',",UA,lUJ;<. to remove n/,.r",'.'" and nnr1prC!17P 

from 

n,:::s,cn'::C::DIC::U after 
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Table 3.1 Particle size distribution of the originally nominally 60% passing 106!lm calcined quartz 

Particle Size Range % 

(f.lm) 

Sub !O 5.48 

10 to 25 10.91 

25 to 45 15.77 

45 to 75 20.02 

75 to 106 24.92 

106 to 225 22.89 

Choice of Reagents 

was chosen as a "'VJ .• "' .... v. 

This well with this study 

hexadecyl 

has been 

and Harris, 1 It is supplied by Sigma ""' •. U.""." Company, St Louis, 

A previous study conducted 

6010 frother works very well 

to only frother used 

and 10% poly glycol 

the collector. 

3.1.6 of Operating 

conditions ""'L\_"'."' ...... 

below. A pulp --"---J 
rral:ncm feed materiaL 

for the nominally 

quartz (Breytenbach, 1 

selected collector. 

study. Senmin 6010 is a 

also showed that a ...., .... A.u. .... .. 

Senmin 6010 was '"'''''''' .... ' ' 
90% dimethyl .., .... u ... ," 

l'rnctIH'" were nel:!oe:o 'J.~...,a ...... ,-amounts 

amounts of the 

tests conducted in 

was selected for 

was to create a 

it was found 

.., .... "".;>u,''"' 1 06 J..I.m feed 

'"'Vl.l ....... V.l dosages used are 

study are summarised 

the 150 to 

dispersed 

uncontrollable rate at which the particles in this 

concentrate launder. As a result, a pulp density of 10% was """ .. ,"' ........ 

pulp density was not 

This was due to the very 

were recovered into 

material. 

7 was chosen for this 

for flotation 

This pH has been studies to .. p .... ,rp<:!pn1' 

dosage was 
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constant at 150 g!ton ore. This was based on previous batch tests at 

quartz to study the hydrophobicity in a laboratory flotation cell (Breytenbach, 1995; 

and Harris, 1996). The concentration was kept constant, at micro-litres 

of pulp volume. This corresponds to about 70 glton of ore. to 

(1992) most industrial plants float with 50 to 200 the collector and with 50 to 

100 g!ton the frother. Thus, chosen fall within 

Table 3.2 Choice of operating parameters 

Fixed Conditions Variable Conditions 

Pulp 3% (150 to 300 j.lm feed material) Froth height varied between 5 and 50 mm 

10% (nominally 75% 106IJ.m feed) Air flow rate: varied between 2 and 8 e!min 

pH: 7 

Impeller 1000 rpm 

Collector concentration: 150 giton of ore 

Frother concentration: 6.5 lJ.e per litre of pulp 

volume == 70 g/ton of ore 

Impeller speed was constant at 1000 rpm. This level had shown to be appropriate in 

a variety of 

Harris and 

on chosen flotation (Goodall, 1992; Breytenbach, 1995; 

flow rates were to span 

. operating range the type of cell used in this study. Generally, air flow rate was varied 

n,..ru/ ... ~n 2 and 8 tlmin. This parameter was varied to achieve a wide range of bubble 

distribution. Physical characteristics of the and froth characteristics determined the limits 

the froth could the froth was varied 0.5 

5 cm. It was of the experimental to froth H,-'","AU flow rates to 

achieve a wide range of froth retention and water .. cu·",,"" .... , 

3.1.7 Operating Procedures 

3.1. 7.1 Pulp Conditioning 

amount of for the Y'-':»1\,Y density was cell 

,",VJlHGUl\.,Y some water to particles in suspension. Whilst agitating, 

additional water was added to pulp level the cell to the predetermined mark. 

The speed the impeller would then be adjusted to 1000 rpm. the pH of the slurry 

was adjusted (by using small quantities of He I or NaOH) to.a 7. 
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amount collector (150 g/ton) was added conditioned 5 minutes. jl.e per 

.e volume) was then slurry was then conditioned a further 5 minutes. 

3.1. 7. 2 Batch 

Once pulp had been conditioned, was on. was allowed 

froth to build before was begun. 6 times at intervals 

seconds. This was continued whilst collecting concentrates at desired intervals until no 

further build-up was to occur. Wash filled with a known amount of 

water were used to wash particles the concentrate launder into dishes. 

The dishes with concentrates were weighed to determine the amounts of wet slurry and 

water recovered. 

3.1. 7.3 Continuous 

feed continuous flotation tests was in a large conditioning fitted 

U.U:.I,UVU flow and a mixer. conditioning the pulp with a collector as in 

the the was cell feed off some slurry the 

recirculation While the material inside the was agitated, the air head level 

water was turned on. The was allowed 10 to 15 to steady-state 

took This procedure was followed the .1lUL.:1LJlUU conditions 

inside cell were varied. and volumetric rate of concentrate and feed samples 

were measured using a bucket and a stopwatch. 

3.1.7.4 Batch tests with wash water 

Conditioning of the pulp was performed as previously 

water was mixed with frother to 

m 1. Wash 

the 

was to lu.:;n1H."'UJ 

the same concentration 

stability during flotation. use of water 

an increase mass of water to concentrate and more deep froths at 

batch The UHd""....,,,, in mass of water to concentrate facilitated the 

of the froth into concentrate dish. this reason, no scraping was ll\;;I(.,\;;;:,,:-.al 

"<U'.HJ1'~..:o were collected 1 0 seconds over a of 3 to 4 minutes. 

a 
overflowing 
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3.1.8 Tests Conducted 

3.1.8.1 Batch 150 to 300 fJm) 

initial batch tests were carried out by floating samples of the coarse (-300 to + 

150 ).lm) of calcined These tests were conducted at different flotation conditions, 

varying froth 0.5 to 5 cm, flow rate 2 and 6 ilmin. 

samples were collected at cumulative flotation times from 1 to 5 minutes. 

ensure continuous removal of froth, it was necessary to scrape 6 times every minute. It was 

found that the coarse nature of this particle range limited the range of flotation conditions 

could for preliminary testwork. This was mainly due to the flotation rate 

of in this particle size range. Most material floated within the first minute. The 

operating parameters and fixed conditions used in some of these tests are summarized in 

and respectively. The analysis of results is reported below. 

Appendix shows all the obtained from this work. 

Table 3.3 

Table 3.4 

Operating conditions used during flotation of the 150 to 300 !J.m feed material 

Test Number Froth Air Flow Rate 
Appendix A) (mm) (etmin) 

27 10 4 
30 25 2 
31 25 3 
32 25 4 
33 25 5 
35 25 6 
17 40 4 

Fixed conditions used during flotation of the 150 to 300!J.m feed material 

Parameter 

Collector Type 
Collector ~V,'Ue'''\5f 
Frother Type Senmin 6010 
Frother (glton) 71 
Pulp Density 3% 

. Impeller 1000 rpm 
: pH . 7 
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3. Batch Tests (nominally 75%passing 106 pm) 

Calcined (10% was into cell 

procedure ~""..,_ ...... "'~ in section 3.1 1. The particle 

...... "."C'l1' .. "'ri using a Malvern to each test is shown 

distribution of the feed material, 

Table conditions used in 

these tests are Tables 3.7. same chemical to treat the 

coarse feed material were also used for these tests. Froth removal was achieved by hand 

scraOllng at a constant rate of 6 scrapes/min. samples were collected at cumulative 

flotation 30 seconds or 1 minute, on mass pull, to 5 minutes. These 

samples were wet and dry, and analysed for particle distribution using a 

Malvern Sizer. All raw data from these tests are shown in Appendix 1. 

Table 3.5 

Test Number 

Particle size distribution oCthe nominally 75% passing 1061lm feed material used for 

batch tests 

Feed Size Distribution (%) 
(see Appendix B-1) I Sub 10 10 to 25 25 to 45 45 to 75 75 to 106 106 to 225 

(Ilm) (Jlm) (j.J.m) (Ilm) (Ilm) (j.J.m) 

I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
II 
12 

Table 3.6 

5.76 12.60 17.35 20.13 23.53 20.64 
6.64 13.66 17.69 20.37 23.60 18.05 
6.99 14.35 18.44 19.92 21.92 18.36 
6.25 12.76 17.45 20.01 22.95 20.56 
5.28 10.0 I 15.30 20.35 25.83 23.25 
4.99 9.66 14.71 20.25 26.40 24.00 
4.84 9.07 14.16 19.94 26.55 25.45 
5.23 10.63 15.66 20.09 25.13 23.24 
4.81 9.08 14.20 19.75 26.24 25.91 
4.74 9.17 14.15 19.53 26.02 26.39 
5.26 10.10 15.11 19.88 25.39 24.25 
5.07 9.79 15.07 19.98 25.53 

I 
24.57 

i . 

Operating conditions used during batch flotation oCthe nominally 75% passing 

106 !-1m feed material 

Test Number Froth Height Air Flow Rate 
(see Appendix B-1) (mm) (elm in) 

9 5 3 
10 5 4 
II 5 5 
12 5 6 
5 25 ... 

" 6 25 4 
7 25 5 

I 

8 25 6 
1 45 3 
2 45 4 
3 45 5 
4 45 6 

I 
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Table 3.7 Fixed conditions used during batch flotation of the nominally 75% 
material 

106 /lm feed 

Parameters 

Collector Type 
Collector (g/ton) 
Frother Type 
Frother (g/ton) 
Pulp 
Impeller Speed 
pH 

HPYC 
150 
Senmin 6010 
71 
10% 
1000 rpm 
7 

3.1. 8. 3 Continuous (nominally 75% passing 106 !J.mfeed) 

26 eOlnl1ltlU()US flotation tests were conducted at various "-"h"'- and air flow rates 

Table 3.8). Air flow rate was varied between 4 and 8 Rlmin. conditions are shown in 

Table 3.9. The particle distribution of the feed material to test is shown in 
... 

3.10. A comparison among some tests, especially Test 11, 13 and 27, indicates that there are 

variations in masses 106 to !J.m. For Test 11 and 13, the variation could 

a,""Vvj,a, ... ' ... with in the feed For Test 13 and 27, the In .... ". ... "."' ... +" 

size 'V"''''U'U of the masses of the 1 06 to !J.m could due to the change froth 

height. In the final analysis, these variations would have impact masses within 

each particle size are treated separately. The overflowing nature the froths 

obtained in continuous tests did not necessitate scraping the tests conducted at shallow 

froths (below 2 em). limited the of froth that could as it 

was not possible to conduct flotation tests with deep froths without scraping. The data from 

these tests are in Appendix B-2. 
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conditions used continuous flotation of the nominally 75%, passing 
106).lm feed material 

Test Number Froth Height Air ~Iow Rate Feed 

(see Appendix B-2) (cm) 
~ . 

(e/min) 

23 0.5 4 6.02 

8 0.8 4 2.56 

42 I 4 6.76 

24 1.5 4 3.26 

43 2 4 6.75 

4 0.5 5 6.53 

22 0.5 5 3.83 

35 0.5 5 7.11 

9 0.8 5 7.31 

25 I 5 2.33 

41 I 5 6.60 

40 1 5 2.42 

15 2 5 6.60 

3 0.5 6 7.42 

26 1 6 5.70 

II 2 6 3.24 

16 2 6 7.43 

36 2.5 6 2.34 

27 I 7 3.30 

30 1 7 3.83 

13 2 7 1.83 

2 0.5 8 7.20 

19 0.5 8 6.34 

32 0.5 8 3.24 

31 1.5 8 3.30 

18 2 8 6.41 

Fixed condiHons used during continuous flotation of the nominally 75% passing 

106 !lm feed material 

Parameters 

Collector Type 

Collector 

Frother Type 

Frother 

, Impeller Speed 

(g/ton) 

HPYC 

150 

Senmin 6010 

71 

1000 rpm 

7 
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Table 3.10 Feed size distribution used continuous notation of the nominally 75%, passing 

106 flm feed material 

Test Number Feed Size Distribution (%) 

3.1.8.4 

Appendix 8-2) Sub 10 10 to 25 25 to 45 45 to 75 75 to 106 106 to 225 

(flm) (flm) (flm) (flm) (flm) (11m) 

23 11.0 I 11.44 12.84 13.93 18.76 31.98 

8 8.53 9.67 13.24 16.41 22.75 29.40 

42 7.15 7.89 11.97 16.10 21.72 35.19 

24 11.25 12.48 14.23 14.39 18.0 I 29.62 

43 7.55 9.67 12.59 15.81 21.71 32.64 

4 8.19 10.17 14.67 17.58 22.43 26.97 

22 11.04 12.15 13.66 14.25 18.39 30.48 

35 8.10 8.97 12.25 15.13 21.38 34.18 
9 7.80 9.92 14.84 18.03 23.05 26.36 

25 11.36 11.97 13.40 14.32 18.93 30.00 
41 6.63 6.97 11.76 16.73 22.46 35.46 
40 7.65 8.23 12.55 16.38 21.77 33.42 

15 11.95 13.16 14.73 14.42 17.74 27.96 

3 7.65 8.88 13.43 17.70 24.23 28.07 

26 13.58 14.11 15.84 16.42 19.52 20.47 
II 13.64 17.53 23.08 20.79 16.03 8.94 

16 10.61 11.25 13.13 14.48 18.98 31.55 
36 10.67 12.25 18.29 19.55 20.55 18.65 
27 18.45 19.47 20.84 17.44 14.30 9.47 
30 6.78 7.62 11.74 15.58 22 . .03 36.25 
13 18.12 23.22 26.59 18.21 9.84 4.04 
2 8.43 10.28 13.59 15.70 21.74 30.25 
19 11.48 12.64 14.28 14.99 19.24 27.39 
32 7.05 8.75 12.54 15.17 20.99 35.52 
31 7.42 8.21 11.34 14.55 20.92 37.53 
18 11.67 12.66 14.57 14.99 18.63 27.46 

with Wash Water (nominally 75% passing 106 /-lm) 

<'-lal" .... J'H as as possible, some batch tests were conducted whilst spraying 

Wash water was added at approximately 1200 mflmin. The 

distribution of material is shown in Table 3.11. The conditions 

in Tables 3.12 and 3.13. All concentrate samples were weighed, 

for particle size distribution. The data obtained is 

wash however, made it very difficult to control froth 

r.:><''''n'·'''.:> of the level controller in the chosen cell. 

mm. 

in 

IS 
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Table 3.11 Particle size distribution of the feed material used for batch tests with wash water 

Particle Size Range % Mass 
(11m) 

Sub 10 9.40 
10 to 25 9.90 
25 to 45 12.91 
45 to 75 15.73 

75 to 106 20.95 
106 to 225 31.13 

Table 3.12 Operating conditions used batch notation of the nominally 75% passing 

106!lm feed material (with wash water) 

Test Number Froth Height Air Flow Rate 
(see Appendix 8-3) (mm) (elmin) 

30 5 to 30 4 
31 5 to 30 5 
32 5 to 30 6 
33 5 to 30 7 

I 
34 5 to 30 8 
35 5 to 30 3 

Table 3.13 Fixed conditions used during batch flotation, with wash water, of the nominally 75% 

Da!'SIIlII! 106 J.1m feed material 

Parameters Setting 

Collector Type HPYC 

Collector Dosage 150 

Frother Senmin 6010 

(glton) 71 

[mpeller Speed 1000 rpm 

PH 7 

%Solids 10% 

3.1.9 Bubble Size Measurements 

Bubble mt~asun~mlenlts were the VCT bubble sizer. These measurements 

were conducted in 

solids on bubble 

presence of water and frother only. It has been shown that the effect of 

minimal at the pulp density in this study (Goodall, 

1992). operation of the has 
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publications (Tucker et ai, 

only briefly 

Goraln, 1998; Deglon, 1998), and will 1"1"1",,.,,,1",('\,,,,, described 

In the UCT Bubble Size bubbles the flotation a 

shaped capillary a burette via a detector head. Within the riao1,,,,,,,t,,,1' head, two of 

light-emitting diodes (LED) measure each bubble the in intensity of the light as 

the bubble passes the to difference in of water and air. 

These two of detectors measure the length and velocity the bubble as it passes. 

Approximately 4000 bubbles are sampled measurement. The total bubble volume 

captured in burette together with the length and velocity are used by 

computer so:ftware to results such as the Sauter mean bubble diameter, mean bubble 

and mean bubble area of the bubbles sampled. Sauter mean bubble 

diameter is the variable the calculation of the bubble area Sb. of 

method for calculating the Sauter mean bubble diameter from experimental using the 

total bubble surface area S and volume has been given in et al (1994), also shown 

schematic of the UCT bubble is shown in Figure 3 Table 3. 

shows the bubble 

Figure 3.4 

bubble "" ..... "".'" area flux obtained at different air flow rates. 

Ft.OTATICN 
CEt.l 

WATER Ft.USH 

E!..£CTRONICS 

WATER 
TAHI( 

OVERFlOW TANK 

UPTOP 

COMPUTER 

VCT bubble sizer equipment (from Tucker el ai, 1994) 
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3 
4 
5 
6 
7 
8 

Table 3.14 Bubble size results 

Bubble Flux, Sb 
mm) . (Umin) 

1.37 
1.38 
1.39 
1.49 
1.56 
1.60 

634 
840 
1042 
1167 
1300 
1449 

RESUL TS AND DISCUSSION 

Data Analysis 

mass balance 1"I,.{~,.., .. ""rn 

the tests that were 

concentrate and 

et 1 was used to extract statistically 

the flotation cell ,",V' .. Ul ... V 

water flow rates) were 

data from 

of the 

into the 

spreadsheet of the mass v<u<Ul', .... 1"I· ... no',."un deviation """"5""'''''' to each 
data point. The data was on the fact mass is COllserve:o input 

mass into a flotation cell must mass coming out). With respect to the 

was used without any mass v<u<u"~u.",,. 

F or continuous data, the rp[,T'lU,F'ru was determined by the ratio mass flow rate 

the concentrate to 

determined by 

water in the feed. 

cumulative mass 

first-order rate 

ExceL For batch 

R = 1 - exp( - k t) 

where k is 

F or continuous 

R == k 1:' 

l+kT 

where l' is 

solids mass flow rate in the water recovery was 

water mass flow rate in the concentrate to the mass flow rate of 

tests mass recoveries were aet,emnm:a by the ratio of the 

or water in the" concentrate to the mass of dry solids or water 

The flotation rate constants were calculated by fitting the 

uu,~u .. ,u recovery data 

was described 

pulp) flotation rate constant, 

recovery of particles was described 

mean retention time based on 

routine in Microsoft 

equation: 

(1.3) 

t is the time. 

following equation: 

(1.7) 

rate. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3 Evaluation of model parameters using laboratory procedures 

data from batch and continuous tests were subsequently used to 

parameters, such as particle size, froth height, flow rate and 

on flotation performance. The data was also used to test how well 

2 can be used to model or describe flotation _~r'~"d_' 

experimental results obtained from using the 

deriving flotation rates by fitting 

a discussion on the modeling results 

2 is presented. 
-" 

Experimental Results 

1.1 Reproducibility 

,,",UJln.U',,",L~''''' in a batch mode were repeated, randomly, to test 

Although achieving good reproducibility 

indicates that good reproducibility was achieved in 

for data points was less than 3 percent With to 

3.15 shows the results of the tests that were repeated at ,,",UI,UUaI 

the standard deviation varied by not more than 4 percent. 

1.3 or 1.6 

100 .r-------~~------~----------------------------~, ------~ 

II 

80 
!iii , 

- - -:- - - - - - - - - -~- .. - - -

~. .. 

~ 
J 

~. - - ~ ~ - - - - -- - - - ~ - - - --

20 

- - -I .. 
I 

-' -, 

III 
J 

61nterm (Test A) 

Alnterm (Test B) 

o Deep (Test Al 

o __ --------------------------------------------~---------
o 2 3 4 5 6 

Flotation Time (min) 

3.5 Batch reproducibility for different froth at an air flow rate of 5 litres/min 

79 

a 

to 
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Table3.IS Continuous tests reproducibility 

Air flow Froth Height Pulp Densi STDEV 
(t'/min) (em) (%) (%) 

4.00 0.50 7.00 80.00 75.00 3.54 
5.00 1.00 5.00 80.46 83.40 2.08 
6,00 0.50 7.40 95.00 91.20 2.69 

3.2.1,2 of froth height on recovery 

effect of froth height on the overall flotation recovery of solids in the 

(\rll"Tl'I'tpl1 in a batch treating 150 to 300 j..I.m feed It can be seen that an 

increase in froth depth lead to a reduction in overall flotation recovery of solids. This can be 

explained by increased possibility of drainage material (solids and water) as froth depth 

Deep froths result in high froth residence time. In turn froth residence time 

allow coalescence of bubbles, which will, in ......... ""'" rate of 

particles, both floating and water. in froth depth leads 

to a reduction in the overall water recovery (Figure 3.7), same influence of froth height 

on overall recovery of solids and water was observed the nominally 75% passing 106 j..I.m 

fraction quartz mineral, both in batch continuous flotation tests 3.8, 3.9, 3.1 0 and 

3.11). 
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100 -1------;,.---:iii====lr=========~====~----1 

F~oth Height (em) 

20 

-~4 

--4-5 

O __ ----------r---------------------~----------~--------~ 
o 0.5 1.5 2 2.5 

Flotation Time (min) 

Figure 3.6 Effect of froth height on the overall flotation recovery for the 150 to 300 11m size fraction 
floated in a batch mode at 4 £Imin 
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on water recovery batch flotation of the ISO to 300 11m feed 
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100~----------------~--------~------~---------:------~ 

80 

20 -

, 
____ -6-

O~--------~--------+---------~--------~--------~------~ 
o 

Figure 3.8 

Figure 3.9 

1 2 3 4 5 6 

Flotation Time (min) 

Effect of froth height on the overall flotation recovery for the nominally 75% passing 106 
Ilm size fraction floated in a batch mode at an air flow rate of 6 lImin 

sub 10 10 to 25 25 to 45 45 to 75 75 to 106 106 to 225 
Panicle Size (microns) 

Total 

Heigh! 
(em) 

Effect of froth height on the overall flotation recovery for the nominally 75% passing 106 
Ilm size fraction floated in a continuous mode at an air flow rate of 4 litres/min 
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30 

25 

20. 
, 

- - "~ ,- -

15 , -
, 
, , 

10 

5 - - - - - .~ - 1-
J 1 -- , , 

0 
0 0.5 1.5 2 2 .. 5 

Froth height (em) 

3.10 Effect of froth height on the overall water recovery for the nominally 75% passing 
106 lim size fraction floated in a continuous mode at 4 l'Imin 

50-.---------.---------.---------r-------~._------~~------~ 
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-.---------- -----'. 
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o 2 3 4 5 6 

Flotation Time (min) 

Figure 3.11 Effect of froth height on the overall water recovery for the nominally 75% "'".,,""'" 106 
lim size fraction floated in a batch mode at 4 l'Imin 
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The show that froth height is a very important parameter flotation, 

and can be manipulated to .. "'"".,,"' .... , between minerals. 

use this parameter in scale-up or comparison of flotation performance from different cells, 

is This is because froth height is system specific. In addition, results obtained 

when froth height is used as a variable, such as the results very little 

insight into some the froth sub-processes within the froth phase. Nevertheless, 

results froth height should be considered as one of the key variables when 

developing a froth 

1. 3 Variation of recovery with particle size 

3.12 variation recovery with particle for tests carried out in a batch 

mode at an flow rate of 4 flmin and a froth height of cm. Under conditions, the 
highest .. ",,,,ro.,,",,,, was obtained in the 106 to )..lm fraction, with recovery de':re~lSlrU! 

with Typically, there is a "peak" in ... "'",.,.",,, .... , versus particle curve. For 

sulphide minerals, this "peak" is in the 

mineral, however, which is relatively 

10 to 100 )..lm 3.13). For the quartz 

when compared to some of the sulphide .... , ........... 

this "peak" is to be found at a of previous study 

tlf(;Ytlem)acn. 1995), at comparable conditions, indicate a on flotation in a batch cell 

possible at around 150 )..lIn (Fig. 14). 

100 .r-----~------_r------~------~------------~ 

60 

--+-
--l1li--101025 1--40 

--A-25 to 45 

20 -x-45 to 75 

o __ ------~----~------~------~------~----~ 
o 2 

Cumulative 

3 4 

Int"fj",n Time (min) 

5 6 

3.] 2 Effect of particle size on the overall flotation recovery for tests carried out in a batch 
mode using the nominally 75% 106 !lm size fraction. Recoveries obtained at an 

air flowrate of 4 (Imin and intermediate froth level (froth height of 2.5 em) 
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Figure 3.13 Siz:e-tlv-!>lze recovery of some sulphide minerals in batch Rotation tests (Goodall, 1992) 

100 r-----------------------~~----------------------------, 

80 

~ 
60 
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Collector Dosage II> ,.. 

0 (gilon) u ., 
40 a:: 

20 
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1.931025 2510 38 38 to 53 53 to 75 7510106 10610 150 150 to 300 30010400 

Particle Size (microns) 

Figure 3.14 Variation of Rotation recovery with particle size in a laboratory batch cell at different 
collector dosages. Pulp density kept constant at 10%., froth height equal to 2 em, air Row 

rate equal to 3 tlmin, and impeller speed equal to 1470 rpm (Breytenbach, 1995) 

At shallow froths, high recoveries were observed for all particle size classes (Figure 3.15). It 

can be seen also that the various particle size classes are recovered at rates at the 
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start of a batch test. However, the recovery rate for all particle sizes was almost same 

toward the end of the batch tests. This can probably be attributed to poor separation the 

particles within the froth phase due to instability of the froth toward the end of a batch float. 

Again, highest recovery was obtained in the 106 to !lm particle size As the 

froth depth was increased, the results indicated a significant drop flotation recovery all 

particle ranges 3.16). More interesting was the significant In 

the recovery of the fine (sub 10 !lm) and the coarse (l06 to 225 !lm) classes. This can be 

to the influence of froth residence time on the overall flotation performance. 

mentioned froths result in high froth residence time, which, in turn, lead to 

significant drop back of and water. found in the coarse (106 to 

/Jm) probably dropback because of their weight. The in the (sub 

10 !lm), on the other hand, probably dropback because they to foHow water flows. In 

Figures 3.10 and 3.11, it was shown that an increase in froth depth to a reduction the 

recovery of water, which obviously influenced the recovery of the particles found the fine 

size class. These results that water recovery has a major influence on the overall 

recovery solids, both true floating and Therefore, a successful overall flotation 

.. ""","'",,,,.'" model would probably depend on being to predict water recovery. 

100 -

80 

60 -

40 .-
ro 
'-
Q) 
::> 
0 20 

0 
0 

Figure 3.15 

Particle Size (microns) 

, -+-
,-111- 10 to 25 

- -: - ; -6- 25 to 45 

to 75 

2 3 4 5 6 

Cumulative Flotation Time (min) 

Effect of particle size on the overall flotation recovery for tests carried out in a batch 
mode using the nominally 75°1.. passing 106 ~m size fraction. Recoveries obtained at an 

air flow rate of 4 Umin and shallow froth level (froth height of 0.5 cm) 
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3.16 Effed of particle size on the overall flotation recovery for tests carried out in a batch 
mode using thenominally 750ft) passing 106 fJm size fraction. Recoveries obtained at an 

air flow rate of 4 tlmin and froth level (froth height of 4.5 cm) 

3.2.1.4 Effect of air flow rate on recovery 

87 

3.17 and 3.18 show 

operated in a batch mode 

air flow rate the tests carried out the batch cell 

the uV.IlUJU<I..!) jJ<l.i>_HU,", 106 150 to 300 

material, res;pectl They indicate an air flow rate 

recovery, as Also, fast floating nature of r"<I'T"'" particles is evident in the short 

flotation times used to recover most of the 150 to 300 Jlm material. 

deep froths were 

overall flotation 

an increase in flow rate had a negative effect on the 

3.19). This is probably the result of destabilisation of 

the froth phase at high 

fractions (-150 to 75 Jlm, 

flow rates. This is supported by ( 1991 b) who floated three size 

to 38 Jlm, and sub 38 Jlm) a pyritic sulphide ore and phosphate 

ore using an equilibrium flotation celL results indicated an in drainage rate of the 

(-150 to Jlm) fraction of the ore with an increase in the water 

drainage decreased with an mc:rei3.Se in air flow rate. 

air flow rate on froth pelrto:nnan(~e IS 
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Figure 3.17 Effect of air flow rate on the overall flotation recovery for the tests carried out in a batch 
cell using the nominally 75%. passing 106 Jlm size class. Recoveries obtained at shallow 

froth 
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3.18 Effect of air flow rate on the overall flotation recovery for the tests carried out in a batch 
cell the J 50 to 300 Jlm size class at a froth height of 2.5 em 
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100.---------~--------~--------,_--------~--------~--------~ 
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3.19 Effect of air now rate on the overall notation recovery for the tests carried out in a batch 
cell using the nominally 75% 106 IJ.m size class. Recoveries obtained at a froth 

height of 4.5 cm 

show the air flow rate on flotation by three size fractions were chosen, 

10 J,lm, to 106 to J,lm. Plots of recovery of chosen size 

",.u",,,,,,,,,, versus flotation are shown in 

3.20 shows the 

particles found in coarse particle shallow 

was 

recovery 

the bulk mass 

This is consistent with what 

concentrate Figure 17). 

intermediate froth in flow rate lead to a For the 

tests conducted at low and high flow rates, in case 4 and 6 llmin, under 

deep froths conditions, results showed a drop the overall recovery particles found 

in particle However, for tests conducted at an air flow rate of 5 Dmin, with 

froths, the of these particles was under these 

air flow rate was at 5 Dmin. By in this manner, 

it is not to the flotation performance at an 

air flow rate of 5 llmin is due to the influence of the improved performance within the froth 

phase or due to improved performance within the pulp phase. This can achieved the 

influence of the froth phase is decoupled from that the pulp on flotation. 

Figure 3.21 shows the air rate on the recovery of particles found in the 

particle range (sub 10 J,lm). At shallow froths, no significant differences were observed 
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versus flotation curves obtained at rur flow rates, 

suggesting high rI~~'_~~ of entl~runmelnt at all rates. At intermediate froth the 

recovery of fines was at an air flow rate 6 flmin, " .... f.,a~'" that entrainment was 

froths, however, an increase probably reduced, to some at rates. 

aIr rate resulted low recovery of the particles found this 

indicate effect of 

curve of the 

flow rate on the 

to 75 )..lm 

of "truIy" HV'rl.LHllo::. particles, a 

different flow rates was 

This is shown in 3.22. It can be seen in this figure that an in recovery with an 

mcrease flow rate was and intermediate froth levels. deep 

however, low found in this SIze was observed at 

an flow rate compared to the of these pru1icles at an flow rate 

of 4 and 5 flmin. This that particles originally attached to bubbles are probably 

detached. It is strongly believed that the possible detachment truly floating particles is 

probably due to bubble coalescence. coalescence is usually a of 

rate water bubbles, when deep are employed. 

following section discusses obtained when wash water was into froth. 
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Figure 3.20 
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Effect of air now rate on the recovery of the coarse particle size range (106 to 225 Ilm) at 
various froth depths. (a) shallow froth level (0.5 cm); (b) intermediate froth level; (e) 

froth level (4.5 em) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chap. 3 Evaluation of model parameters using laboratory procedures Page 92 

(a) 

100 -

~ 
\U 
>- ' L ,-
0 , 
U 

! 
\U 

a:: 
, 

0 1 2 3 4 5 6 

Flotation Time (min) 

(b) 

100 

AirFlow 
80 .. - - (Umin) 

~ 
\U 

60 >-
0 
U 
\U 

40 a:: 1- - ~ I- '. 

1! , I 
\U I" - ~ - ,-
>-
0 I 

0 1 2 3 4 5 

Flotation Time (min) 

(c) 

100 
AirFlow 

80 I I (Umin) 
~ 
IU 

60 ".-_ 4 >-
0 

-,/111-- 5 U 
\U 
a:: 40 --1:>- 6 , 

20 

0 

0 1 2 3 4 5 6 

Flotation Time (min) 
, ~_,_. ______ ~~ ____ • ______ • __ • __ ._-l 

Figure 3.21 Effect of air flow rate on the recovery of the fines (sub 10 11m). (a) shallow froth level (0.5 
cm); (b) intermediate froth levelj(e) deep froth level (4.5 em) 
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3.22 curve of the 45 to 75 11m fraction at three different air flow rates. 

Page 93 

(8) shallow froth level (0.5 cm); (b) intermediate froth (c) deep froth level em) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chap. 3 Evaluation of model parameters using labora~ory procedures Page 94 

3. 2.1. 5 Effie! of wash water 

In previous it was shown that there is a significant drop recovery 

particles for the flotation tests conducted deep froths. It was shown that this drop in 

the recovery of these tests, with an in flow rate. In addition, 

it was observed that an increase in flow rate, in flotation tests conducted with froths, 

lead to a reduction in water recovery. Flotation tests conducted whilst adding wash water, 

where it is that the rate of water would are and 

below. 

Figure shows the recovery-time curves obtained batch tests conducted whilst 

wash water. It shows that an increase in air flow rate In an the 

initial of bulk mass into the concentrate. high air flow rate (8 l'lmin), 

however, toward end of flotation test. this can probably 

stability toward the end the flotation test when this 

flow rate was used. 

100,~----~------~------------~------~------~-----, 

80, 

60 ' . J -
i::' 

, 
011 
:> 
0 

,Air Flow I.,) 
CD 

'!Umin) 0:: 40 - ' " 
<i .. 
CD 

.... 4 :> 
0 

-f), •. 5 

20 - - (~ - - l' -

Oe---------------------------~------~------~----~ 
o 0.5 1.5 2 2.5 3 3,5 

Flotation Time (min) 

Figure 3.23 Recovery-time curves obtained from the batch tests conducted whilst adding wash water 

To the effect air flow rate on flotation by size fractions were 

chosen, viz. sub !lm, to 75 !lm and 106 !lm. At an air flow rate 

initial found in 106 to was 

compared to the of the particles found in the sub 10 !lm and 45 to 75 !lm 
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fraction, with the 10 Ilm lowest 3.24). In flow rate 4 to 5 

llmin 

below the 

same trend as 

except that 

recovery 

in recovery of the particles in 106 to 225 Ilm size fraction to 

of the particles in sub 10 Ilm the 45 to Ilm fractions. 

was obtained at an flow rate 6 Rlmin, 

gap between the of fraction (106 to 225 Ilm) and the 

1 0 !-lm and fractions 

results ....... " .... "",,,. that a aUl''''~'"' of the coarse particles "'fl." .. ,.",,", when water was 

Due to significant In depth during batch processing material used in 

tests, it is difficult to directly compare results with batch data without 

the addition of water. the observed with to the of particle 

size and flow rate on overall flotation were somewhat similar to trends 

the of the tests conducted without the addition of wash water. 
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Air flow = 4 litres/min 

100 

80 - -
2:-

I -_106 to 225, 

0} 

60 > 
0 
(,) 
Q.) 40 cr: 

20 

a 
a 1 2 3 4 

Cumulative Flotation (min) 

Air flow = 5 litres/min 
Particle Size (microns) 

100 -

2:-
Q.) 
> 
0 
(,) 
Q.) 

cr: 
ro .... 
Q.) 
> 
0 

a 1 2 3 4 

Cumulative Flotation Time (min) 

Air flow = 6 litres/min 
Particle Size I ml,r'rl'l'I"Ic:1 I 

-_ sub 10 

-x-45 to 75 

-.-106 to 225 

a __ ------------------------~ 
a 1 2 3 4 

Cumulative Flotation (min) 

3.24 Recovery of the found in the 106 to 225 j.J.m, sub 10 j.J.m and 45 to 75 j.J.m during 
batch flotation of with wash water 
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3.2.1.6 Comparison offroth recovery batch and continudus tests 

In sections it was shown that little understanding of the especially 

the froth phase on flotation, is gained by comparing batch and continuous 

flotation perfonnance on the basis of overall obtained at froth heights aIr 

flow rates. influence of the individual flotation phases, 

!-Ill' ..... "' ... , on overall flotation perfonnance is not clear. can be achieved 

influence of the on flotation is from that the pulp phase. To achieve 

this, the use of a froth recovery factor has 

discusses 

perfonnances. 

when this factor was 

proposed in 

to compare 

literature. This 

and froth 

shows the relationship froth recovery and froth for flotation 

tests carried out in a batch at flow rates. In this case, equation (1.21), 

below, was to calculate the froth recovery factor. The was 

defined as (Finch Dobby, 1990): 

where k is the overall 

flotation rate constant. 

(1 1) 

and pulp) flotation rate constant and is the collection/pulp zone 

flotation rate constants, k and kc, were calculated by fitting the first-order kinetic 

equations to mass data. batch the recovery equation used is as follows: 

R=l-exp(-kt) (1 

The recovery were calculated the two concentrates (1 minute interval). 

froth recovery is expected to change with flotation as the 

COllcc:mr'auons within the phase addition, the conditions at 

start of a test were thought to be more ro,rnn<>r<> to conditions eXIJectea In 

a continuous flotation system. 

continuous data, the recovery was described the following 

R =~ (1.7) 
l+kr 

It appears, from Fig. 3.25, the froth recovery decreases almost linearly 

height. A ':>lH'lUUJ. behaviour froth recovery as a function of froth height was 
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observed quartz data from a cell n .. " .... "·t,..,.; in batch mode ( Mular and Musara, 

1991) was Mular 991) a linear relationship 

between flotation rate froth 1), shown it 

follows froth recovery 

In the case of the 

eXl'ODlen1tlal decrease in 

decreased linearly with an increase 

tests, Figure 

with an 

shows a curve 

in froth height. 

height. 

appears to 

100 .~----~----~------------------~----~------------~----~ 

80 ,-
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40 - - - -I- -.c -e 
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Froth Height (em) 

: Airflow (UMin) 
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I • ! -.-5 

-,6,-6 

- ~---

3.5 4 4.5 

an 

3.25 Effect of frotn height on froth recovery in batch tests floating the nominally 75% passing 
106 microns fraction quartz mineral 

froth recovery values obtained 

froth retention This is shown 

where an '-''''IJV.,',",ULlUl decay of 
was observed, as p.vnp.,r"1",.·/1 

continuous tests can also be presented as a function 

3.27 a gas hold-up froth of 

recovery an increase in froth 

an exponential curve was 

time 

in the 

batch case when recoveries were ... H"' ... ,., ..... against froth time 3 
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Figure 3.26 Effect of froth height on froth recovery in continuous tests floating the nominally 75% .. 
passing 106 microns fraction quartz mineral at an air flow rate of 4 t/min 
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Figure 3.27 Effect of froth retention time on froth recovery in continuous tests during flotation ofthe 
nominally 75% passing 106 J..lm feed material at an air flow rate of 4 .e!min 
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Figure 3.28 Effect of froth retention time on froth recovery in a batch cell floating the nominally 75% 
106 microns fraction quartz mineral 

While froth height is a 

indicate that the use of the 

continuous flotation cells is not 

is due to the effect of substantial C1lt1rer<:mcl~s 

sizes. The froth retention on the 

of all the major is moreover 

indicate that the froth rell~m:llon time is a 

performances. 

determination of the 

in Figures 

flotation, these .. v .... ' ......... 

flotation performance from batch to 

rate 

This 

which reflects a combination 

results seem to 

batch and continuous froth 

kc and k, in the 

instance, 

are all 100 

uses the ratio of the 

rate constant obtained at shallow 

oel:celrlt at shallow froths. In froth 

percent. This is U<J'c,a. • .L,3<J 

flotation rate constant at 

froths, which obviously 

systems with very the froth .. """"",,, .. ,, is not ""Vl"""l"t""ti to be 1 00 percent at 

froths. 

approach discussed above obviously 

the operating variables on the froth 

mI,ornlatllon about the effect of 

performance from batch to continuous flotation cells is .... 'I .. "" .... 

overall flotation rate constant is highly influenced by Of()cessc:s ,....,.,.''''....,,~ 

phase. In addition, this parameter is influenced by 

Moreover, the poor understanding of the behaviour of 

froth 

deep froths, 

within the 

to 
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overall flotation rate constant in terms the froth sub-processes. A more 

practical approach is to describe froth in terms of parameters that are 

the results obtained' when using equation (1.21) in 

aelernmnmg froth .. "',.."',,,,, .... are discussing 

on froth recovery froth retention 

time relationship for a batch At shallow froths (i.e, low 

retention time), it appears as if the froth recovery is independent of the ,,,,,,,."', ..... 

However, as '"'A LJ,"," I,,","'. froth retention time increases, fine particles 

have a relatively high probability not to the pulp phase consequently 

higher froth recoveries. This can associated with the low gravitational force on fine 

u ... \.,,,, ... ,,,- these particles can be easily retained in the bubble interstices. 

Conversely, coarse had low froth at high above 

observations are supported by studies carried out laboratory column (Falutsu and 

Dobby, 1989; Contini et ai, 1988), which indicated a in froth recovery with an 

in particle size. In the case a continuous flotation system, the were 

somewhat less conclusive, as shown in 3.27. The froth recovery values in the 

operated a batch mode were greater than. those when cell was 

f\l'''''T'<I·r",,., continuously. This is probably due to of froth layer in the batch 

tests by scraping, which reduced the probability particle drop back to the pulp phase. 
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Influence of particle size on the froth recovery versus froth retention time 
relationship for quartz mineral floated in a batch cell 
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Figure 3.28 shows the relationship between froth and retention time at three 

flow rates. It indicates high froth rate of 4 flmin. Increasing air 

flow rate to 6 tlmin resulted in lower recovery values. One can that u ..... '."'",.:> .. ,.'" 

air flow rate beyond an level disturbs froth This is supported by 

(l991b) who floated size fractions (-1 to 75 j..Lm, 75 to j..Lm, sub 38 j..Lm) a 

pyritic sulphide ore and phosphate ore an equilibrium flotation 

indicated an In rate of the (-1 to j..Lm) fraction of ore with an 

increase 

rate. 

flow rate. the water with an air flow 

The above observations are in contrast to results by et at (1981) also 

an equilibrium flotation to a sulphide ore. In this an in air flow 

rate resulted an of recovery of arsenopyrite, sphalerite and pyrite minerals. 

The minerals also behaved with having a high and 

arsenopyrite the lowest. This may be with the the hydrophobic forces 

bonding particles and bubbles. 

In summary, above results that it is possible to 

continuous froth the influencing froth are into 

account. froth recovery values zone 

flotation rate constants a cell, for 

a continuous flotation cell. This is recovery In batch systems changes 

with In addition, overall and collection zone flotation rate constants are system 

specific they depend on the cell geometry and froth before 

to the concentrate launder). It is into 

account the retention could well way 

continuous behaviour. The recovery model, equation 

can used to describe froth performance in both batch and continuous flotation 

results obtained the methodology for extracting froth model oarameters 

proposed Chapter was applied to data are next. 

3.2.2 Modelling 

3.2.2.1 Comparison of model predictions with experimental data 

The a batch test as comprising a series of discrete continuous cells was 

used in deriving required model describe the overall flotation performance, 

equation (LIS), shown below, was 
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Re i Rf .(l-R )+Ent. R (l-R .) 
R . = ,,1 W 1 W C,l 

0,1 (l-R ) (1-Re i+Rc; Rf .)+Ent. R (l-R .) 
W , ,.,1 1 W C, I 

(LIS) 

where Rw is the recovery of water, Enti is the entrainment factor of particles in particle 

1, is the recovery of floatable particles found in particle class i within the 

collection zone, R[,i is the factor of particles found particle 1. 

equation the of non-floating material by entrainment mechanism was 

described using equation (2.29), zone recovery was described equation 

(2.17b), and the proposed froth recovery model, equation (2.12), was to describe the 

recovery of particles that arrive at pulp-froth interface to bubbles. These 

equations are shown below: 

= ~---=-:,= I R 
W 

R .=1-e,l 
(2.17b) 

Rf(i) = exp( -,8 * FRT) + [1- exp( -,8 * * -:--~== (2.12) 

A detailed showing how the parameters used these equations were obtained is 

outlined in Appendix Figures and 3.30b show how well equations the data 

obtained from the batch tests (nominally 75% lO6 /lm) conducted a I flotation 

cell. It the concentrate masses for the tests in the 

modelling. experimental data reasonably well with predicted concentrate masses. 

The plotted points had a correlation coefficient of 0.95. Parameters derived for this system are 

shown Table 3.16. No significant were when equation 13) instead 

of equation (1.1 was used in such, all the 

are on using (1.15). "' .. "" ..... ""'''' .. " are now 
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3.30a Batch tests experimental data plotted against predicted concentrate masses. Results of 
batch data obtained from floating the nominally 75% 106 J.lm fraction of the 
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Figure 3.30b Batch tests experimental data plotted against predicted concentrate masses. Results of 
batch data obtained from floating the nominally 75% passing 106 J.lm fraction of the 

quartz mineral 
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Table 3.16 Froth and pulp pha .. e obtained from curve fitting 

Size Range (f.l.m) Parameters 

co (Umin) P ~ 

106 ~ 225 24.00 0.00181 2.80 

75 - 106 11.25 0.00140 

45 -75 7.68 0.00107 

25 - 45 5.05 0.00068 

10 - 25 3.89 0.00026 

sub 10 5.07 0.00024 

3.2.2.2 Derived parameters from curve fitting 

(i) Floatability, P 

Table 3.16 

was found to 

which 

shows the size dependency of the floatability parameter. 

nl'~'PQ('" with an in particle agrees well experimental 

the flotation r&>",,",u, .. ,...., with an increase in size. At 

very coarse particle however, be eXiJectea to low. 

This is of the of gravity on coarse 

(ii) Froth stability parameter, fJ 

Equation 12) uses a par,am~~ter is believed to to froth """'V£L.l< Any 

eXt)eC1[ea to by chemical parameter associated with froth stability IS 

environment, hold-up, solids and minerals within froth phase. 

conditions used flotation of quartz, however, to rise to stable froth. 

stability was not allowed to constrained) of the 

above Allowing parameter to with air flow rate during modelling did not 

provide any improvement in the to experimental data in this 

Drainage nnl'nnlP OJ 

The drainage parameter, co, £Lv' " ...... ,"u with an 

particle 3.31 ). can probably 

in particle 

attributed to 

were predominantly by u .. Jet.",.... On 

except for fine 

that the 

basis, a relatively higher 
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relative to 10 to 25 !J.m could well be considered a 

30~--------~-----r----~----~----'---~----~----J 

, , 
~I- - , - --

, 
--------

.' I 
O-·~, ----~----~----+_----+_----~----~----~--~----_4 

o 20 40 60 80 100 120 140 160 

Weighted Arithmetic Mean Particle Size (microns) 

3.31 Effect ofparticie size on omega, (0 

relationship ro and the mean particle dp,was found to 

the following equation: 

b*. 2 
=a+ dpi· 

180 

well by 

(3. 

In equation the a, can be considered to rPf,rp":PTH the water drainage rate 

froth conditions and COlllce:ntlratllon In 

while parameter b rpf".rp(:pnt..: a proportionality constant, ext)ecte<1 with 

mineral type, for 

is assumed 

drainage rate as a function of 

particles are settling predominantly via 

under these froth conditions. it 

Plateau I.e., the 

intersections the three films, in which water is h at a 

UU1J.VLJ'H rate, a, and particles freely over the b oar'arnlete:r could be 

corlSl(ler~~ct to be by the Stokes' equation (Coulson and KH:;half<1~wn 1988; Wills, 

1997): 

1]h (3 
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g is gravitational ... "', ........... ' .. v,,,, Ps is the density of the solid, Pf is the density the 

fluid and 11 is the fluid In this context, 11 in equation (3.2) would an 

viscosity the fluid plateau borders, which would expected to related 

to factors such as solids concentration solids in and the frother 

type concentration. 

According to Taggart (1945), ....p'·I'P'nt of solids is than 

15%(mJm) in well-dispersed systems. the system studied here, pulp density was 

than 10%. equation was chosen use the settling of 

particles. On consideration equation 1), it was considered very that the water 

rate parameter, a, would directly related to the ~ parameter, as the rate at which 

water drains the froth phase is a consequence the rate at which bubbles 

coalesce. test this hypothesis, equations (3.1) and (3.2) were into the 

proposed froth recovery model, and the new equation was to the batch set. 

refined model was fitted to data two In the first case, fit was .... P'·1'f"\.·rn~·r! 

a ~ as 

These 

significantly the modeJ 

equation is in this 

was decided to adopt this form 

second case, a was assumed to equal to 

3.17. It can be seen that setting a equal to ~ not 

that was when recovery 

model fit parameters is reduced. On basis, it 

the recovery in subsequent data 

is ,."",.,..,1',('\,," given by the following expression: 

R f(i) - P * FRT ) + [l - - P * FRT )] * 
--------,......-L-.-dp (i) 2 )* FRT 

(3.3) 

Table 3.17 Results from fitting froth recovery models 

! Froth 

Original equation (2.12) 
Refined equation, a and b independent 
Refined equation, a = b 

No of 

7 
3 
2 

Mean Error 
, per data 

0.879 
0.880 
0.883 
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Modelling using a modified Rj Orl?lrlT;'''' .. 

respect to the batch using (3.3) is shown in 3.32, on a 

It can be seen that the model was able to the batch 

cell reasonably well over a wide of conditions and sizes. The 

~ and 11 were to 2.90 (llmin) and 3.02xl (N.s/m2
), It is 

to note that derived ~nt"l~r"'nt viscosity of the concentrate slurry is higher 

that water (8.5 x 10-4 N.s/m2
), but of same magnitude, as would 

This is obviously encouraging respect to assumptions adopted the development of 

equation reader should mind derived 

retlre~;efl1rs an as conditions a batch test froth with flotation time. 
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Figure 3.32 Model fit with to the batch data using modified Rf equation 

3.2.2.4 analysis 

to the 

data points, an 

approach in work and errors associated with eX1Jerlmiental 

of the confidence on the derived was performed 

using a .YAV'l .. ,", Carlo error estimation technique. purpose was 

to test the modelling methodology froth URI u.", ,. Five of 

Monte Carlo are most commonly classical Monte Carlo 

method involves drawing from a probability distribution to obtain thermodynamic 

properties, molecular structures and rate the Monte 
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method, r"''t,''rr~'/1 to as random walks method, which is typically to compute 

lantuntl-nlechaJllcial p,"OprIY'pc: and wave functions. Next is quantum Monte 

Carlo method which is typically to estimate starting points. There is also simulation 

Monte method which is typically to initial conditions for 

simulations. Lastly, there is the volumetric Monte Carlo method which randomly generate 

numbers. latter Monte Carlo method is the one used this study. was achieved 

running a Monte Carlo program (Appendix in 

Monte Carlo simulation was performed by allowing 

spreadsheet. A 

experimental data to vary by 1 

This was run simultaneously with Solver in Excel to minimise the sum error-

squared, generating a set of P, for classes, p TJ thousand 

sets of these were generated and used to calculate the standard deviation, s, 

confidence of n of predicted limits were ""u"',.uu, ...... 

using a method described Napier-Munn (1995). In method the true value of the mean 

value of a derived parameter, x, is said to lie between «x - zs/"n) and «x + zs/"n), with a 

degree Z, by the probability level 1 results are shown 

in Table 3.18. 

It can be seen in 3.18 that all are significantly 

lower confident) than a high level certainty in 

/1""'''''''/1 parameters for studied here. It also shows robustness (no major variation 

in derived based on slight in parameters. Figures 3.3~ 

and 3.34 show the distributions the predicted froth parameters. Although these 

figures show are parameters that were off 

par'ameters a1:Jpe:are:Q to be normally distributed. 

mean range, the distribution of most 
the ., .... t''''',,,,,, 

system is reasonably accurate. 

Table 3.1S Monte Carlo results 

Parameters 
Floatability I Froth stability (l/min) Viscosity (N.s/m~) 

(P) (~) (1'0 
, Particle Size P 

(microns) 

Sub 10 4.86 E-7 +/- 3.90 E-7 
10 to 25 1.44E--4 +/- 6.25 E-6 2.94 +/- 0.0129 0.00284 +/- 4.25 E-5 
25 to 45 6.26 E-4 +/- 3.88 E-6 
45 to 75 10.33 E-4 +/- 332 E-6 
75 to 106 13.95 E-4 +/- 3.66 E-6 

I 
106 to 225 18.66 E-4 +/- 5.05 E-6 
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3.2. Prediction of batch flotation Monte Carlo results 

The model amelelrs derived from simulation were used to batch 

flotation pel:tOlml,mc:e. The results are in the form of recovery versus time curves. 

results obtained for batch tests conducted using an air flow rate of 4 

flmin at froth It can seen in this that bulk recovery of 

mineral at shallow and intermediate froth levels correlates reasonably to the 

H'-'<."Ul'-'U. recovery. Similar trends were observed for tests carried out using 5 and 6 flmin 

air flow rates at shallow and froth 3 and For the test 

carried out with froth level at an air flow rate of 4 flmin, the recoveries were 

below those obtained a possible of 

A good correlation was observed between the predicted and measured recoveries 

obtained the test conducted with deep at an flow rate of 5 flmin. the batch 

tests out with froth level, at an flow rate of 6 the recoveries 

were than those recoveries obtained experimentally, a possible over-

prediction of flotation performance at high rates. This can ascribed mainly to 

possible of froth used the froth 

recovery model represent values for the system studied here. For instance, the froth 

parameter, is assumed not to vary by or air flow rate in a batch flotation cell. 

I 
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3.35 between predicted and measured batch flotation recovery versus flotation 
time for tests conducted an air flow rate of 4 llmin 
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time for tests conducted using an air now rate of 5 flmin 
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To how well can the proposed models be In the influence the 

as air flow tate, on flotation, obtained 

HV ..... U"" quartz mineral under intermediate froths conditions were chosen. 

""LtILI.'-',U influence of particle on recovery a test using an 

air flow rate 4 flmin. The predicted results obtained compare well with me,asured 

3.38a 338b). Figure shows the aIr 

flow rate on recovery of in a batch test. It shows an flow rate lead to 

an as observed from the experimental data 3.39b). This 

that flotation modeling can be to 

above results that proposed methodology for "'""'· .. "r· ..... 

In addition, 

model parameters 

batch data is reasonable accurate. 

required. 

deep froths, however, more detailed equations are 

100r-------~--------;_------;_------~--------._------_, 

80---- --- -, 

~ 
<I) 60 - .] --
> 
0 
u 
(!J 

II'! 

" S 40 I 

U -j- - - r - I 

is 1 

! a.. 
(microns) 

.-+-

20 - - - - I ,_><_ 45 to 75 
1 106 to 225 

0 
0 2 3 4 5 6 

Flotation Time (min) 
."'l 

3.38a Predicted batch flotation recovery, by versus flotation time for a test conducted at 
an air flow rate of4 elmin 
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3.39a Predicted batch flotation recovery versus flotation time at various air flow rates 
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3.39b Measured batch notation recovery versus notation time at various air flow rates 

3. 6 Prediction of continuous flotation performance 

data 

parameters batch 

One objectives of this modeling was to use model rnp1rpr<z derived the 

batch data to predict flotation performance the same 

continuous, state operating conditions for a 

rates. Two were developed to achieve 

derived using only batch. data. were 

performance observed from a continuously operated 

procedure is outlined in 3.40. Table 

using this 3.41 compares experimental 

the same ore, under 

heights and 

were 

to predict flotation 

A schematic esema~lon of 

parameters obtained when 

predicted concentrate masses, 

on a '-'1<&'.I'-'H coe~nH:::lellt for depicted 3.41 

was found to be seen that the prediction the ,",VA...o."II"'V 

using from test data is very good. is despite the that 

the froth stability parameter, ~, derived from batch tests represents an 

characteristic drainage behaviour over duration of 

the stability of froth with time, owing to depletion of both frother solids 

contents. the same token, viscosity is expected to vary with time. 

these apparent drawbacks, the agreement and measured 

concentrate masses by demonstrates potential use of this approach for relating 

of flotation to flotation operated continuous conditions. 
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Conc I 

Cone 

using laboratory 

Conc2 

each stage is a continuous cell 

17b) 

P (by size) 

11 
~ 

Page 118 

Cone n 

panime:ters (P, 11 and ~) 
nrp,fll,.tpfl using batch data 
need to know FRT and tc to 
predict overall recovery 

equation (1.15), R.; 
described by eqn (2.17a) and 
Rf described eqn (3.3) 

3.40 Froth modeling methodology (method 1) 
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PartIcle Size 
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10 to 25 
25 to 45 
45 to 75 
75 to 106 
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Figure 3.41 
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Table 3.19 Derived parameters using method 1 

Mean error per data point 0.883 
Floatability Froth stability (l/min) Viscosity (N. 

(P) 

30 

25· 
S 

~ ... 20· s:: 
III 
!.I 
s:: 
0 
u 
.5 15 
II) 
II) 
nI 
::!i 
"C 

10 . S 
!.I 
:s 
! 
0. 

5 

0 

0 

(P) (11) 
P 

1.0 E-7 
1.50 E-4 2.94 0.00284 
6.16 E-4 
10.20 E-4 
13.78 E-4 
18.42 E-4 

+ 

o 
Mean Particle Size (microns) 

5 10 15 20 25 30 

Measured Mass in Concentrate (g) 

between experimental and predicted concentrate masses on a sized basis in a 
continuous cell 
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Secondly, combined data sets from batch and continuous tests were used to derive parameters 

by smn-of-error squares minimisation (see Fig. 3.42). This strategy has the advantage of using 

a large database to derive model parameters. Figure 3.43 compares the experimental and 

predicted concentrate masses, on a sized basis, for this method. The correlation co-efficient 

for the data depicted in Fig. 3.43 was found to be 0.93. The derived parameters are shown in 

Table 3.20. It can be seen from this table that there are no significant differences between the 

derived parameters and the parameters reported in Table 3.19. When comparing the mean­

error per data point, however, it is clear that using combined batch and continuous data to 

derive parameters produced a better fit. Since the main focus of this study is on the use of 

batch data to derive parameters that are transferable to continuous systems, the following 

discussion will be based on parameters derived using only batch data (method 1). 

Minimise 
Total SSQ 

Non-steady state 

Cone I Cone 2 Cone n 

assuming each stage is a continuous cell 

Ro = equation (1.15) 

Rr= equation (3.3) 

R: = equation (2.17b) 

Feed. 

Cone 

Derived Parameters 

P (by size) 
T] 

~ 

Steady state 

Prediction of 
Flotation 
Performance in: 

uses parameters (P, 11 and ~) 
need to know FR T and '< to 
predict overall recovery 
using equation (1.15), R: 
described by eqn (2.17a) and 
Rr described by eqn (3.3) 

Selected 
Continuous Tests 

Figure 3.42 Froth Modelling Methodology (method 2) 
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.!!l 10 u 
:e 
2! 

a... 
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0 
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Measured Mass in Cone (9) 

Figure 3.43 Comparison between and concentrate masses, on a sized 
using derived from combined batch and continuous data to predict 

continuous performance 

Table 3.20 Derived parameters using method 2 

Mean error per data point - 0.68 
Floatability Froth stability (llmin) Viscosity (N.s/mk

) 

(P) (~) (rl) 
Particle Size P 

(microns) 

Sub \0 6.65 E-5 
\0 to 25 1.70 E-4 2~97 0.00294 
25 to 45 5.78 E-4 -, 

45 to 75 ]0.07 E-4 
75 to 106 13.77 E-4 
106 to 225 18.46 E-4 

3.2.2.7 Froth He Of"FnlO Behaviour 

3.44 shows plot of recovery froth retlentlon time profiles different 

between 

particle 

SIze The symbol marks are included in 

curves. 3.44 that froth 

As mentioned earlier, could 

figure to facilitate comparison 

decreases with an in 

to the gravity. other 
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interesting IS when the froth recovery from and 

continuous tests were plotted "1<.<;UH.n froth retention time on same graph, they lay on the 

same curve 3.45). the batch system only, indicates froth 

recovery changes with flotation This has serious implications on most work that uses 

parameters derived from tests. 

1aa~------------------~---------.----------~--------~ 

60 

al. ----~--~~==~~~~ __ ~ 
o 

Figure 3.44 

20 -

0.00 

0.5 1.5 

Froth Retention Time (min) 

Effect of froth retention time for different 
continuous cell 

-, -

> - -,'-

0.50 Loa 1.50 2.00 

Froth Retention Time (min) 

2.50 

2 2.5 

size ranges on froth recovery in a 

+sub 10 

,A10lo25 

3.00 3.S0 

3.45 Effect of froth retention time on froth recovery for both batch and continuous tests 
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Figure 3.46 Change in froth recovery with batch flotation time 

Page l23 

3.2.2.8 Prediction ofbatchjlotation performance (with wash water) using parameters derived 

from batch data collected without the addition of wash water 

Parameters derived from the batch tests carried out without the addition of wash water were 

used to predict batch flotation performance for the tests conducted whilst adding wash water. 

Addition of wash water, however, is expected to increase the drainage rate of water within the 

froth phase. As such, the drainage parameter, p, was allowed to vary in order to obtain a 

realistic prediction of the batch flotation tests conducted whilst adding wash water. The other 

parameters for P, at various size classes, used in this exercise were exactly the same as those 

reported in Table 3.19. 

Figure 3.47 shows the prediction obtained for these tests. It compares the measured masses, 

by size, to the predicted masses in the concentrate. Although there is some scatter in the 

reported data, generally it can be seen that the prediction was satisfactory. The correlation co­

efficient for the data depicted in Fig. 3.47 was found to be 0.82. The drainage parameter, p, 
was found to be 28.46 (Umin). Clearly, this value supports the claim that the addition of wash 

water increases water drainage within the froth phase. This is because the derived value is a 

lot higher than that one obtained from the batch tests conducted without the addition of wash 

water (see Table 3.19). 
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Prediction of concentrate masses on a sized basis, using parameters derived from batch 
tests conducted without wash water, with respect to batch tests conducted whilst 

wash water 

EXTRACTION OF MODEL PARAMETERS IN 

BINARY SYSTEM 

.... "'n .... '· .. of the eXI)erim~mt:al data set 

applicability of the froth modelling methodology 

equation 3.3, it was .......... "' ..... , ......... to use 

(1983). Some raw data from this is 

(1987). data was chosen mainly because it was 1'>..., •• ..., •. "", ........ 

cell similar in size and design to the one used for 

of the froth height in flotation 

at different froth depths using a 4 I 

concentrate masses were reported in terms of mineral type and 

to problems associated with describing 

provided here pertains to the .. .,.,,"u,"' .... , of 

flotation 

The 

simplicity, 
"." • .,,..,,.,. material, silica 

v .......... u .• '" mineral, 

<:.UI''-'UU in each size range are shown 3.21 
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Table 3.21 Mass of galena in each size range et 1987) 

8,2-17,3 2.627 2,191 3.285 2.777 
3.3-8.2 0,359 0.305 0.503 0.556 
<3,3 0.180 0.173 0.114 0.260 

0,5-1 >17.3 2.793 3.491 2,807 3.618 
8,2-173 1.471 1.361 1,542 1.894 
3.3-8.2 0,212 0,165 0.274 0.400 
<3.3 0.081 0,078 0.192 0.152 

1-2 >17.3 1.984 2.941 1.785 1.724 
8,2·17.3 1.403 LSI7 1.396 1.650 
3.3-8.2 0.288 0.268 0,468 0.535 
<3.3 0.081 0.098 0,127 0.191 

24 >17,3 1.320 1.149 0.595 0.538 
8.2-17.3 0.848 0,920 0.686 0.810 
3,3·8.2 0,426 0.333 0.417 0,547 
<3.3 0,098 0,113 0.108 0.183 

4·8 >17,3 0,45! 0,229 
8,2-17.3 0.244 0.312 
3.3-8.2 0.246 0411 
<3.3 0085 0.180 

3.3.2 Operating conditions 

Six tests were conducted by (1983) at (Table 

frother, Potassium ethyl xanthate (0.1%) and Dowfroth 250 (0.25%), 

3.587 ' 
0,654 
0.275 

2.783 
1.982 
0.415 
0.142 

1.406 
1.514 
0.578 
0.210 

0.735 
0.649 
0.618 
0.230 

0.128 
0.201 
0418 
0.213 

3,730 
0.984 
0,384 

3,849 
2.322 
0,759 
0,249 

1,107 
1.540 
0.949 
0,285 

0.337 
0,487 
0,714 
0,274 

0.064 
0,130 
0.389 
0,227 

and 

were added 

to pulp at the rate of 0.4 me of each per 100 me of pulp. Pulp density was kept constant at 

13%. All tests were conducted at an of7 an impeller 

900 "sweaty plate" which water flowed at 20 mR/min was put at the 

the cell to aid the removal of the froth. 

Table 3.22 Operating conditions 

Test number Actual pulp Pulp density Froth depth Air tlowrate Froth volume 
volume (%) (mm) (litres/min) (mf) 
(ml) 

I 2864 13.11 42 7 1046 
2 2972 13.71 38 7 938 
3 3072 13.74 34 7 838 
4 3226 13.66 28 7 684 
5 3348 13.74 22 7 562 

.6 3484 13.81 15 7 426 
I I 

I 
! 
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Curve fitting of model parameters 

The same procedure outlined 

extract model for 

Chapter 2 and at the section 3 1 was to 

system, except that the froth recovery was described using 

equation It was, however, necessary to estimate the bubble area flux, as it was 
not measured in original data provided this This was estimated measuring the 

bubble flux a flotation using the same chemical conditions and air flow rate 

used by the authors of the original data. Sb value measured was 16 (cm2 air cell . 

Results from this indicate a correlation the total masses of galena recovered to 

the concentrate with the fitted values (Fig. For this comparison, the plotted points had a 

correlation 0.91. 3.49 shows the froth and 

froth retention time for the particle ranges used in the modelling. The coarse 

particle range of galena (plus 17.3 11m) was not used in this modelling exercise. This is 

u ... ,-,a.u;, .. the could not calculated in size range the maximum 

size was not in data. 3.49 indicates froth in this 

was not strongly depended on particle The model parameters are provided in Table 3,23. 

3.23, value of~, rate at which water is which is to 

rate at which bubbles are , from was very that 

most particles reported to the concentrate launder attached to bubbles. addition, it can be 

seen that the ~ parameter is significantly smaller than drainage rate parameter obtained 

from the quartz system. can attributed to big In water flow rates 

the two In. the quartz system water addition rate was approximately 1200 

mt/min, it was 20 As the floatability 

u ......... u."'.''''. was size aelDerme:nl, increasing with an n ... '."" ...... '" in particle 
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6r---------------------------------------------------------~ 
III 

5 

4 
III 

3 III 

Particle Size Range (microns) 

l1li8.2 to 17.3 
2· III t.3.3 to 8.2 

x x<3.3 

o 
o 2 3 4 5 6 

Measured Mass in Cone (9) 

3.48 Comparison between measured and fitted masses of galena mineral in the concentrate 
launder 

100 ... ~~--~------~------~------~------~------~------_, 

80 

60 - -

.... '." ..... .. .. 
I' ii 

I 

, 
Ave particl~ size (microns) 

r---

I 

I: 
.c 40 

, 
- - -I -e 

1.1.. 

20 - ., 

a .b-______________ ~----------------~------~--------~----~ 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Froth Retention Time (min) 

3.49 Effect of froth retention time on froth recovery 
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Table 3.23 Froth aud phase parameters obtained from curve fitting data 

Parameters 
Floatability Froth stability (llmin) Viscosity (N.s/m<) 

(P) (fj) (11) 
Particle Size P 
(microns) 

Sub 3.3 0.000080 
3.3 to 8.2 0.000885 0.8090 0.0215 

8.2 to 17.3 0.002957 

3.4 SUMMARY 

This chapter described equipment raw to conduct experimental 

testwork. procedures followed for '"'VI.' ........ '"L .. ''''' batch continuous tests were 

raw data were also UH.U,",CUI;;'U. It also dealt with the interpretation of data contained 

In sources. obtained the use of raw data in O".· .. ",..T1 kinetic parameters 

describing batch and continuous systems were reported and discussed. 

It was 

batch 

continuous 

that approach proposed Chapter 2 can used 

kinetic Daram.elers (for both pulp froth pertonnanlces 

Subsequently, these 

system. It was also 

were shown to be transferable to a 

these parameters, such as 

............ s'" rate parameter, 00, can be 

that some 

with (\ .... "· ... llT·'n such as particle 

The ,",Vj'A..,.'""'vu between drainage rate parameter and particle size was used to 

model. 

Furthennore, obtained the was used to test the final fonn of the froth 

recovery equation. data set used was collected by (1983) floated an 

galena/silica using a 4 flotation Modelling obtained this 

froth phase 

In next chapter, 

to aet,emnne 

flotation ,,,,,,,,,,,rn 

the recovery model can successfully to describe 

on the flotation perfonnance mineral ",,,,,1-,,,,,,,, 

refined froth '/"P('(\"\.""'''"I.1 model, ......... u .. 3.3, is LI;;;)\ ....... , 

in describing the pel'tolrnl,mc:e of the froths 

data, 

in real ore 
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CHAPTER 4: EVALUATION OF MODEL PARAMETERS 
USING PLANT DATA: A CASE STUDY OF 
FLOTATION TESTWORKAT IMPALA 
PLATINUM LTD 

4.1 INTRODUCTION 

In the previous chapter, a froth recovery model (equation 2.12) and a methodology for 

pulp and froth parameters data, proposed in 2, were 

evaluated using laboratory Subsequently, a semi-empirical froth model 

3.3) was case of a quartz, and 

modes tests 

were successfully to flotation oertor:mance continuous tests. proposed 

model (equation 3 J) was further a binary system galena 

silica) based on data ..... "'i"\rt,~rl in the literature 1983). The analysis these 

SYS1Eem.S, however, was to particle size \"la.';);;:UU\"';UH.IH of a single 1.LV,"LUJll". mineral 

spe:Cles. It was therefore to test the proposed 

methodology kinetic batch data a more 

''''«ell''U,",. and complex, ore 

as could be ascertained, is no study to which has been able to 

quantify the influence of the variables on the of different within 

froth phase in complex flotation systems. An application the proposed froth U""',","""""'''' 

the 

3.5 f 

flotation 

to a real ore "",,,r .. TT1 was therefore seen as a .... ""'" ...... ''''' 

conditions for froth rp,',''''''''rI de~nre:d minerals, a 

of gangue However, it was ,",v •• "".,''',,,''''" that the extension 

methodolo~y to a ore system could not achieved using a 

celL As a result, a 60 f flotation cell, operated parallel with an operating 

was chosen. It was that this cell would for generating more 

repres1em,atnre data for use in ..... "".,""uvu .• '" processes. This presents an application 

froth modelling memCIOOJog to testwork which was carried out at LH'~Ia.la. 

Platinum's plant in the province, 

model parameters from use 

limitations of the prclpo,sed methodology of using 

from to predict froth perrormance in a continuous system . 

is mainly on 

and testing 

parameters derived 
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4.2 FLOWSHEET STRUCTURE AND OPERATIONAL PRACTICES AT 

IMP ALA PLATINUM (MERENKSY PLANT) 

Impala Platinum operates Platinum-Group-Minerals (POMs) concentrators. Of the total 

annual production, a significant amount ofPGMs is produced by the Merensky plant, which is 

the largest of the three Platinum concentrators. The other two being the MF2 (Mill-Float-Mill­

Float) and UG2 (Upper Group 2) concentrators. At the time that this testwork was undertaken, 

March 1998, the Merensky plant consisted of 15 sections. Each section had three stages, viz, 

storage of ore in silos, milling and recovery of PGMs through flotation. Figure 4.1 shows a 

typical flowsheet of a section (only up to the rougher stage) in the Merensky plant. 

Underflow 

Figure 4.1 

Cyclone 
Overflow 

ROUGHER BANK 

Cone 1 Cone 2 Cone 3 

A. typical section of the Merensky plant 

No further details of the flowsheet structure of the Merensky plant will be provided since such 

information is regarded as confidential, and not relevant to this study, as the testwork carried 

out on the 60 I! flotation cell pertained only to the rougher stage of this flotation plant. The 

location of the 60 I! flotation cell on section 10 of the Merensky plant is shown in Figure 4.2. 

Raw Ore 

Mill -­

Discharge 
'r--~Ii;'!t!,\ii 

Underflow 

Cyclone 
Overflow 

ROUGHER BANK 

Cone I Cone 2 Cone 3 . 

60 LITRE CELL 

Figure 4.2 Location of the 60 f. flotation cell 

Tails 
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4.3 DESCRIPTION OF THE 60 l FLOTATION CELL 

flotation cell used in the pilot circuit was constructed, of stainless steel, with a Bateman­

impeller (see Figure 4.3). The rotational speed the impeller and the volumetric flow 

rate of could be by the operator. addition, an overflow weir allowed one 

to the pulp level in the celL Instruments measured and displayed the impeller speed (in 

revolutions per minute) and the air flow rate (in cubic meters per minute). The cell had a top 

cross area approximately 1716 cm2
, and a height 38 cm. schematic diagram 

of this cell is shown in Figure 

4.3 

4 
0" 
.. 

Batequip impeller and stator (after Gorain, 1998) 

.­. ' o· ." "" ." 

. . 
".~. 

." •• 00 ." .. 
•• . " .. .. . " ." 

4.4 Sketch of the 60 e notation cell 
1. Motor; 2. Impeller; 3. Feed box; 4. Concentrate-2 pipeline; 5. Concentrate-l pipeline; 

6. Concentrate I; 7. Concentrate 2; 8. Tails; 9. Impeller speed control box 
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4.4 DESCRIPTION OF THE ORE 

ore used in the pilot circuit comes the . complex, a c.c ......... '" 

which underlies an area of about 40 000 km2
, situated in North West and Northen 

r\ .. ",,. ... ,,""'" and some parts of Gauteng province, South Africa (Hochreiter et ai, 1985). Two 

types of ores are mined from the Bushveld complex, UG2 and Merensky. ore used in 

this study is the Merensky ore. Typical mineral the Merensky ore, cyclone 

overflow, are shown in Table 4.1. It can seen this table that sulphide minerals account 

for approximately 1 of the total ore. By far, the dominant sulphide IS 

pyrrhotite. Other sulphide minerals include and From Table 1, it can be 

seen also that silicates are present in significant proportion, more than 96%, when compared 

to the sulphide minerals, oxides and carbonates in the head The major 

minerals are orthopyroxene, feldspar, clinopyroxene 

l ... ",.~U""'-'l'" mineral in the down stream processing The limit 

is a 

chromite content 

in the flotation concentrate is 3%, as greater chromite content can form components that 

may be stable up to temperatures as high as 2000 °C during smelting (Theron, 1998). 

phases in the furnace reduce the of the process. Consequently, 

flotation 

components 

Table 4.1 

must be n1'"l,;> .. ",tpl1 under 

as chromite. 

that minimise the amount of problematic 

Summary of mineral abundances (wt.o/o) in the !VIP.'P"": 

MINERAL 

* 

Pyrrhotite 

Pentlandite 
Chalcopyrite 
Other_Sulphiqes* 

Orthopyroxene 
Talc 
Clinopyroxene 
Other Silicates*'" 

and 

CYCLONE OVERFLOW 

0.46 
0.09 
0.36 
0.20 
0.09 

40.32 
42.90 
0.35 
8.43 
4.39 

1.90 

0.5\ 
100 

** 
*** 

olivine, serpentine, chlorite, mica and quartz 
Fe-oxides and carbonates 

ore 1997) 
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4.5 EXPERIMENTAL PROGRAM 

4.5.1 Flotation ceU set-up 

mam of the experimental program were finalised on in with 

Jenni (Sweet, 1999), who was using to study chemical scale-up. schematic 

representation of the is shown The conditioners used were 

to simulate plant conditions as far as possible. This is discussed in the next 

Underflow 

Cyclone 
Overflow 

ROUGHER BANK 

Cone 2 

, ....................................... . 

Cone 3 

Acral 
I frother 

60 L cell 

Cone 

Figure 4.5 Schematic representation ofthe notation set-up at Impala 

4.5.2 Chemical Conditioning 

conditioning tanks were employed. feed flow rate (approximately 10 flmin) 

allowed for approximately 14 minutes residence time in two and 10 minutes in 

the last tank. cyclone overflow was pumped into first tank, where copper sulphate 

(CUS04) was added as an activator. slurry from the was allowed to 

overflow into collector, a mixture of isobutyl xanthate 

(SIBX) and dithiophosphate (DTP),was added. In the last tank, a depressant, carboxy-methyl­

cellulose or guar gum (Acrol, IMP4), and a frother, cresylic acid, were added prior to 

transferring the slurry to the flotation cell. The actual dosages are discussed in the next 

Tails 
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Tests conducted 

4. J Exploratory tests 

phase 

operating conditions 

conditions, shown in 

1999). For this set of 

ALU''''AL''~A rF'"nM{U-'" was 2:e,ared toward 

testing for reproducibility. R 1 and 

4.2a and 4.3, at simulating the 

activator (CUS04) and collector 

and second "'''''.n ... ",,,, ..... ''F. tanks as previously 

necessitated mobility 

conditions to 

in these 

"V""'F.'" was de(~re;ase:d from 60 to 50 

"' .... ,_vu.... set of tests 

frother ... v"' ..... '" 

were conducted, 

were added into 

The poor 

of the 

IS to 5S), 

to 

100 g/ton. The of changing chemical dosages was to ensure a continuous 

overflow of the COIlcentrate into the launder. reagent dosages these flotation tests 

are summarised 4.2a. These tests were a range of flow 

rates and froth (see Table 4.3). continuous tests, system was operated 

to ensure "'T"",I"1" state operation Flow rates 

and concentrate were measured and a "T"' .... Ui''''TJ'''n were 

dried before "'d""U"F. them to hl'\'·"'U,.-., for assaying . ....., .... ""LL""''' experimental 

these tests is in Appendix 

Furthermore, a 

60 .e cell was 

type of a 

of tests (Test 1 N 
in a batch 

Tables 4.2b and 4.3) were performed in which the 

to test the feasibility batch tests 

supply 

unconditioned to pass through some was "'TO· ....... "·" 

pulp inside was conditioned like in a batch float. 

. pulp level was constant by adding small amounts water with same 

concentration as the feed pulp. A of conditioned was taken before on air 

supply. samples were collected over a period of about 25 minutes at various time 

intervals on the froth Froth concentrates were allowed to overflow 

freely without To to the from 

80 to 100 results this are and section 

4.6.1. 

4.5.3.2 Modellingjlotation tests 

The """,ro,,..."'rt 

the 

purposes. 

overflow) 

the plant 

of the the procedures established in 

v .... , .. vu tests modelling 
set tests to 12S, and to was .... "' .. 'Tn .. ..,.... 

activated and conditioned with collector, as these were added to 

The conditions and dosages for these tests are shown in 
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4.2b and 4.3. Continuous tests \,.W,iil..Y out at shallow froth were not :SUl .. ;I,;C:li:Sl 

to vigorous mixing conditions employed. For tests (1 148 158) 

are included in the detailed experimental 

Table 4.2a Continuous notation reagent dosages 

Test No. Dosages (glton) 
CUS04 SIBXlD Acrol Cresylic 

Acid 

RI 60 60 70 80 
R2 60 60 70 80 
\.S 50 60 70 100 
2S 50 60 70 100 
3S 50 60 70 100 
4S 50 60 70 100 
5S 50 60 70 100 
7S 90 60 70 100 
8S 90 60 70 100 
9S 90 60 70 100 
lOS 90 60 70 100 
11 S 90 60 70 100 
12 S 90 60 70 100 I 

Table 4.2h Batch notation reagent dOSial!leS 

Test no. r' ..... ,..;;~,.. (g/ton) 

CUS04 Acrol Cresylic Acid 

1N 50 60 70 100 

2N 90 60 70 100 

3N 90 60 70 100 

4N 90 60 70 100 

• 

Table 4.3 Operating conditions for batch and continuous tests 

BATCH CONTINUOUS 
Test no. Froth height Air rate I Test no. Froth height Air rate 

(cm) ( (cm) (Urn in) 

IN (x3) 7 140 Rl 7 140 
2N 7 160 R2 7 140 
3N (x4) 7 .160 1 S 7 140 
4N (xl) 2.5 160 2S 7 60 

3S 7 180 
4S 7 140 
5 S 7 180 
7S 7 160 
8S 7 180 
9S 7 140 
10 S 7 160 
II S 7 180 
12 S 7 140 
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4.5.4 Bubble size 

The froth methodology proposed in '-'UalJ~""l 

parameter, which is a function of bubble 

size on.e cell. 

2 uses a bubble surface area flux 

'it was necessary to perform bubble 

described in Chapter was 

to measure m was carried out at _ .•• _._u. 
operating 

detailed .... "'.""'.,'~ 

Deglon (1998) 

Table 

the presence of ",,,,.u.,,,,,"", realgents used 

how bubble sizes are lH,-,a.""". 

(1998). The results 

industrial flotation IS 

from the 60 .e cell are Dreselllted 

Table 4.4 Bubble surface area nux results 

Test Airflow 

1" 120 

2" 140 

3- 160 

4" 180 

5-· 120 

6'· 140 

7** 160 

8'· 180 

'" Frother 

* * F rother dosage 

1.4230 

1,6420 

1.7067 

1.8568 

1.3925 

1.5593 

1.7756 

1.9213 

g/ton 

100 g!ton 

I 
Bubble size 

. UCVIGlUV from the 

mean (mm) 

0.7684 

0.7498 

0.7576 

0.7532 

0.6465 

0.7214 

0.8166 

0.7948 

Residence Time Distribution measurements 

.... .,1U .... 11'-'- time distribution 

occurs the flotation celL 

conducted on the 60 .e 
well approximated as an 

residence time, on 

a flotation cell is a 

.... 'n ....... .,''' ... '- time distribution 

continuously mixed rel:lCHlr 

flow with measured mean 

(1/min) 

2969.40 

3001.80 

3300.60 

3413.40 

3034.20 

3160,80 

3172.80 

I 3298.80 

of the mixing that 

within the pulp and 

R TD tests were 

60 R flotation cell can 

the calculated 

... " ........ " .... '" time. 
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RTD measurements were performed by introducing a tracer (Sodium Chloride) to 

flotation cell stream, A conductivity meter was to measure the tails 

stream and the introduction the tracer at different time intervals. 

conductivity readings were then converted to concentration values, which were used to 

mean method Fogler (1992) was followed 

determining the residence times. Figure 4.6 the results obtained. The mean 

obtained over the 

value of 6 Uu.u ... " .... ", 

of conditions was found to very close to the PV,,",pr'TPn 

1 0 tlmin. From 

one of a perfect 

In 4.5. 

0.16 

0.14 

0.12· 

0.1 . 

- 0.08 W 

0.06 .. 

0.04 . 

0.02 . 

o· 
3 

on the volume of the (60 t) the feed rate 

4.6 it can be seen that the measured RTD function resembles 

The mean times obtained at various flow rates are shown 

-1- - ...... 
MeanTime 

.. 

5 7 9 11 13 

. Time (min) 

, 

.. .. 
15 17 

- - ..., -

..J ____ _ 

_ I _._ _ 

I 

.. .. I 

I 

19 21 

4.6 Residence time distribution in a 60 l flotation cell 

Table 4.5 Measured mean residence times at different air flow rates 

Airflow Mean Residence Time 

(etmin) (min) 

140 5.90 

160 5.83 

180 6.66 

Average 6.13 
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4.6 EXPERIMENTAL RESULTS AND DISCUSSION 

4.6.1 Exploratory Tests 

4.6.1.1 Reproducibility 

Table shows the reproducibility continuous batch flotation tests in a e cell. 

Although reproducibility is often very poor floating ore, the obtained were 

as satisfactory. Reproducibility batch tests was better than that one of 

continuous tests. This observation can associated with difficulties to 

system at steady states. 

Table 4.6 Reproducibility tests 

Continuous Batch (after 7 minutes) 

Assay Type Reco·,<;lf} (%) . STDEV (%) 
! 

Cum Recovery (%) STDEV (%) 

Test Rl TestR2 Test I Test 2 

Nickel 52.71 43.12 6.78 39.50 39.00 0.35 

Copper 50.15 49.69 0.33 40.00 38.00 1.41 

Sulfur 43.17 39.24 

I 

2.77 45.00 49.00 2.83 

I I 

4.6.1.2 Assays 

All samples submitted to Impala Platinum Laboratory were analysed for total Ni, 

and, where sufficient mass was pgms. Total sulphur analysis was obtained for each 

sample at using a sulphur analyser. Selected samples were analysed for total 

content at Assays a good of flotation of 

minerals. For Ni is associated with pentlandite, IS associated with 

chalcopyrite, with IS a which is 

known to almost and therefore is a good 

indicator contribution entrainment. The flotation response of suphur serves as a good 

indicator the flotation of base sulphides (BMS) minerals. Fe is present 

both as mainly pyrrhotite, also the it 

difficult to use the total content which would measured laboratory 

methods. A portion these is shown 4.7. Detailed results are presented In 

Appendix In a"'fli ... r~ head samples had a fairly 

Ni composition about 0.13%, 0.07% Cu, 1.25% 

""'V':UIJV.;)J.L!VU';>_ the standard deviation was 

elemental composition, an 

and all the 

than 10% (see Table 4.7). 

I 
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concentrate and tail however, varied, depending on the conditions. 

MI"V'''''''''''''' 10 flow at constant chemistry, increased the mass pull of 

elements at the expense Table 4.8). in froth is expected to have 

a similar effect decreasing whilst the elemental mass pull. case 

batch tests, the elemental grades of the concentrate decreased with flotation time (Table 4.9), 

indicating more recovery of gangue with an increase flotation 

Table 4.7 Elemental compositions in the head 

Test Number Deviation 

(%) 

Assays 18 28 38 48 58 

Cu 0.083 0.099 0.071 0.074 0.054 0.081 0.085 0.015 

Ni 0.120 0.135 0.139 0.142 0.113 0.162 0.184 0.024 

S 0.410 0.410 0.368 0.376 0.220 0.26\ 0.380 0.075 

1.25 1.25 0.99 0.91 2.41 2.46 1.38 0.645 

Table 4 .. S Effect of increasing air now rate on the concentrate grade 

Test cad Cone Tails 
Number 

CrZ03 Cu Ni Cr20) Cu Ni CrlO) 

RI 7 140 32.59 0.083 0.120 1.25 5,37 8.16 0.52 0.062. 0.093 2.37 
IS 7 140 38.35 0.071 0.139 0.99 6.38 8.28 • 0.23 0.Q38 0.118 0.94 
2S 7 160 41.23 0,074 ,0.142 0.91 2.84 5.07 0.42 0.055 0.103 2.25 
3S 7 180 41.46 0.054 0,113 2.41 1.47 2.75 1.43 0.020 0.059 2.54 
4S 7 140 41.92 0.081 0.162 2.46 4.63 7.30 0.52 0.023 0.060 2.37 
5S 7 180 38.62 0.085 0.184 1.38 13.55 15 0,30 0.023 0.130 1.30 

Table 4.9 Variation of elemental composition with flotation time in a batch test 

• Test Sample Cu Ni Cr203 

IN Head 0.09 0.13 1.25 
CI 2.55 4.70 0.38 
C2 1.00 1.85 0.40 
C3 0.80 1.19 0.42 
C4 0.76 1.00 0.40 

. 
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4.6.1.3 Flotation 

4.10 indicates Cu, Ni, Cr203 and S recoveries and 

at air rates of 140, 160 180 tlmin; 
for the continuous tests 

froth height was kept 

constant at 7 cm. an rate 

proportions when compared to Cr203. 

recovery of all increased. 

decreased. 

interesting in 

In 

4.10 is the 

rate. To some 

predominantly via entrainment mechanism. 

Cu and Ni were recovered in 

flow rate AU'"'A ...... " ....... 

the same time, 

that the 

this 

grade of Cu, 

of Cr203 increased 

chromite is 

Table 4.10 Effect of "":I[ ""., .... " air flow rate in continuous tests 

Air Rate Cone Grade (%) 

Cu Ni 

1 5 140 44.82 6.38 8.28 

25 160 45.53 2.84 5.07 0.42 

35 180 52.01 46.50 1.13 70.52 1.47 2.75 1.43 

and S 

an 

5 

23.75 

16.25 

8.12 

the case of Figure 4.7 ,,"£j,\ille;!· the flotation ... ""' .... r" ... " .. of ditter'ent "'."'i' ...... " .. ..,. It can 

be seen that faster than and iron, the least .... "' ................. element. 

contrary, the results obtained from the continuous tests showed that floats faster 

than nickel. the fact that this w~s collected on-site, a number factors, such as 

feed particle distribution, solids in the froth retention etc, could 

.... "' ...................... to a solids 

found in concentrates and peI'ceI1ta~~e solids found continuous tests "'"ClUfF'" that the 

percentage in batch concentrates was lower than one found in concentrates from 

continuous tests. Since the data depicted in Figure 4.7 represents the response of the 

floatable it is not how the froth behaviour impacts on these results. 

More this regard can obtained if the phase behaviour is decoupled from 

of the To proposed modelling and froth 

recovery equation developed 3 are used following "' ........ LtV,,,'" to gain more 

insight into influence of the phase in flotation. Firstly, the LAv ...... ",'"'u obtained 

is followed by a from the tests the un)' ......... ''''',.'''' are discussed next section. 

discussion on modelling section 4,7. 
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60 - - - - ,- - - - ,- ! I 1 I 
- I---.----!----I-

50 -------
1 

40 

e 30 
CI.! 
> 
0 

10 

1 
, 

~-*--_:_---.-~--.-~:-----:_' .. --.. -,----·--:-x ' 
l. , '. ; -6~ Co;;;;;'l 

i -x- Nickel 

Iron 

._ - I. . -e- Sulfur 

1 , , 

O~~~==i===~==~===t==::==~==~===:==~==~-~-;====-~=-=~~:~-J 
o 2 4 6 8 

Figure 4.7 

4.6.2 Modelling flotation tests 

4.6.2.1 Mineralogical results 

Table 4.11 shows a summary 

significant proportion 

concentrate samples, 

BMS group, the 

Pentlandite, 

concentrate ,;)CllHIJJ'''''''. 

Particle 

significant amount of mass 

had a 

10 12 14 16 18 20 22 24 26 28 

Flotation Time (min) 

Flotation response of different elements 

abundance data. In the head samples, a 

silicates (approximately 95%). the 

composition was less (approximately 75%). In the 

in significant proportions when compared to 

This observation applies to both head 

~A""''''''''''_ data for all samples analysed by 

4. indicates that concentrate a 

(sub 10 microns). 

with the other sulphide 

Fe-S grains recovered into concentrate ................ , ... 

70 % by volume of the Fe-Sulphides, 

at 90 % liberated in the concentrate 

were mostly llO!~raltea. 

Chalcopyrite were 

significantly when 100% (monominerallic) fraction was '-'v,:>,,.' .. ,,,. 

was followed by chalcopyrite (Table 4.14). The fully 

some sulphide uu,""" ..... increased slightly in the concentrate samples. The or()ceaUI~e to 
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calculate fully liberated fractions is ... u" .. ",,-, in Appendix 1. 

are shown Appendix J. liberated (monominerallic) particles, 

Table 4.11 Summary of sulphide minerals abundance 

Mineral Conc 
S 11 S 12 S 

Chalco 0.19 0.19 4.72 10.85 
Pent 0.30 0.33 8.04 18.27 
Fe-S 0.42 0.45 9.63 18.69 

Other sulphides 0.02 0.02 0.15 0.31 
Silicates 95.26 94.63 75.69 48.73 

Table 4.12 Particle size distribution 

Size (microns) lOS 12 S II S 12 S 
Head Head Cone Cone 

Plus 425 0.4 0.0 0.0 0.0 
212 to 425 5.1 6.1 4.7 3.5 
106 to 212 24.7 26.1 4.1 4.9 
53 to 106 29.2 29.1 6.9 11.2 
25 to 53 

I 
17.5 16.1 12.0 16.1 

10 to 25 6.8 7.8 13.7 16.9 
2 to 10 16.3 14.8 58.5 47.5 

Table 4.13 Fully liberated fractions of sulphide minerals 

Monominerallic Cone 
Mineral lIS 12 S 

+106 +53 +25 +10 +106 +53 +25 
.. 

Fe-Sulphides 6.8 \5.9 35.2 58.3 3.3 18.6 33 
Pentlandite 0 1.3 2.8 6.5 0 2.5 2 

Chalcopyrite 3.3 5.7 1.3 26.3 0.3 4 9.6 

Table 4.14 Calculated fractions of fully liberated sulphide minerals 

Continuous 

0.14 
0.15 0.04 

. 0.09 0.03 

142 

of the 

+10 

54.2 
4.6 
15.3 
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calculated Vf'>r;~ap particle fully liberated fraction were found to 8.5 jJ.m 

for 10 jJ.m Pentlandite and jJ.m for Chalcopyrite. Since it was 

the exploratory Fig. Fe~Sulphides float at a it is to expected that 

a significant proportion Fe-S would be transferred pulp to froth an 

entrainment mechanism. chalcopyrite pentlandite attached to bubbles 

within the froth, one would draining material to consist mainly of 

grains, which in tum can lead to low overall recoveries These however, 

never completely resolved if flotation is continued to be studied global 

flotation parameters, such as the flotation rate constant. achieve better 

understanding of the behaviour of the minerals within the froth their behaviour in the 

froth must be decoupled In pulp phase. 

4.6.2.2 Correlation calculated and measured mineral compositions 

As were few analysed Billiton mineral compositions, it was considered 

nec:e:S:SafY to convert to composition for use the analysis of the 

operating parameters and froth modelling. Stoichiometric coefficients of Ni, Fe 

and S were used to convert assay data to mineral compositions. All copper was assumed to be 

associated with chalcopyrite, which allowed the estimation of the sulphur ... " ... "'~,' ... , ....... 

with chalcopyrite. Nickel associated with pentlandite was determined by assuming that 

approximately 30% of nickel in the is associated with gangue. sulphur,. 

by sulphur with pentlandite and chalcopyrite from 

sulphur, was assumed to be with iron-sulphides. Detailed assumptions involved in 

this procedure are In K. A comparison of calculated and ......... ., ........... 

mineral compositions is shown in Table 4.15 below. It can be seen from this table that 

"' .... ".v .. of and was For the of 

comparison, the data 15 is graphically represented in 4.8, where it can be 

seen that correlation of chalcopyrite and Fe-Sulphides mineral compositions was 

than that one of correlation co-efficients chalcopyrite, pentlandite 

iron-sulphides data were found to be 0.98, and 0.97, calculated 

compositions were used to calculate of minerals, viz. 

pentlandite and of froth u""""u< and particle on the 

.. "'('n"." ..... ' of sulphide IS next. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chap. 4 Evaluation of model 

'i' 
1/1 
ta 
IE 

c: 
0 :e 
(/I 
0 
Q. 
IE 
0 
(,) 
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S 
ta :.; 
«.I 
iii 
(,) 

Table 4.15 

Test 
105 HEAD 

CONC 

115 HEAD 
CONC 

125 . 

2N Head 

Cone2 
Cone3 

Correlation of the calculated and measured mineral compositions 

Continuous 

4.72 

10.85 

Batch 

0.20 
4.25 

10.05 
5.34 
2.54 

8.04 

17.77 
8.48 
3.49 

0.26 
7.98 

20.55 
9.89 
4.60 

9.49 

9.63 

8.94 

0.43 
7.04 

0.44 
17.67 

22.25 
14.61 
7.06 

25~--------~-----------r----------~--------~----------~ 

.. 
20 ~" - - - - - - - - - -

15 - ; - "" - -ll.'-~"" .. 
I 

10 ;- -
, 

- 1-
I 

"~~I -
, 

, .. I:::. 
, 

1:::., 

5 " -
"" -.-

O"UM--------------------~--------------------~----------~ 
o 5 10 15 20 25 

Measured Composition ('Yo mass) 

Figure 4.8 Correlation between calculated and measured compositions 
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4.6. Flotation response 

shallow froth, the initial flotation response of the three sulphides minerals was 

whilst pentlandite was recovered significant proportion with increase in flotation time 

4.9). For deep froth, however, chalcopyrite and Fe-sulphides floated slower than 

pentlandite (Figure 4.10). 

100 .r---------~----------------------~--------------------~ 

80 

;;e 
:'!.... 

60 .,-

~ 40 - -

CD ::-
0 

20 - __ I 

I 

o&---------------------~----------------------~--------~ 
o 5 10 15 20 25 

Flotation Time (min) 

4.9 Flotation response of sulphide minerals at shallow froth 

4.11 shows the of particle size on the sulphide mineral overall flotation rate 

'"'v •• " ...... , calculated (l for various 4.11, seems to 

be an optimum where most of float the optimum 

range chalcopyrite seems to slightly higher than those pentlandite, iron-sulphides 

and sulphide minerals. This could lead to either more chalcopyrite dropping back from 

froth phase into the pulp phase if it is loosely attached to bubbles within the froth or more 

chalcopyrite within the froth if no detachment of takes 

Quantitative of the of froth phase, the 

froth .. ""r'""""",! model proposed Chapter is 4.7. In next """,..,,,"' .... 

the traditional ....... "'1"'><:1;".,,.. of flotation rate constants derived from batch data to 

predict continuous performance is discussed. 
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100r---------~--------~----------~--------_r--------_, 

80 

- I' -

20· -

Od----------------------+----------~----------7_--------~ 

o 5 10 15 20 25 

Flotation Time (min) 

Figure 4.10 Flotation response of sulphide minerals for deep froths 

I 
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4.6.2.4 Prediction of continuous flotation peiformance using overall flotation rate constant 

derived from batch data 

In this the conventional method of correlating batch continuous flotation 

flotation rate constants derived batch data is used to illustrate 

shortcomings. Overall flotation rate constants derived particle (viz. 2 to 

10, 10 to 25, and to microns) (Test 2N) were used to predict overall 

recovery of different sulphide minerals in these particle size ranges for a continuous test (test 

12 S). The versus predicted recoveries for test 12 S are shown in 4.1 

scattered data indicates poor correlation observed this It is hypothesised 

that the poor predictions obtained are associated with the use of overall flotation rate 

constant derived batch data. overall flotation constant encompasses the 

. the pulp and froth phases. mentioned in the introduction, the influence of the froth phase 

batch flotation cells is significantly different to that one found in continuously operated 

flotation As a successful method for use in correlating batch and continuous 

flotation performance should decouple the of the froth on flotation from that 

of the pulp phase. This is illustrated in the next section. 

70r---------------~------~------~------~------_,------~ 

60 

50---- -,-

40 -
, 

- -'~---I-

ai 30 • -u :a 
t-... 20 

10 -- x 

~ r - -

, 
r ~ -

, -

• ., --

, 
I -, 

• ~ , 
, 
T -- -

• I 

- T ~, 

, 
T ---- -

o-·~--------------__ --------------~------~------~------~ 
o 

Figure 4.12 

10 20 30 40 50 60 70 

Measured Recovery ('Yo) 

Correlation between measured and predicted overall recovery of sulphide minerals for 
test 12S 
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MODELLING AND DISCUSSION 

4.7.1 Approach 

'"' .. ."...... approach used to 

adopted here. Insufficient 

the influence of 

distribution data 

the quartz 'H/"'r,,,"" was 

samples ,LVL''''''''"' 

to be limited to lumped particle sizes for pentlandite, chalcopyrite and Fe-S. was 

the purpose of sufficient data points which could not 

using QEM-SEM data only. It was to limit the modelling to 100% 

of pentlandite, and Fe-Sulphides. 

A .... ~..,V.,"H .. behind this was monominerallic to the concentrate mainiy 

by true flotation. In addition, it was only possible to 

fully liberated sulphide feed and concentrate 

average particle 

This Ul<'LLHJOU was 

model, which is explicitly expressed in terms for use in the froth .. "' .... ,''''''', .... 

to estimate froth yo",,,,,,,,,,",,.. of the three sulphide Limiting the 

v"' ... " ....... sulphide minerals allowed for the use equations 

Ch'[ipt«er 2 to describe the flotation response of these minerals within the pulp and froth 

!JU'''''''''''' It must however, that the equations and froth uH., .... "',uu"5 

methodology in Chapter 3 can applied to other if sufficient uu,""'.' .... VI". ....... 

is available. For can be a fully liberated 

class, a class of 

composite with gangue, etc. 

particle 

only liberated 

sets of data from batch 

conditions, tests 7S to 1 

proposed froth 

was done because the 

to vary with 

continuous parameters must 

was case 

ma 

for performing most 

of batch 

of 

classes. For work reported in this '"''''''!JL''''. 
a procedure showing the liberated masses 

is provided in Appendix 1. 

continuous tests out at exactly the same 

to 4N 1, and 4.3, were to test 

a methodology model parameters. 

parameter, 13, froth recovery is 

such, suitable use in correlating 

at constant chemistry. 

system, the required parameters to describe 

were derived batch data. A spreadsheet was 

calculations. the procedure followed 

is shown 13. 
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INPUT 

fully liberated 
conc masses of 

PROCESS 

chalco, pent and a methodology, per mineral type. 
Fe-S in the head utlined in Appendix D) 
& conc samples-H .... · 
(Table 9a in 
Appendix L. Tests 
2N to 4N) 
pulp residence 
time (measured) 
FRT (measured) 

Sb (measured) 

OUTPUT 

(1.1S)in 1 

Rc ::: equation 7a) in chap. 2 

Rf ::: equation (3.3) in chap. 3 

- using initial values of the parameters (viz. 
P by mineral, TJ and (3), an optimum set of 
""",""'n~""t,,,, .. C! was found by minimising the 
error b/w fitted and concentrate 
masses 

PROCESS 

fI)..----------::'I 
fI) 
C1l 
:2 
o 
c: o 
U 
u 
~ 
~ ~---------------

Exp Conc Mass 

where Me. chelco is the mass of 
liberated chalco in conc; MI'. chalco 

is the mass of liberated chalco in 
feed; Ro, eh.'co is the predicted 
overall recovery of liberated 
chalco 

calculate fulfy liberated 
conc masses of pent, 
chalco & Fe-5 using 
liberation from 
QEM- 5EM (reported 
in 9b of 
Appendix L, Tests 75 
to 

149 

OUTPUT 

INPUT 

Parameters 
derived 
batch data 
Measured 
FRT 
Measured 
pulp 
residence 

Figure 4.13 Outline of the procedure followed to correlate batch and continuous performance 

4.7.2 Modelling Results 

Figure 14 shows the plot calculated batch concentrate mineral masses, using 

parameters derived from batch data, batch concentrate masses. plotted 

data points a linear dependence on ..... , .... " ..... with an 
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average correlation coefficient of 0.9. derived from this exercise are shown in 

Table 4.16 below. parameters were in turn used to predict the flotation performance 

the tests carried out continuously. 

section 4.7.3.2. 

results this exercise are reported and discussed in 

60~----------------~---------.--------~--------~------~ 

40 ,- - - .. - ,-­
u 
c: o 
o 
.5 
!II 30 
!II 
III 
:i 
"CI 

~ 20 
1.1. 

10 

o 
o 10 

,.. i --

20 30 40 50 60 

Measured Mass in Cone (g) 

Figure 4.14 Comparison between fitted and measured mass in concentrate for batch flotation of the 
Merensky ore in a 60 litre cell 

Table 4.16 Fitted derived from the Merensky ore system 

Derived 

0.25 

p 
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4.7.3 Discussion 

4. 7.3.1 Fitted parameters 

The fitted floatability parameter, P, obtained for the three mineral sulphides varied with 

mineral type. The floatability values for Chalcopyrite and Pentlandite were higher than that of 

Fe-Sulphides, indicating the fast floating nature of chalcopyrite and pentlandite within the 

pulp phase. This observation confirms the slow floating behaviour of iron-sulphides. 

Froth stability parameter, ~, was kept constant throughout the modelling. This parameter, 

however, represents an average value from batch data. This is because froth stability in a 

batch cell changes with flotation time. As such, the derived value of 0.25 (l/min) could be an 

underestimation of the true rate at which bubbles were coalescing. It is therefore very difficult 

to make any definite conclusions with regard to the significance of this number. Generally, 

this value indicates that there was very little drainage in the froths found in this work. This 

could be the result of the high frother dosages used to enhance continuous overflow of the 

concentrate into the launder. 

By the same token, the above argument of changing froth characteristics with flotation time in 

a batch cell applies equally to the apparent viscosity parameter, which was found to be 0.125 

(N.s/m2
). It is worth noting, however, that this value is higher than that of water viscosity. 

This, to some extent, indicates that this parameter has a potential meaning. 

4. 7. 3. 2 Prediction of continuous performance from batch derived parameters 

The parameters derived from batch data were used to predict the flotation performance of the 

tests carried out when the cell was operated continuously. Figure 4.15 indicates a slight 

scattering of data (r2 
= 0.9) in the correlation between predicted and measured concentrate 

masses of the fully liberated sulphide minerals. Firstly, this can be associated with the average 

values of the froth stability and the apparent viscosity parameters derived from batch data.· 

Secondly, the experimental errors associated with collecting data on plant site can be very 

significant in this type of work. In addition, the estimation of the fully liberated masses, based 

on average values obtained from samples analysed for mineral liberation, might not have been 

very accurate for some samples. Clearly, this represents the major source of errors in this type 

of work, and perhaps the biggest challenge toward validating proposed froth recovery models 

in the literature. When dealing with complex ores, liberation data seem to be one of the key 

information required to perform the analysis proposed in this work, which obviously requires 

more refinement of the current approach. Insufficient data prevented the analysis of the 

current work by liberation, size and mineral type. Nevertheless, some useful information was 

obtained from the limited data set used for modelling, and the findings are discussed next. 
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Figure 4.15 

a;;;y,l:IllJlcll.lun of model parameters data: A Case 

_1- ______ I.~ •• ____ __ 1_ ~ 

I 

I 
- .. ---------1----- -r--' 

2 4 6 8 10 

Measured Mass in Cone (g/min) 

Prediction of continuous performance from batch derived 

litre flotation cell 

12 

4. 7.3.3 "p".nU'TJFl' ... rur·nu.".." behaviour 

4.16 against froth retention time for the 
.:>LUUH..,U in this <,uc,j-"",,,,,,,, on this figure do not represent data points . 

152 

14 

are 

included to between the curves. As expected, 4.16 .U .... ""''',L<;..;;:> 

no significant 

pentlandite and 

there is no 

curves. This 

minerals are very 

Figure 17 

chalcopyrite, versus 

Fig. 4.1 it is 

particularly at 

froth recovery values of the fully 

was statistically tested and 1 .. '-.",,,,,.. nrn"tIPf1 

chalcopyrite, pentlandite and Fe-sulphides 

was not suprising since the mineral density 

IJ!<;""!"'L<;"" froth recovery of sulphide minerals, 

per the fully liberated mineral grains. 

size has a negative effect on froth 

deep froths). A similar behaviour of 

per size, was observed for pentlandite and 
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Figure 4.16 Combined froth recovery behaviour in both batch and continuous tests for the Merensky 

system 
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4.17 Predicted froth recovery of chalcopyrite, per size, as a function of froth retention time 
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parameters were used to predict the froth recovery of the 

chromite mineral, assuming that most chromite are liberated. froth 

1I"PI"'rtU,P'''''U versus froth curve of chromite is shown Figure 4.18. 

this indicates that an size has a negative 

even the that are pulp to the VIa 

entrainment. For the sake of comparison, the predicted froth recovery versus froth retention 

time relationship for the floating and entrained particles, within the same size 

are plotted on the same (see 4.19). 19, it can be seen 

,","LV".'''''' mineral, which is minerals, has a low 

froth recovery when compared to same retention value. 

However, 

minerals rlP("I"Pl"I<;:P<: with an increase 

chromite and the 

indicating a possibility of the 

of the valuable and "' ....... 1". ........ apY:lrmlcnmg the same at 

To the influence of the observed froth behaviour on overall recovery, the 

predicted overall (using 1.15) the froth recovery the " .... ll,;U" ....... 

rer)re~;en[ed. by chalcopyrite, is plotted cell number, for test IN, in Figure 

4.20. Predicted chromite recovery and calcuated overall of chromite are 

also included on the same plot for purposes comparison. 

the froth recovery the sulphide and chromite or flotation 

intervaL the sulphide minerals, a decrease resulted in a 

the For mineral, it 

froth has very little on the overall recovery chromite stage. 

This is because the recovery of chromite, which is a 

recovery. h", .. ,,,,1-,,,, .. ,,, it can be concluded that jf one is 

chromite, a ,..",rI·""h 

cells with 

of desired minerals, operating at 

option. 

mineral, is driven by water 

recovery 

operating 

to loss in recovery 

times appears to the best 

flotation are operated under conditions that give to a wide of froth 

retention times, which often not optimum conditions the froth phase. 

Typically, times in platinum flotation cells range between 1 to 18 minutes 

(Theron, 1998). This is assuming a gas hold-up of approximately 90% within the froth 

It is believed that proposed froth modelling and aotJro.acn outlined this study 

could very with to establishing optimum conditions the froth phase in 

industrial flotation 
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4.18 Predicted froth recovery of cbromite, per size, as a function of froth retention time 
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4.20 Overall and froth recovery of chromite and chalcopyrite per batch notation stage 

4.8 SUMMARY 

In chapter the froth recovery model developed in Chapter and methodology for 

model proposed in Chapter were using a complex ore. 

and continuous tests were a 60 i flotation on floating a 

Merensky ore, with a of kinetic parameters derived from batch data with 

continuous flotation performance. The complexity of the mineralogy of chosen ore 
- . . -

that the analysis be.1imited to fully liberated 

this c"c-rpm pentlandite and Fe-Sulphide 

minerals seem to have similar froth recoveries, at least for the liberated mass 

Most importantly, it was shown that froth parameters derived from batch data can be 

used to predict performance in a continuous celL Furthermore, the application of the 

proposed froth modelling methodology showed that it has a potential use 

of the froth flotation. 

Whilst the proposed froth modelling methodology and froth recovery model seem to be 

applicable to real ore amount information required to implement this approach 

is overwhelming. Firstly, dry samples need to be analysed for per 

Secondly, some about locking associations of sulphide 

minerals needs to be obtained, using very pVl"1prl~nlp. and time consuming technique (QEM-
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SEM). The other complication is that mineralogical compositions of the head SanlPl€~s 

vary with time. Furthermore, the mineralogical compositions of the concentrate IS 

also expected to vary with conditions such as air flow chemical etc, 

an of which QEM-SEM analysis of and every to achieve accurate 

predictions. 

the obvious when dealing with a real ore, work is seen as a very 

valuable which can potentially form a basis for any future work on correlating batch 

derived parameters to continuous flotation systems. a refinement the proposed 

froth recovery and the methodology for model IS 

Recommendations on how this could achieved are discussed in next chapter. 
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CHAPTER 5: CONCLUDING REMARKS AND 
RECOMMENDATIONS 

5.1 SIGNIFICANCE OF THIS INVESTIGATION 

current work investigated the flotation (froth zone in particular) both 

terms and at the level sub-processes. Most importantly, it investigated practical 

u_.~.~,_ of proposed froth models, how they can used in correlating batch and 

continuous froth Firstly, a analysis of the froth investigations 

and froth models was compiled this is believed to be a 

unparalleled research work that has never been conducted before. The manner in 

which the information on froth modelling is presented in this work simplifies the 

complexity of froth studies reported in the This information will 

mineral processing researchers in formulating relevant to by 

future froth studies. It will also help flotation manufacturers, to incorporate qualitatively 

quantitatively the influence the froth phase, of new cells and analysis of 

"''''''''''''1''. flotation and circuits. However, none the proposed froth models found in the 

literature could adequately, influence froth on 

flotation recovery. a froth .. "'",,.,,,,,, ....... was developed in this thesis. 

proposed froth recovery model, which accounts for the possibility of the recovery of 

within the froth VIa is first of its in 

froth recovery is described terms flotation such as 

----'---.1 -with exception of the description of bubble coalescence. 

Furthermore, this is work that attempts to derive meaningful froth kinetic parameters 

from batch flotation tests them with froth kinetic obtained 

continuously operated flotation ""C'1t ........ 

Lastly, the use of the proposed methodology dealing with batch data when 

extracting froth kinetic demonstrates the soundness of the assumptions involved in 

the development this approach. More i,?portantly, this method of analysing batch data adds 

more value to the current use batch tests. As mentioned the Chapter 1, 

batch tests are mainly for two (i) to extract pulp such as 

flotation rate floatability P values, and mass fractions of different 

floating classes, m values; and (ii) to generate grade-recovery curves to study the influence of 

changing the physical and chemical parameters. In addition to above, data can now 

be used to (i) study the influence of operating parameters on froth recovery; and (ii) extract 

intrinsic froth par'am,eters that can to continuous flotation systems (even if 

the are as initial uu,."",,;, for feasibility studies or proposed pilot-plant or 
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industrial flotation circuit schemes). Moreover, the proposed methodology can be used to 

initial values the froth kinetic in the current flotation simulation 

will help the search engines used by these softwares to at least start searching 

from which obviously will increase the confidence in the simulated flotation 

FINDINGS 

5.2.1 Flotation Review in General 

To optimum design and efficient operation of industrial flotation cells, intrinsic 

parameters that both and and possibly their interaction 

with each other, within the froth and pulp phases are required. The description of processes 

occurring within the pulp phase is relatively well established. However, accurate description 

of froth is not yet established. This situation makes it difficult to determine, 

accurately, most profitable layout a plant 

or to optimise existing flotation cells or In addition, the use of bench-scale flotation 

equipment in the derivation of meaningful parameters is not possible. 

5.2.2 Critical Review on Froth Modelling 

A considerable amount of fundamental knowledge about the behaviour of froths has been 

established by froth investigations presented in literature. However, froth 

behaviour, mathematically, continues to be a is due to a 

interactive factors, both physical and which ultimate recovery 

particles within the froth (also known as Rr). Proposed Rr models are largely 

descriptive. In addition, the parameters used in these models cannot be measured or 

independently determined. This problem emanates from the lack of reliable froth sampling 

techniques, particularly in conventional flotation cells. Furthermore, the parameters used 

these models are global in nature (i.e. lump all major influencing froth performance 

into one parameter). As such, it is very difficult to know what are the froth 

to bench-scale testwork, particularly from batch 

flotation cells. the most frequently asked question: what's the 

relevance of batch in predicting continuous From this observation it was 

concluded that unless a realistic froth model is developed the use of batch data in deriving 

kinetic parameters will continue to a problem. Hence, a froth recovery is 
believed to and practical, was proposed in this 
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5.2.3 Evaluation of the Proposed Froth Recovery Model and Methodology for Linking 

Batch and Continuous Froth Performance 

In work presented in this empirical froth were proposed 

and empirical model seems to describe the froth behaviour very However, 

the parameters used to be from large dynamic data which prove 

The semi-empirical approach, on other hand, uses relatively more AU''''lUH1!",J.I.U 

but cannot directly determined on continuous at this 

However, these can be from flotation tests. 

5. 1 Evaluation of model parameters using laboratory procedures 

In the case of batch an methodology of parameters is 

proposed this thesis 2). It been shown this can be used for prediction 

of continuous dynamic batch data simple In this the 

ett<~cts of pulp processes are from influence of froth Parameters that 

pulp and performances are then derived from observed A correlation 

between drainage parameter, 0>, particle was observed, which was shown to 

well described by following ex[)re~~Sl(>n 

the above a, is considered to represent water drainage rate 

under the froth conditions ~r1l;!lnIO' in the flotation cell (frother type and concentration, 

characteristics, etc), the b a proportionality constant for 

......... u ... o '" rate as a :function of size. b parameter was further as follows: 

where g is the gravitational acceleration, ps is the of the Pf is the of 

fluid, T'J is the fluid viscosity and h is froth height through which particles have to settle. 

model for describing the overall froth recovery of J.IVaI.QU!.'" particles proposed 

is therefore as follows: 

R f(i) == exp( P '" FRT ).;. [1 exp( - P '" FRT )] '" 

(i) 2 )'" FRT 
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and concentrate mass flow rates was 

batch data were used to describe 

performance. Furthermore, the results this work indicate that, in principle, 

the parameters of flotation process are known; any type of a cell may be 

designed by introducing the dimensions hydrodynamic associated with 

the equipment used. 

It must pointed out, that the nature batch froths non-steady-state 

behaviour) might introduce some limitations where the froth characteristics are changing 

rapidly flotation Scale-up of bench-scale will have a much better chance to 

succeed the laboratory commercial are carried out same type of 

continuous mode). foregoing comments do not imply proposed 

linking to continuous has no method can 

an important initial of pilot or industrial plant flotation 

and costs. methodology can also used to study the of the froth 

phase cells, which obviously enhances the current use of batch data. 

a modelling point of the proposed model can very useful 

flotation It uses the which shown to have 

great for purposes performance to industrial flotation 

cells et ai, 1998; 1998). It was demonstrated in work that the 

proposed recovery can be used to froth in complex 

systems. Issues, with regard to use of the proposed froth recovery 

equation complex flotation still need 

5.2.3.2 using plant 

Application of the proposed methodology to real ore has not \;;Ul1\;;U. At the 

moment, it is only possible to quantify the froth ""UH." .. In 

and systems for that are fully liberated and to the concentrate 

launder predominantly via true uv ...... nJu 'U,."dJlaUl"1Jl1 ... ,"'-"'" .. " from the ore system, 

froth recovery the fully liberated fractions of 

sulphide is the same. recommendations on how the findings presented above 

could advanced further are discussed in. section below. 

5.3 IMPLICATIONS OF WORK TO 

This focused on parameters derived from the data obtained using the same 

flotation cell, in terms of size and design, operated in batch and continuous Although the 
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results obtained indicated a good correlation between predicted and measured flotation performance in 

all flotation systems studied here, scaling up from laboratory batch to full-scale cells is expected 

to be difficult. With regard to the pulp phase, the floatability parameters, obtained from laboratory 

scale flotation cells is expected not to vary much when compared to the floatability values In 

full-scale flotation cells. This is most to true provided the power input, pulp density, 

chemical adsorption on the surface of the particles, particle distribution, suspension and the 

bubble area flux, are the same in both laboratory and commercial scale flotation As 

such, pulp parameters or from a laboratory batch cell data could used to 

predict flotation performance within the pulp phase in a full-scale flotation cell. 

The froth phase 

when com pared to 

derived batch cell however, are expected to vary significantly 

froth parameters expected in full-scale flotation This is because froth 

parameters derived from batch data represent an average value over the entire flotation period. 

As such, there might be some discrepancies between predicted and measured froth performance in 

full-scale In addition, there is an of froth mobility. transportation of froths into the 

launder in laboratory cells is very rapid, to bubble coalescence and on the 

On the other hand, high froth retention time found in full-scale cells might lead to significant 

bubble within froth phase, and bubble break-up on the surface. It is 

that a more detailed froth model which accounts for some the discussed above is necessary. 

This is discussed further in the recommendations section next. 

5.4 RECOMMENDATIONS 

On of study and the above conclusions, following recommendations are 

Further batch continuous testwork using a real ore system is required to 

validate and confirm findings from present study. This should include a 

comprehensive description of the response of the nonlloating material. 

Descriptive of floatability parameter, with as 

chemical adsoprtion, 

rPI"l1U'.., the number of measurements 

to considered. Such correlations will 

need to be taken for modelling purposes, 

Incorporation of the variation of froth stability with flotation time in batch tests can 

improve the correlation of and measured performance. This can 

the reliability of parameters derived from batch data. 
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As a long-term objective, extensive refinement or further development of robust froth 

and pulp phase performance equations, preferably using fundamental approaches, 

should now be seriously considered. This should include detailed description of the 

froth sub-processes, especially the rate at which' bubbles coalesce, and their 

interaction with each other. Bubble coalescence is influenced by a number of 

factors, both physical and chemical. In dynamic froths, where the froth 

transportation plays a crucial role, this phenomenon is even more complicated. 

Again, the approach that is envisaged to address this issue is to decouple physical 

and chemical factors. This approach, however, will eliminate the significance of the 

interaction of these factors. This could lead to development of unrealistic froth 

models. Above all, the challenge will be in quantifying, in a measurable manner, the 

influence of changing chemistry (i.e. frother concentration and type). It would be 

advisable to start by quantifying this in relatively simple systems. Currently, this is 

being attempted by several workers in the field of mineral processing. Better co­

ordination and collaboration among these researchers, rather than working 

individually, could well see the problem solved sooner. It is also believed that there 

are now sufficient data bases, knowledge and computer resources to at least begin 

testing comprehensive flotation process models. 

By the same token, more effort should be directed toward developing and improving 

froth sampling techniques. It is important to note that froth is not just like any other 

fluid such as liquid or uniformly mixed gas. Froth is a very complex fluid consisting 

of solids (of different types and compositions), liquid, and air. Under these 

circumstances, the sampling techniques create another dilemma in froth flotation. It 

is therefore imperative that considerable effort be put into developing better ways of 

sampling froths and measuring dynamic froth stability or froth decay. This could 

include the use of image processing techniques to extract meaningful surface froth 

information, including identification of minerals covering bubbles. This will form a 

very important part in model validation and testing in the near future. 

Another obstacle, aluded to in this work, is in quantifying froth removal efficiency. It 

is believed that this factor will playa crucial role in the scale-up of froth models 

derived using bench-scale cells to industrial cells. Generally, as the flotation cell 

volume increases, the froth removal becomes more important. As such, froth models 

should incorporate the froth removal efficiency. Therefore, more work should be 

conducted on existing plant flotation circuits to develop correlations of froth 

discharge or froth removal efficiency as a function of operating variables such as 

particle size, airflow rate, froth height, etc. To develop reliable correlations, the use 

of image analysis should be considered. Image analysis has the advantage of 

making it possible to develop correlations from large data bases. 
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Once all the above mentioned aspects of froth modelling are accomplished, it will be 

much to formulate a froth model. It is believed, however, 

that a successful froth model will be a combination of empirical correlations from 

dynamic data and mechanistic description of the froth processes. Deriving a 

fundamental froth model for describing froth influence the current flotation cell 

design types is almost impossible. The t1esir:m nature of flotation cells, which is 

essentially a mixture of a contact reactor and a froth separator, makes it very 

difficult to mathematically describe the two units together using only a fundamental 

engineering approach. 
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APPENDIX 150 TO 300 MICRONS BATCH 

Run #21 

Air Flow Rate 21/min Water pH 8 

5mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 

(8) (g) (g) (g) (g) (g) (g) (min) (%) (g) 

1 382.70 620.02 64.34 459.82 454.57 5.25 167.73 0.25 71.49 167.73 

2 363.47 572.67 24.09 \85.11 0.5 98.26 352.84 

3 374.77 588.02 0.69 212.56 0.75 99.02 565.40 
4 354.87 534.02 0.06 17909 I 99.09 744.49 

Cumulative Quartz Recovery 99.09 % Conditioning 5 min 
Cumulative Water (g) 744.49 Time 

Run #22 

31/min Water pH 8 
5 mm Adjusted pH 7 

Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 
Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before Atler Mass Mass Rec 
(g) (g) (min) (%) 

1 249.41 0.25 81,73 249.41 

2 362.02 57936 15.33 454.57 449.83 4.74 197.27 0.5 98.77 446.68 
3 345.70 550.75 023 204.82 0.75 99.02 651.50 
4 354.80 55708 0.00 202.28 I 99.02 853.78 

Cumulative Quartz Recovery 99.02 0/0 5 min 
Cumulative Water (8) 853.78 

Run #23 

4 lImin Water pH 8 
5 mm 7 

Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 
Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Betbre After Mass Mass Rec 
(min) ('Yo) 

I 0.25 85.87 217.48 
2 346.20 535.92 11.13 178.59 0.5 98.23 396.Q7 
3 356.93 535.81 0.45 178.43 0.75 98.73 574.50 

0.01 175.52 1 98.74 750.02 
98.74 % Conditioning 5 min 

75(1.(12 Time 

Run #24 

Air Flow 5 Water pH 8 
Measured Froth Depth 5 mm Ad'lJsted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 
Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 
(g) (g) (g) (min) ('Yo) 

1 363.90 745.34 0.25 89.53 300.86 
2 374.06 640.48 8.21 258.21 0.5 98.66 559.07 
3 367.77 637.12 0.29 26906 0.75 98.98 828.13 
4 369.90 630.94 0.00 261.04 98.98 1089.17 

98.98 o/e Conditioning 5 min 
1089.17 Time 
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Run#:!4 

Itif Flow Rate 61/min Water pH 8 

.Measured Froth Depth 5 mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before Aller Mass Mass Rec 

(g) (g) (g) (g) (g) (g) (8) (min) (%) (8) 

I 367.93 904.46 86.80 398.01 376.22 21.79 427.94 0.25 96.44 427.94 

2 354.87 639.46 2.09 282.50 0.5 98.77 710.44 

3 346.20 720.70 0.08 ~ 374.42 0.75 98.86 1084.86 

4 355.47 617.12 0.00 261.65 I 98.86 1346.51 

370.70 1123.10 0.00 752.40 1.5 98.86 2098.91 

Cumulative Quartz Recovery 98.86 % Conditioning 5 min 

Cumulative Water (g) 2098.91 Time 

Run #36 

Air Flow Rate 61/min Water pH 8 
5 mm Adjusted pH 7 

Sampl No Pan I Froth +- Quartz Bottle BOltle Wash Water Cum Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Belore Aller Mass Mass Ree 

(g) I (8) (g) (g) (g) (g) (g) (min) (%) (g) 

1 345.70 882.90 84.34 452.86 0.25 93.71 452.86 

2 36186 670.34 4.26 304.22 0.5 98.44 757.08 

3 369.90 746.70 0.33 376.47 0.75 98.81 1133.55 

4 360.03 630.16 0.00 270.13 1 98.81 1403.68 

355.73 913.04 0.00 557.31 1.5 98.81 1960.99 

Cumulative Quartz Recovery 98.81 % Conditioning S min 

I Cumulative Water (g) 1960.99 Time 

Run #25 

Air Flow Rate 2 IImin Water pH 8 
10 mm Adju",..:d pH 7 

I Sam pi No Pan Froth+- Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (g) (g) (g) (g) (min) (%) (g) 

! 360.03 528.66 60.45 519.87 475.67 44.20 63.98 0.25 67.17 63.98 

i 383.84 466.14 16.33 664.16 639.38 24.78 41.19 0.5 85.31 105.17 

3 370.70 423.89 6.61 527.50 511. 74 15.76 30.82 0.75 92.66 135.99 
4 371.50 442.52. 3.24 563.61 527.75 35.86 31.92 1 96.26 167.91 
5 227.80 302.83 1.41 673.60 652.28 21.32 52.30 2 97.82 220.21 

Cumulative Quartz n~w 'V'l 97.82 % Conditioning S . min 

Cumulative Water (g) 220.21 Time 

Run #4 

Air Flow Rate 3 I/min Water pH 8 
10mm Adjusted pH 7 

Sam pi No Pan Froth +- Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 
Mass Pan Mass Mass Water Time Water 

Mass Mass Before After Mass Mass Rec 
(g) . (g) (g) (g) (g) (g) (g) (min) (%) (g) 

1 361.42 650.80 80.69 525.80 501.00 24.80 183.89 0.5 89.66 183.89 
2 365.60 552.60 5.20 613.40 581.70 31.70 150.10 I 95.43 333.99 

3 354.87 472.30 1.66 499.40 474,70 24.70 91.07 1.5 97.28 425.06 

4 346.20 515,20 0.89 664.80 581.70 83.10 85.01 2.5 98.27 510,07 

5 374,84 503.20 0.32 695,40 637.80 57.60 70.44 4 98.62 580.51 

Cumulative Quartz Recovery 98.62 % Conditioning S min 
Cumulative Water (g) S80.S1 . Time 
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10mm Adjusted H 7 

Pan Froth + Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (min) (%) (g) 

363.47 544.64 551.44 539.55 11.89 101.34 0.25 75.49 101.34 

2 374.84 497.91 14.42 689.36 664.16 25.20 83.45 0.5 91.51 184.79 

3 354.87 447.65 4.82 539.10 527.50 11.60 76.36 0.75 96.87 261.15 

4 362.02 431.52 0.81 582.86 563.61 19.25 49.44 1 97.77 310.59 

5 345.70 417.63 0.64 673.60 673.60 0.00 71.29 3 98.48 381.88 

Yo 5 min 

Cumulative Water 

Run #27 

Air Flow Rate 4 Ilmin Water pH 8 

Measured Froth Depth 10 mm iArlill~terl pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (g) (g) (g) (g) (min) (%) (g) 

1 355.73 565.37 76.76 539.55 531.01 8.54 124.34 0.25 85.29 124.34 

2 346.20 483.56 7.40 664.16 664.16 0.00 129.96 0.5 93.51 254.30 

3 358.95 489.42 3.54 126.93 0.75 97.44 381.23 

4 351.80 450.62 0.78 98.04 1 98.31 479.27 

5 364.30 537.23 0.49 172,44 2 98.86 651.71 

Cumulative Quartz ,,,,","v ''"'J 98.86 "/0 ~ 5 min 

Cumulative Water (g) 651.71 

Run #28 

Air Flow Rate 5 Ilmin Water pH 8 

Measured Froth Depth 10mm Adj 7 

Sampl No Pan Froth + Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (g) ( ) (min) (%) (g) 

I 374,43 531.01 519.90 11.11 146.80 0.25 87.09 146.80 

2 369.90 551.11 172.92 0.5 96.30 319.72 

3 367.93 571.82 1,40 202.49 0.75 97.86 522.21 

4 367.72 531.95 0.56 163.67 1 98.48 685.88 

5 367.27 582.42 0.63 214.52 2 900.40 

Run #29 

Air Flow Rate 61/min Water pH 8 
Measured Froth Depth 10 mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 
Mass Pan Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 
(g) (g) (g) (g) (g) (g) (g) (min) (%) (g) 

I 361.86 619.76 80.74 177.16 0.25 89.71 177.16 

2 365.20 582.08 6.29 210.59 0.5 96.70 387.75 

3 365.70 568.58 1.10 201.78 0.75 97.92 589.53 

4 374.27 547.74 0.19 173.28 I 98.13 762.81 

5 371.98 871.86 0.37 499.51 2 98.54 1262.32 

Cumulative Quartz Recovery 98.54 '% lC:onditioninp' 5 min -0 

Cumulative Water (g) 1262.32 Time 
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R #30 un 
Air Flow Rate 21/min Water pH 8 

~easuredFroth J)epth 25 mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 

~ass Pan ~ass ~ass Water Time Water 

Mass ~ass Before After ~ass ~ass Rec 

(g) (g) (g) (g) (g) (g) (min) (%) (g) 

! 363.47 433.12 19.75 475.63 449.28 26.35 23.55 0.25 21.94 23.55 

2 383.84 429.26 11.51 639.36 625.28 14.08 19.83 0.5 34.73 43.38 

3 370.70 408.70 5.14 511.70 489.26 22.44 10.42 0.75 40.44 53.80 

4 373.42 417.39 6.23 527.73 510.30 17.43 20.31 I 47.37 74.11 

5 345.70 427.42 4.94 652.26 584.76 67.50 9.28 2 52.86 83.39 

Cumulative Quartz Recovery 52.86 % If". .. 
5 min 

Cumulative Water (g) 83.39 ITime 

I 358.95 452.85 31.03 435.22 14.06 48.81 0.25 34.48 

2 346.20 433.64 23.68 625.28 604.42 20.86 42.90 0.5 60.79 91.71 

3 354.82 431.38 9.56 489.26 475.26 14.00 53.00 0.75 71.41 144.71 

4 451.74 9.67 510.30 495.44 14.86 64.59 I 82.16 209.30 

5 324.84 474.78 2.09 584.76 494.28 90.48 57.37 2 84.48 266.67 

Cumulative Quartz Recovery 84.48 % 5 min 

Cumulative Water (g) 266.67 

8 

7 

Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass ~ass Water Time Water 
Mass ~ass Before After ~ass Mass Rec 
(g) (g) (g) (g) (min) (%) (g) 

I 367.93 515.66 40.06 43S.22 409.77 25.45 82.22 0.25 44.51 82.22 

.2 351.80 485.28 17:11 604.42 587.39 17.03 99.34 0.5 63.52 181.56 

3 364.30 533.59 14.16 155.13 0.75 79.26 336.69 
4 374.43 455.39 6.50 74.46 86.48 411.15 
5 369.90 451.74 2.92 494.28 465.14 ·29.14 49.78 2 89.72 460.93 

very 89.72 % 5 min 
) 460.93 

Bottle Wash Water Cum Cum 
Mass Pan ~ass ~ass Water Time Quartz Water 

~ass ~ass Before After ~ass ~ass Rec 
(g) (min) (%) (g) 

100.16 0.25 61.39 100.16 
2 355.47 581.14 10.71 214.96 73.29 315.12 

3 367.17 571.31 15.06 189.08 0.75 90.02 504.20 

4 367.72 453.89 2.59 83.58 1 92.90 587.78 
5 221.80 368.04 1.76 465.14 461.63 3.51 140.97 2 94.86 728.75 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendices 179 

Run #35 

Air Flow Rate 6 IImin 8 

Measured Froth Depth 25 mm 7 

Sampl No Pan Froth + Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Mass Mass Water' Time Water 

Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (g) (min) (%) (g) 

345.70 642.90 61.67 27.60 207.93 0.25 68.52 207.93 

2 361.86 635.34 9.62 263.86 0.5 79.21 471.79 

3 369.90 558.99 7.68 181.41 0.75 87.74 653.20 

4 360.03 558.31 3.53 194.75 I 91.67 847.95 

5 355.73 600.12 2.66 241.73 2 94.62 1089.68 

94.62 0/0 Conditioning 5 min 
1089.68 Time 
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Run#S 

Air Flow Rate 3 I/min Water pH 8 

Measured Froth Depth 40 mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Dry Mass Mass Water' Time Quartz Water 

Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (g) (g) (g) (g) (min) (%) (g) 

1 365.60 473.30 22.04 454.54 407.06 47.48 38.18 0.5 24.49 38.18 

2 374.84 483.76 16.98 543.20 509.00 34.20 57.74 1 43.36 95.92 

3 354.87 438.40 11.43 407.60 376.82 30.78 41.32 1.5 56.06 137.24 

4 378.74 473.75 8.08 387.80 315.10 72.70 14.23 2.5 65.03 151.47 

Cumulative Quartz Recovery 65.03 % Conditioning 5 min 

Cumulative Water (g) 151.47 Time 

Run #17 

Air Flow Rate 4 IImin Water pH 8 

Measured Froth Depth 40 mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (g) (g) (g) (g) (min) (%) (g) 

I 374.27 581.57 56.71 0.00 150.59 0.25 63.01 150.59 

2 363.47 495.02 11.00 0.00 120.55 0.5 75.23 271.14 

3 382.70 505.78 7.22 0.00 115.86 0.75 83.26 387.00 

4 371.50 480.81 5.11 0.00 104.20 1 88.93 491.20 

370.51 546.64 8.04 484.28 477.91 6.37 161.72 2 97.87 652.92 

Cumulative Quartz Recovery 97.87 % Conditioning 5 min 

Cumulative Water (g) 652.92 Time 

Run #14 

Air Flow Rate 41/min Water pH 8 

Measured Froth Depth 40 mm 
.~. 

Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 
(g) (g) (g) (g) (g) (g) (g) (min) (%) (g) 

I 361.42 545.20 49.33 509.00 476.30 32.70 10 I. 75 0.5 54.81 101.75 

2 362.02 498.60 17.90 0.00 118.68 1 74.70 220.43 
3 345.70 474.80 6.84 653.20 607.00 46.20 76.06 1.5 82.30 296.49 
4 346.20 387.00 1.95 583.80 553.20 30.60 8.25 2 84.47 304.74 

Cumulative Quartz Recovery 84.47 % Conditioning 5 min 
Cumulative Water (g) 304.74 Time 

Run#S 

Air Flow Rate 6 IImin Water pH 8 
Measured Froth Depth 40 mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 
Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 
(g) (g) (g) (g) (g) (g) (g) (min) (%) (g) 

1 346.20 714.80 73.56 0.00 295.04 0.5 81.73 295.04 
2 345.70 651. 70 7.73 0.00 298.27 1 90.32 593.31 
3 358.95 511.30 3.74 0.00 148.61 1.5 94.48 741.92 
4 370.30 509.20 0.94 0.00 137.96 3 95.52 879.88 

Cumulative Quartz Recovery 95.52 % Conditioning 5 min 
Cumulative Water (g) 879.88 Time 
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Run #15 

Air Flow Rate 4 

Measured Froth Depth 50 mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash' Water Cum Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Water 

Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (g) (min) (%) (g) 

1 365.70 461.22 27.18 0.00 68.34 0.25 30.20 6834 

2 371.50 418.40 5.78 0.00 41.12 0.5 36.62 109.46 

3 382.70 418.74 4.47 0.00 31.57 0.75 41.59 141.03 

4 370.51 399.20 4.66 0.00 24.03 I 46.77 165.06 

5 374.27 409.55 239 512.88 484.30 28.58 4.31 2 49.42 169.37 

uartz Recovery 49.42 0/0 5 min 

169.37 Time 

Run #16 

Air Flow Rate 5 I/min Water 8 

Measured Froth Depth 50 mm Adjusted pH 7 

Sampl No Pan Froth + Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Mass Mass Water Time Water 

Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (%) 

I 365.60 540.63 38.78 0.00 136.25 0.25 43.09 136.25 

2 367.93 467.43 13.06 0.00 86.44 0.5 57.60 222.69 

3 367.72 470.69 14.62 0.00 8835 0.75 73.84 311.04 

4 354.87 419.66 8.29 0.00 56.50 1 83.06 367.54 

374.72 460.51 3.01 543.79 485.76 58.03 24.75 2 86.40 392.29 

Run #7 

Air Flow Rate 61/min Water pH 8 
Measured Froth Depth 50 mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 
Mass Pan Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 
(min) 

1 0.00 281.38 0.5 56.78 281.38 
2 374.84 635.10 18.61 0.00 241.65 I 77.46 523.03 

3 354.87 449.10 7.84 0.00 86.39 1.5 86.1 7 609.42 
4 378.74 514.60 1.72 0.00 134.14 3 88.08 743.56 
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3 pH 

20 mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flo! Cum Cum 

Mass Pan Dry Mass Mass Water Time Water 

Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (g) (g) (g) (min) (%) 

1 378.74 626.40 52.64 0.00 195.02 I 58.49 195.02 

2 367.72 568.10 16.14 0.00 184.24 2 76.42 379.26 

3 354.87 472.20 4.60 0.00 112.73 3 81.53 491.99 

4 346.20 554.60 3.59 0.00 204.81 5 85.52 696.80 
% Conditioning 5 min 

696.80 Time 

Run#18 

Air Flow Rate 41/min Water pH 8 

20 mm Adjusted pH 7 

Sam pi No Pan Froth + Quartz Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (g) (g) (g) (g) (min) (%) (g) 

1 365.60 579.04 75.82 485.73 478.76 6.97 130.65 0.25 84.24 130.65 

2 367.72 559.03 8.73 0.00 182.58 0.5 93.94 313.23 .. 367.93 543.57 2.67 0.00 172.97 0.75 96.91 486.20 .) 

4 354.87 508.87 0.40 0.00 153.60 I 97.36 639.80 

5 374.72 709.98 1.06 0.00 334.20 2 98.53 974.00 

Cumulative Quartz Recovery 98.53 % ~ .. 5 min 

Cumulative Water (g) 974.00 

Run #13 

4 IImin 8 
20mm 7 

Sampl No Pan Froth + Bottle Bottle Wash Water Cum Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Water 
Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (g) (g) (g) (min) (%) 

I 363.90 630.80 64.87 0.00 202.03 0.5 72.08 202.03 

2 374.06 611.30 9.12 0.00 228.12 I 82.21 430.15 

3 354.87 570.10 0.00 207.26 1.5 91.07 637.41 
4 374.84 505.00 2.55 0.00 127.61 2 93.90 765.02 
5 370.30 486.65 1.35 0.00 115.00 3 95.40 880.02 

Cumulative Recovery 95.40 % Conditioning 5 min 
Cumulative Water 880.02 Time 

Run #9 

Air Flow Rate 61/min 8 
Measured Froth 20 mm 7 

Sampl No Pan Froth + Quartz Bottle Bottle Water Cum Flot Cum Cum 
Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec 
(g) (g) (g) (g) (g) (g) (min) (%) (g) 

I 368.10 885.20 82.81 0.00 434.29 0.5 92.01 434.29 
2 346.20 768.20 4.14 0.00 417.86 1 96.61 852.15 
3 345.70 592.40 0.80 0.00 245.90 1.5 97.50 1098.05 
4 374.84 557.60 0.05 0.00 182.71 2 97.56 1280.76 
5 354.87 549.10 0.00 0.00 194.23 3 97.56 1474.99 

Cumulative Quartz Recovery 97.56 % 5 min 
Cumulative Water (g) 1474.99 
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LABORATORY DATA USING THE NOMONALLY 75% 
PASSING 106 MICRONS MATERIAL 

B-1: Batch data 

Continuous data 

Batch with wash water 
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LABORATORY DATA USING THE NOMINALLY 
75% PASSING 106 MICRONS FRACTION MATERIAL 

Run #9 

3 I/min Water pH 8 

5 mm pH 7 

No Pan Froth + Bottle Bottle Wash Water Flat Cum Cum 

Mass Pan Mass Mass Water Time Quartz Water 

Mass Mass Before. After Mass Mass Rec 

(g) (g) (g) (g) (min) (g) 

351.52 714.60 170.06 567.21 563.17 4.04 188.98 0.5 56.69 188.98 

2 367.85 566.01 78.13 565.33 547.45 17.88 102.15 I 82.73 291.13 

3 365.70 583.96 34.77 530.74 530.59 0.15 183.34 2 94.32 474.47 

4 355.70 449.32 6.26 558.36 554.63 3.73 83.63 3 96.41 558.10 

433.79 2.09 570.74 543.98 26.76 34.50 5 97.10 

97.10 % 5 min 
592.60 

Run #10 

4 IImin Water pH 8 

Measured Froth Depth :; mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Flat Cum Cum 

Mass Pan Dry Mass Mass Water Time Water 
. Mass Mass Before After Mass Mass Rec 

(g) (g) (g) (g) (g) (g) (min) (%) (g) 

1 345.57 737.04 162.10 563.17 560.68 2.49 226.88 0.5 54.03 226.88 

2 361.93 574.83 17.80 547.45 513.09 34.36 160.74 1 59.97 387.62 

3 378.13 606.44 39.60 530.59 498.97 31.62 157.09 2 73.17 544.71 

4 378.77 609.14 9.98 554,63 523.31 31.32 189.07 3 76.49 733.78 
5 221.61 467.48 4.58 543.98 435.63 \08.35 132.94 5 78.02 866.72 

Cumulative Quartz Recovery 78.02 % Conditioning 5 min 
Cumulative Water (g) 866.72 Time 
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SamplNo 

Cumulative Quartz Recovery 
(:umulat!veW uter(gj 

··················66:-74 

67.36 

min 

Page 186 

Cum 
Water 

250:72--
25LlO 
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18.66 

10.72 

17.02 

13.8 

5.89· 15.78 

5.76 20.64 

#2 
45 to 75 
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45 to 75 

35.76 
----+---------!---~-----+--------

21.54 
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B-2: data 

OPERATING CONDITIONS FEED CONCENTRATE TAilS ,- .. _-
Test roth heigt Airflow % Solids Waterflow oUds Flo Total % Solids Water flow olids Flo Total % Solids Waterflow olids Flo Total 

(em) (Umin) (g'g) (g/min) ~ (g/min) (gIg) (g/lTlilll (g/min) (g/min) (gig) (g/min) (g/min) (g/min) 
23 0.5 4 6.02 830.6 61.6 892.2 19.31 207.7 49.7 257.4 1.88 623.5 11.9 635.4 
8 0.8 4 2.56 1075.9 68.9 1144.8 13.09 344.2 51.8 396.0 2.29 731.7 17.1 748.8 

42 1 4 6.76 1207.3 31.7 1239.0 11.10 196.3 24.5 220.8 0.71 1011.0 7.2 1018.2 
24 1.5 4 3.26 807.8 58.6 866.4 12.18 215.0 29.8 244.8 4.63 592.8 28.8 621.6 
43 2 4 6.75 977.5 32.9 1010A 13.12 88.1 13.3 101.4 2.16 888.8 19.6 908.4 
4 0.5 5 6.53 1044.6 . 75.6 1120.2 15.24 286.8 51.6 338.4 3.08 757.7 24.1 781.8 
22 0.5 5 3.83 701.6 49.0 750.6 11.90 192.4 26.0 218.4 4.33 508.6 23.0 531.6 
35 0.5 5 7.11 948.6 . 37.8 986.4 8.60 361.4 34.0 395A 0.64 587.8 3.8 591.6 
9 0.8 5 7.31 1069.0 81.8 1150.8 13.20 405.2 61.6 466.8 2.95 663.2 20.2 683.4 
25 1 5 2.33 830.3 895.8 10.82 305.5 37.1 342.6 5.14 524.8 28.4 553.2 
41 1 5 6.60 1133.4 27.0 1160.4 8.43 245.0 22.6 267.6 0.50 886.3 4.5i 892.8 
40 1 5 2.42 1247.7 30.9 1278.6 12.55 174.2 25.0 199.2 0.55 1073.5 5.9 1079.4 
15 2 5 6.60 583.9 625.2 10.34 344.3 39.7 364.0 0.63 239.7 1.5 241.2 
3 0.5 6 7.42 1139.8 91.4 1231.2 16.07 436.6 83.6 520.2 1.09 703.3 7.7 711.0 

26 1 6 5.70 534.1 32.3 566.4 12.80 148.6 21.8 170.4 2.64 385.5 10.5 396.0 
11 2 6 3.24 1135.0 38.0 1173.0 4.87 395.0 20.2 415.2 2.35 740.6 17.8 758.4 
16 2 6 7.43 1026.4 82.4 1108.8 11.16 449.4 56.4 505.8 4.30 577.1 25.9 603.0 
36 2.5 6 2.34 1036.0 24.8 1060.8 8.66 118.9 11.3 130.2 1A6 917.0 13.6 930.6 
27 1 7 3.30 493.2 16.8 510.0 12.00 52.8 7.2 60.0 0.94 445.8 . 4.2 450.0 
30 1 7 3.83 820.5 32.7 853.2 11.20 207.3 26.1 233.4 1.05 613.3 6.5 619.8 
13 2 7 1.83 1326.5 24.7 1351.2 7.61 113.1 9.3 122.4 1.25 1213.4 15A 1228.8 
2 0.5 8 7.20 564.0 43.8 607.8 11.95 291.6 39.6 331.2 1.50 272.5 4.1 276.6 
19 0.5 8 6.34 504.6 34.2 538.8 14.83 158.4 27.6 186.0 1.86 346.2 6.6 352.8 
32 0.5 8 3.24 780.3 26.1 806.4 5AO 444.4 25.4 469.8 0.23 336.4 0.8 337.2 
31 1.5 8 3.30 779.2 26.6 805.8 10.92 177.4 21.8 199.2 0.80 601.7 4.9 606.6 
18 2 8 6A1 498.6 34.2 532.8 24.00 84.4 26.6 111.0 . 1.77 414.3 7.5 421.8 
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Particle Sizes 

Feed Distribution , I j I I .. i- ..... j Conc Particle Size Distribution ! I j I 

Run sub 10 10 to 25 251045 451075 75 to 106 plus 106 Run sub 10 10 to 25 25 to 45 45 to 75 7510106 plus 106 
1 7.79 9.44 14.68 18.93 24.61 24.56 1 6.66 7.82 12.85 17.32 23.6 31.76 
2 8.43 10.28 13.59 15.7 21.74 30.25 2 8.05 10.33 13.88 15.77 21.2 30.73 
3 7.65 8.88 13.43 17.7 24.23 28.07 i 3 7.81 9.8 14.67 17.74 22.86 27.14 I 

4 8.19 10.17 14.67 17.58 22.43 26.97 [ 4 7.32 9.28 13.77 17.16 23.11 29.35 
5 7.57 9.31 13.16 16.37 22.9 30.72 

.. - _. . t 
5 8.18 1003 1506 17.5 21.34 27.9 i 

6 8.58 10.26 14.62 17.61 22.6 26.35 .. ! ...... -_ .. - 6 7.72 9.5 13.8 16.91 22.82 29.25 
7 8.85 10.38 14.58 17.45 22.34 26.39 

- - ••. * 

i 7 7.65 9.14 13.78 17.43 22.96 29.06 
8 8.53 9.67 13.24 16.41 22.75 29.4 I 8 8.82 10.51 14.89 17.61 22.23 25.94 ! -,"---_ .. -
9 7.8 9.92 14.84 18.03 23.05 26.36 I 9 7.17 8.37 12.27 16.1 23.3 32.78 

10 9.38 12.03 18.41 20.63 22.44 17.09 
.. -- - ,----- -- . 10 7.5 9.65 15.03 18.49 23.27 26.1 

11 13.64 17.53 2308 20.79 16.03 8.94 

I 
11 13.29 16.68 22.13 20.61 17.37 9.91 

12 18.01 22.1 25.13 18.87 11.46 4.44 12 15.48 20.35 24.77 19.97 13.55 5.88 
13 18.12 23.22 26.59 18.21 9.84 4.04 13 19.59 24.74 26.03 17.13 9.24 3.23 
14 10.66 11.7 13.52 14.69 19.31 30.14 

... i -
14 10.31 11.6 13.85 14.96 19.22 30.04 I 

15 11.95 13.16 14.73 14.42 17:74 27.96 -- ----·T~- ...... - . 15 11.28 12.55 14.3 14.83 18.62 28.42 
16 10.61 11.25 13.13 14.48 18.98 31.55 I 16 11.26 12.31 13.74 14.44 18.33 29.32 
17 11.31 11.71 13.3 14.16 18.49 31.04 

-- - -~- .. _--;---_ .. _--- ----
17 9.22 10.71 12.7 14.11 19.18 34.05 

18 11.67 12.66 14.57 14.99 18.63 27.46 
- ----------- i--- - -----. 

18 9.99 11.48 13.54 14.94 19.99 30.04 
19 11.48 12.64 14.28 14.99 19.24 27.39 

---- --------1- --"-.-------.-

19 10.48 12.49 14.64 15.53 20.05 26.82 
20 10.95 12.22 14.22 15.39 19.84 27.38 

- _._ .. --; ........... -- ... 

20 10.97 12.74 14.95 15.53 19.44 26.38 
21 11.13 12.24 14.03 14.79 19.04 28.79 

.. -- - """-'1-' -_. --.... _-
21 9.97 10.66 12.65 14.37 19.11 33.27 

22 11.04 12.15 13.66 14.25 18.39 30.48 -----------r---- ----- 22 11.38 12.61 13.82 14.02 17.89 30.27 
23 11.01 11.44 12.84 13.93 18.76 31.98 

- .- --- -_._- 1-- -- 23 10.04 11.34 13.3 14.44 19.08 31.78 
24 11.25 12.48 14.23 14.39 18.01 29.62 I ..... 

24 10,47 11,49 13 13.91 18.28 32.87 
- - - ---- --------

25 11.36 11.97 13.4 14.32 18.93 30 25 10.7 1206 13.98 14.92 19.38 28.96 
._- -- . - -

26 13.58 14.11 15.84 16.42 19.52 20.47 26 1286 14.06 15.22 15.15 18.66 24.05 
--- .------ ----- ----------_ .. -

27 18.45 19.47 20.84 17.44 14.3 9.47 27 14.13 16.82 19.5 18.07 17.97 13.45 
-----------

28 7.63 8.05 11.81 14.95 20.23 37.35 28 5.9 6.6 9.77 13.16 19.86 44.72 
29 13.73 11.25 12.87 12.21 12.89 37.04 

-_. - ----"------ -
29 5.64 6.63 9.5 12.77 20.03 45.4 

<-

30 6.78 7.62 11.74 15.58 22.03 36.25 3D 7.08 8.68 12.19 15.4 21.67 35 
---- --- ---- -_. --- -- _.-

31 7.42 8.21 11.34 14.55 20.92 37.53 31 6.99 8.54 12.09 15.57 21.92 34.86 
32 7.05 8.75 12.54 15.17 20.99 35.52 -- T-------

32 7.6 8.97 12.59 15.6 21.65 33.E 
- ------- -- ___ I -_. -

33 7.48 8.03 10.45 13.44 20.36 40.22 33 6.85 7.95 11.34 15.03 21.64 37.21 
- ... _-.- ----- _. _. 

34 7.87 8.45 11.16 14.11 20.27 38.11 34 6.73 7.71 11.05 14.47 20.77 39.2i 
----"-

35 8.1 8.97 12.25 15.13 21.38 34.18 35 7.15 8.63 12.32 15.34 21.04 35.5! 
36 10.67 12.25 18.29 19.55 20.55 18.65 i 36 10.91 12.63 17.38 18.77 20.73 19.5~ 

37 7.96 8.89 13.22 16.39 21.13 32.45 , 37 7.04 8.49 13.04 16.82 22.78 31.8: 
.- --- -

38 7.81 9.14 13.81 17.33 22.52 29.39 38 8.08 9.92 15.49 18.56 22.62 25.3' 
39 7.61 8.76 14.33 17.67 21.77 29.82 

.. --"-----r" 
39 7.57 8.71 13.27 16.87 22.19 31.3! i 

40 7.65 8.23 12.55 16.38 21.77 33.42 \ 40 7.79 9.28 14.39 17.83 22.27 28.4: 
41 6.63 6.97 11.76 16.73 22.46 35.46 ! 41 8.05 9.26 13.61 16.88 21.69 30.5-, 
42 7.15 7.89 11.97 16.1 21.72 35.19 

... 
i 42 6.65 7.87 12.43 16.74 22.8 33.5 

43 7.55 9.67 12.59 15.81 21.71 32.6~ 
-

I 43 7.16 8.57 12.52 16.33 22.19 33. 
-
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B-3 Batch with wash water 

Masses 

Run #30 

Air Flow Rate 4 IImin Water pH 8 

Measured Froth Depth Varied b/w 30 & 5 mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec Rec 

(g) (g) (g) (g) {g) (g) (g) (min) (%) (%) 

I 360.70 742.48 92.67 566.10 563.43 2.67 286.44 0.17 30.89 10.61 

2 367.30 582.30 52.44 560.40 540.35 20.05 142.51 0.5 48.37 15.89 

3 363.10 529.90 40.58 555.58 514.19 41.39 84.83 1 61.90 19.03 

4 358.70 519.26 25.87 547.17 513.94 33.23 101.46 1.5 70.52 22.79 

5 351.30 605.47 10.13 554.83 527.43 27.40 216.64 2 73.90 30.81 

6 368.\0 628.63 5.21 255.32 2.5 75.63 40.27 

7 361.43 622.71 3.15 258.13 3 76.68 49.83 

Cumulative Quartz Recovery 76.68 0/0 Conditioning 5 min 

Cumulative Water (g) 1345.33 Time 

Run #31 

Air Flow Rate 5 IImin Water pH 8 

Measured Froth Depth Varied b/w 30 & 5 mm Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec Rec 
(g) (g) (g) (g) (g) (g) (g) (min) (%) (%) 

1 375.95 639.33 96.36 563.43 552.76 10.67 156.35 0.17 32.12 5.79 

2 363.27 588.29 59.88 540.35 509.46 30.89 134.25 0.5 52.08 10.76 

3 350.80 572.30 41.58 514.19 431.60 82.59 97.33 1 65.94 14.37 
4 376.30 524.67 20.23 513.94 479.65 34.29 93.85 1.5 72.68 17.84 
5 370.16 583.51 12.17 527.43 465.90 61.53 139.65 2 76.74 23.02 
6 369.70 595.63 6.47 219.46 2.5 78.90 31.14 
7 357.40 583.50 3.99 222.11 3 80.23 39.37 

Cumulative Quartz Recovery 80.23 % Conditioning 5 min 
Cumulative Water (g) 1063.00 Time 
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Run #32 

Air Flow Rate 6 IImin Water pH 8 

Measured Froth Depth Varied b/w 30 & 5 mm I Adjusted pH 7 

Sampl No Pan Froth + Quartz Bottle Bottle Wash Water Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Water 

Mass Mass Before After Mass Mass Rec Rec 

(g) (g) (g) (g) (g) (g) (g) (min) (%) (%) 

I 361.54 701.49 107.95 552.76 541.51 11.25 220.75 0.17 35.98 8.18 

2 368.52 639.46 62.48 509.46 488.54 20.92 187.54 0.5 56.81 15.12 

3 351.30 607.40 36.28 595.95 509.11 86.84 132.98 I 68.90 20.05 

4 358.70 516.89 14.59 479.65 443.17 36.48 107.12 1.5 73.77 24.01 

5 363.10 582.34 13.78 465.90 374.39 91.51 113.95 2 78.36 28.23 

I 
6 367.30 532.32 8.96 156.06 2.5 81.35 34.01 

7 366.70 568.62 5.13 196.79 3 83.06 41.30 

Cumulative Quartz Recovery 83.06 0/0 Conditioning 5 min 

Cumulative Water (g) 1115.19 Time 

Run #33 

Air Flow Rate 7 IImin Water pH 8 

Measured Froth Depth Varied b/w 30 & 5 mm . Adjusted pH 7 

ISamiliNo Pan Froth + Quartz Bottle Bottle Wash Water Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec Rec 

(g) (g) (g) (g) (g) (g) (g) (min) (%) (%) 

I 345.60 683.19 113.15 541.51 538.17 3.34 221.10 0.17 37.72 8.19 

2 377.50 627.70 60.70 488.54 459.03 29.51 159.99 0.5 57.95 14.11 

3 355.00 589.39 38.07 509.11 408.61 100.50 95.82 I 70.64 17.66 

4 367.40 509.49 19.98 443.17 401.95 41.22 80.89 1.5 77.30 20.66 

5 377.10 612.14 12.07 374.39 298.76 75.63 147.34 2 81 26.12 
I 6 351.63 533.06 4.99 176.44 2.5 82.99 32.65 

7 365.53 583.25 3.16 214.56 3 84.04 40.60 

Cumulative Q : Reco.v" 84.04, % ICOnditiOning 5 min 
Cumulative Water (g) 1096.14 Time 
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Run #34 

8 I/min Water 8 

ured Froth Depth Varied b/w 30 & 5 mm Adjusted 7 

No Pan Froth + Quartz Bottle Bottle Wash Water Flot Cum Cum 

Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec Rec 

(g) (g) (g) (g) (g) (min) (%) (%) 

1 366.70 754.\5 127.95 538.17 527.84 10.33 249.17 0.17 42.65 9.23 

2 365.53 628.14 65.60 459.03 439.02 20.01 177.00 0.5 64.52 15.78 

3 351.63 577.09 20.57 408.61 324.63 83.98 120.91 I 71.37 20.26 

4 377.10 517.07 8.07 401.95 371.02 30.93 100.97 1.5 74.06 24.00 

5 368.40 572.48 10.11 298.76 224.74 74.02 119.95 2 77.43 28.44 

6 355.00 511.90 7.48 149.42 2.5 79.93 33.98 

7 377.50 542.68 4.41 160.77 3 81.40 39.93 

Cumulative Quartz Recovery 81.40 % 5 min 

Cumulative Water (g) 1078.19 

Run #35 

Air Flow Rate 3 IImin Water pH 8 

Measured Froth Depth Varied b/w 30 & 5 mm Adjusted pH 7 

Samp[ No Pan Froth + Quartz Bottle Bottle Wash Water Flat Cum Cum 

Mass Pan Dry Mass Mass Water Time Quartz Water 

Mass Mass Before After Mass Mass Rec Rec 

(g) (g) (g) (g) (g) (g) (g) (min) (%) (%) 

I 367.30 580.56 68.60 527.84 517.47 10.37 134.29 0.17 22.87 4.97 

2 363.10 606.81 71.78 439.02 424.43 14.59 157.34 0.5 46.79 10.80 

3 358.70 569.20 4\.60 324.63 260.58 64.05 104.85 I 60.66 14.68 
4 351.30 464.07 21.16 371.02 .31 29.7\ 61.90 1.5 67.71 16.98 
5 361.41 514.99 21.74. 436.31 368.58 67.73 64.11 2 74.96 19.35 

6 357.40 504.03 10.52 136.11 2.5 78.47 24.39 
7 369.70 553.97 5.28 178.99 3 80.23 31.02 

-, Yo IConditioning 5 min 
Cumulative Water (g) 837.59 Time 
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C: CALCULA nON OF THE SAUTER MEAN BUBBLE DIAMETER 

According to Tucker et a/ (1994), the Sauter Mean diameter is calculated as follows: 

where is the total volume of bubbles collected in burette {ml} and Ab is the total bubble surface area measured by the 
bubble sizer 

Alternatively, the Sauter Mean diameter can be determined from the following .. Yr'r"~~1 (8arigou and 1992): 

= 

where d; is the equivalent <;nnerll':l'Il bubble diameter and n is the size number of bubbles), 
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SAMPLE CALCULATION 
FROM 

(I) Mass Balancing 

Particle size classification chosen is indicated in Table D.1. Feed concentrate samples were 
by Three batch tests conducted at froth heights and at an air flowrate 6 

litres/min are to illustrate how mass distributions for batch tests were calculated (Table 
D.2). To illustrate how mass balance each batch test was conducted, Run#8 is used below to 
calculate masses, on basis, per flotation time (Figure). 

Run number Froth collection 
time interval 

(min) 
#12 0.5 

0.5 
I 
I 
2 

Head 

#8 0.5 
0.5 
1 
1 
2 

Head 
#4 1 

] 

I 
1 
1 

Head 

Table D-l Particle size classification 

1 
2 
3 

Size 4 
Size 5 

6 

Table D-2 

Size 1 Size 2 

5.84 11.76 
. 3.6:3 7.59 
2.34 i 4.57 
0.64 1.16 
0.57 0.89 
15.21 29.37 

5.78 11.33 
3.61 7.46 
1.76 3.71 
0.54 1.15 
0.62 1.24 
15.69 31.89 
5.94 12.35 
1.75 3.82 
0.74 1.69 
0.29 0.88 
0.21 0.51 
18.75 38.28 

Size range (Ilm) 

Sub 10 
10 to 
25 to 

to 
75 to 106 
plus 106 

Batch data 

Concentrate Masses 

Size 3 Size 4 Size 5 

22.06 36.46 53.52 
12.35 15.25 17.17 
5.49 5.39 5.18 
1.13 0.93 0.8 
0.7 0.45 0.3 

45.21 59.94 76.59 

19.11 28.15 38.72 
11.67 14.05 15.61 
4.64 4.56 4.51 
1.46 1.63 1.89 
1.53 1.71 1.96 

46.98 60.27 75.39 
17.53 20.27 23.77 
5.16 5.41 5.57 
2.23 2.30 2.34 
1.37 1.42 1.3 
0.71 0.76 0.79 

52.35 60.03 68.85 

Size 6 Water (g) I 

56.40 I 330.06 
12.14 155.95 
3.57 202.53 
0.52 179.05 
0.15 413.71 

73.71 

37.81 153.49 
11.l2 107.28 
3.15 41.93 
1.74 12.64 
1.64 12.11 

69.72 
22.18 106.84 
4.02 27.25 
1.63 12.8 
0.74 8.22 
0.54 

I 
2.18 

61.68 



University of Cape Town

Size Mass 
(g 

I 6 .. 
20.56 2 13.09 
27.87 3 16.19 
32.12 4 18.07 
36.67 5 21.07 
31.91 6 20.79 

Size I Mass Size Mass 
(g) 

I 1 1.76 
11.33 2 746 2 3.71 
19.11 3 11.67 3 4.64 
28.15 4 14.05 4 4.56 
38.72 5 15.61 5 4.51 
37.81 6 11.12 6 3.15 

D-l 

Size Mass Size 
(g) 

1 4.54 1 
2 938 2 
3 11.56 3 
4 13.51 4 
:; 16.56 5 
6 17.64 6 

'---

Size I Mass 
(g) 

I 0.54 
2 1.15 
3 1.46 

1.63 
1.89 
1.74 

Mass Balance of a batch test data 

Mass 
(g) 
4.00 
8.24 
10.09 
11.88 
14.66 
15.90 

Size 

I 
2 
3 
4 
5 
6 

Mass 
(g) 
0.62 
1.24 
1.53 
1.71 
1.96 
1.64 

Size I Mass 
(g) 

1 \3.37 
2 7.00 
3 8.56 

10.17 
12.70 
14.26 

Page 200 
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(II) Measured Parameters 

In addition to the mass distributions flotation intervals, the .. ",,.,r.rr,,,t1 in 
were either or calculated measurable variables ...... ,"' .... data from Run#8 is used as 
an example. 

Table D-3 Measured parameters 

Cell No. L Qconc FRT 
"Interval" (min) (cm3/min) (min) (%) 

1 0.5 32. 411.38 0.12 12.22 
2 0.5 32.40 2.5 50.50 261.61 0.19 5.78 
3 I 32.40 2.5 50.50 50.20 1.00 7.50 
4 I 32.40 2.5 50.50 15.76 3.20 6.63 
5 2 ·32.40 2.5 50.50 7.67 6.58 15.32 

Comments: 

L is approximated by the tlotation time interval. db, Sb, h and V f were assumed to be constant. The mean bubble size 

was measured using the UCT bubble sizer in the presence of water and frother only. It was assumed that the bubble size 

does not with tlotation time. Sb is described by the following equation: 

where the superficial gas velocity, was calculated by diving the cross-sectional area of the cell with the air tlowrate. 

Effective froth volume, was calculated the lU •.• U.,,,. equation: 

where is the effective cross-sectional area of the tlotation cell (\84 cm2
), h is the operating froth and gg is the 

gas hold-up, calculated to be 90%, (estimat!;:d data from Goodall, 1992). 

Concentrate slurry volumetric tlowrate, Qcone,was calculated dividing the measured concentrate volume with 

the collection time period. Water recovery, Rw. was calculated using the amount of water collected in the concentrate 
divided the amount of water inside the cell, 3000 litres x gpo gp' the fraction of water in the pulp phase, was calculated 

from the measurements of the volume of pulp with and without air addition. 

(III) Setting-up performance 

To illustrate 3 is '"'uv.:>'"'u (Table D-4). 
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Cell No. 
1 

2 

3 

4 

5 

where, 

Rj."s;ze3 

Ent 1."i;c3 

=1 

Comments: 

Table D-4 An example of how performance .,.nl'u •• ';" •• ,,: were set-up 

f(Re), size 3, RfJ, size 3, 

sizd, RW3} 

example, the recovery 

FR~) + (1- exp(-/3 

Floatable 
Froth phase 

sizeJ = f(,1. psizeJ , Rfl.sizeJ f(FRT,,~, 
Ul size'3) 

size3 = f(FRTJ, p, 
rosize3) 

Rf4• size 3 

Ul.ize 3) 

p, 

p, 

cell H ..... HIJ ... L 1 are as follows: 

Entrained 

Ent2 = f(Rw2, 

~, Ulsize J} 

Ent5 == 
FRTs, p, rosizel) 

202 

P, the floatability parameter, varies with size in the quartz This will vary by size and mineral in real 

and liberation may also need to included for some ores. 

was also assumed not to vary with cell only varied with air flowrate. 

ro, the parameter, was assumed to vary only with size 

l' and FRT values for all cell numbers were measured, 

(IV) Model Parameters 

The method of determining model used here, the linear technique, usually 
initial estimates of the parameters to be fitted, The initial parameters for the floatability 
particle size classes were based on calculated flotation rate constants. This is illustrated below 
3, 

reasonable 

where 
model), 

is the flotation rate constant for size class 3 by fitting size 3 batch data to Klimpel's 
was measured Table 
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e.g. for particle size class 3, ksize 3 was 0.288 (Umin), and Sb al4LJmin was 840 (l/min). The initial estimation of 3 was 
therefore 0.000343. 

was followed for other P values for the chosen size classes (aU values are shown in Table 
n"r·"m .. r .... " were initially set to unity. All parameters were constrained to be above zero. 

Table D-5 Initial P values 

Size P 
1 0.000277 
2 0.000243 
3 0.000343 
4 0.000649 
5 0.001270 
6 0.002286 

(V) Minimising the difference between measured concentrate masses and concentrate masses 
based on fitted parameters 

Particle size class 3 is used in Table D-6 below to illustrate how the minimisation ", .. "r",rt",'", was carried out. For 
example, 

Fitted mass of size class 3 in Cell # 1 == Feed of size class 3 to Cell # I x Overall Ke,:overv of Size class 3 
Based on chosen initial parameters, 

Fitted mass of size class 3 in Cell #1 == 46.98 x 0.53 == 24.90 g. 

The measured concentrate mass was 19.11 g. 

Error for mass of size class 3 in cell # 1: 

Error I. size 3 (Measured. 
(discussed below), was 8%, 

x Measured), where cr, the data standard deviation based on reproducibility tests 

Total Error == Errorl. size I + size 2+ Errorl. size 3+ size 4+ size 5+ size 6 

Total error squared for all cells and size classes, S: 

5 6 

S=LL!~ 
i=l 1<=1 

where i is the cell k is the particle size M is the measured mass in concentrate, F is the fitted concentrate 
mass and cr is the data standard deviation. 

The objective, therefore, was to minimise the above error changing the unknown model parameters until the 
concentrate masses for various sizes the measured concentrate masses. Typical values of error squared 
obtained are shown in Table D-7. 

Table D-7 

Cell No. 
1 
2 
3 
4 
5 

Measured versus fitted masses in concentrate for size class 3 in Run #8 

Measured Conc Mass (g) 
.06 

12.35 
5.49 
1.13 
0.70 
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(VI) Choosing standard deviation, cr 

When model parameters by fitting equations to existing plant or laboratory data, the best-fit estimate of the 
adjusted value is usually biased towards the values which are relatively high (Wills, 1997). This occurs when the 
absolute error is assumed to be distributed equally to each adjusted ~hich is highly unlikely in practice. The 
amount of concentrate masses obtained from the batch tests vary with particle size as the size 
class increases. As such, the standard deviation of each data in a batch test was chosen to start at 10% for the fine 

size class sub 10 microns), by unity toward the coarse size classes plus 106 
microns). A starting point of 10% was obtained by the absolute errors obtained from the reproducibility tests 
(see Table D-8). From this table, the average error was approximately 9%. To be on the safe a value of 10% was 
chosen. 

Table 0-8 Error estimates calculated from reproducibility tests 

CeB Number I Standard Deviation 
(%) 

I 2.3 
2 9.3 
3 5.6 
4 14.2 
5 12.7 

8.8 

In addition to the above variation of the standard deviation with mass, it is that the error is maximum at the 
start of a batch test. This is due to the initial build-up process of the froth phase and the non-steady state nature of froth 
removal. This error is to decrease during flotation as the froth and the froth height become more stable. To 
account for the standard deviations were also chosen such that they decrease with flotation time. An example ofthe 
set of standard deviation values used for each test are shown in Table D-9. 

Table 0-9 Standard Deviation values chosen for use in m{Jldeliin 

Cell Number Standard Deviation (%) 
• Particle Size Class 

.~ 

I 2 3 4 5 6 

I 10 9 8 7 6 5 I 
2 9 8 7 6 5 4 
3 8 7 6 5 4 3 
4 7 6 

I 
5 4 3 2 

5 6 5 4 3 2 1 
I 
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APPENDIXE: MONTE~.u~~PROGRAM 

Sub 10 

'Macro I Macro 

i As Integer 
Dim iset 
Dim gset, rsq, vI, 

Application.StatusBar "Calculating 1000 " 
'Application. Calculation xl Manual 'tum off calculation 
Application.ScreenUpdating 

=0 

up loop to 1000 different estimation from data set 
'changed time by a deviation normally distributed with a 
'deviation based on the of experimental value 

For i = 1 1000 

a deviation (gasdev) normally distributed about zero with a 
'variance I 

For j := I To 270 

If iset = 0 Then 
vI = 2'" Rnd - I 
v2 = 2'" Rnd - 1 

= v I /\ 2 + v2 /\ 2 
If (rsq >= I Or rsq = 0) 

j j - I 
GoTo 10 

End If 
fac = (-2 '" Log( rsq) / rsq) /\ 

= vI '" fac 
= '" 

Else 

'Assign a new set of values solving by 
the actual measured adding or subtracting 

'the deviation multiplied by the standard deviation 
'of measured point 

Range("Transformed").ItemG) = Range("Measured").ItemG).Value + 
Range("Stdev").ItemG).Value 

10 
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up starting values of the oararnete:rs to be used in the 
'solving procedure 

RangeC'$ek$7"). Value == 1 
Range("$ek$8").Value == 1 
Range("$ek$9"). Value:::: 1 

lO").Value 1 
l").Value = 1 

12").Value:::: 1 
Range("$ek$13").Value = 1 
Range("$ek$14").Value::;;: 1 
Range("$ek$15").Value = 1 

16").Value == 1 

to the optimum set 

k = 1 To 5 
Worksheets("Model 

ValueOf:="Q", ByChange:="$ek$7:$ek$16" 

Application.StatusBar 

values of each 

(i I Int{i I 5) Then 
Active Workbook. Save 

Application.ScreenUpdating 
'Application. Calculation = 
Application.StatusBar = True 

Sub 

" + Str(i + 1) 

and the total SSE in an 

").Value 
").Value 
").Value 

").Value 
!I).Value 
!I).Value 

Range("Kc_ 4!1).Value 
Range("Kc _5").Value 

, .. '" ,. 
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APPENDIXF: MEASURED MASS DISTRIBUTIONS 

Batch 

Test Sample 

1N 

C3 12 

C4 25 

2IN 0 

3 

3N Head 

C1 

C2 10 

C3 20 

4N Head 0 

C1 3 

C2 10 

C3 20 

55 

65 

75 7011.20 

8S 11297.58 21305.97 

95 3556.25 6066.40 

105 11161.42 

11122.09 

51.51 

11360.31 47.38 

4304.00 58.37 

5828.00 51.37 
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APPENDIXG ELEMENTAL ANALYSIS 

Continuous Tests 

Batch Tests 

Test Ni Fe Tot S Cr203 pgm 

(% mass) (% mass) (% mass) (ppm) 

1N Head 0.09 S.25 1.25 

C1 0.38 

C2 0.40 

C3 
C4 

2N Head 

C1 
C2 
C3 

3N Head 

C1 
C2 
C3 

4N Head 

C1 
C2 
C3 0.40 
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APPENDIXH MINERALOGY 

Size by Size Modal Abundance Data (wrJlo) 

0.16 0.26 0,65 0.72 0.78 11.66 7.51 9.73 
0.12 0,16 0,45 0,70 0.57 11,60 8,95 7,84 
0,15 0,18 0,20 0,26 0.23 6,22 5.37 '4,67 
0,01 0,02 0.06 0,03 0.02 0,33 0.24 0,06 

55.62 45,61 42.Q2 44,19 44,54 9,58 7,45 12,82 
32,32 40,40 39,79 36,55 31,90 39,25 51.17 42,00 
6.14 6.97 8,28 8,54 10,18 6.51 7.31 7.40 
0,37 0,53 0,54 0.56 0,24 0,43 0,23 0,12 
0.71 0,57 0.70 0,73 0,83 1,49 0,50 0,38 
1.13 ' 1.18 1,79 1.06 2,64 3.23 3,04 5,34 
1,04 0,95 0.99 1,21 1,64 3.24 3.65 5.00 

0,16 0,17 0.15 0.19 0,16 4.57 3,04 1,99 
0,08 0.07 0,05 0,07 0,06 0.12 0,07 0,06 
0,70 0.53 0,56 0,77 0,90 1,00 0,78 0,68 

1.12 2,11 3.16 3.66 4,01' 0.17 0,34 1,23 
0,06 0,14 0,37 0,45 0.70 0,27 0,24 0.55 

0,14 0.24 0,31 0.60 0.33 0,13 ,0.12 
0.00 0,00 0.00 0.00 0.00 0,00 0,00 

9.00 24.53 14,70 9.57, 6,94 15,72 28.52 22.89 17.66 15,64 
4,72 19.89 13.78 10.17 5,47 7.72 25,81 28,64 24,78 12,54 
9.87 11,76 5.80 4.75 2.88 16,84 17.79 13.14 11.67 7,10 
0,22 0.47 0.29 0,26 0.05 {l,44 0.55 0.46 0.39 0,15 

48.22 18.23 16,34 15,82 23,79 41.51 11,60 5.46 2.68 4.63 
18.26 15.44 35.17 43,19 37.74 9.59 8,41 19.67 31.40 39,66 
4,99 4,04 6.05 7.37 8,75 3.18 2.49 2.71 3,43 4,56 
0.04 0.11 0.24 0,28 0.18 0,04 0,09 0.13 . 0.27 0,15 
0,70 0,32 0,56 0,49 0.53 0,63 0,25 0.20 0.21 0.21 
1.41 1,70 1,89 4,37 1.81 1,25 1.79 1,91 5.44 
1,12 1.47 2.16 3,55 1,36 1,55 1.88 2,38 5.83 

0.18 0,78 1,54 1.35' 1.18 0.29 0.92 2,05 2.11 1.81 
0.02 0.03 0,04 0.07 0,04 0,05 0.03 0.04 0,04 0,04 
0,53 0,49 0,63 0,56 ' 0,79 0.45 0,27 0.37 0,38 0.40 

0,57 0.47 0.59 '1,24 2,50 0,27 0.27 0.20 0,28 0,81 
0.Q1 0,09 0.18 0.56 0.91 0.02 0.13 0,29 0,37, 0.79 

0.15 0.16 0.22 0,26 0,32 
0,00 0.00 0,00 0,00 0,00 
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APPENDIX (continued) 

13.50 32.75 :30.64 . 22.S7 18.68 B.95 24.67 21.25 13.41 
4.31 18.80 22.90 13.14 2.91 9.83 13.52 . 10.24 101 

13.95 13.44 .9.55 6.67 7.77 9.76 5.96 4.57 3.62 
0.35 0.64 0.21 0.13 0.43 0.45 0.30 0.20 0.09 

44.28 13.65 5.99 2.97 5.97 55.66 18.79 6.09 3.24 4.18 
13.12 12.13 18.22 30.35 35.70 12.86 21.24 37.21 . 51.26 49.54 
3.65 304 3.24 4.12 4.90 5.77 5.86 6.37 6.27 
0.02 0.03 .0.19 0.10 0.08 0.16 0.22 0.25 0.10 
0.80 0.25 0.36 0.20 0.20 0.97 0.62 0.53 0.32 0.18 
2.65 1.31 1.41 1.75 4.83 2.36 2.45 2.12. 2.79 3.44 
1.76 1.72 1.51 2.42 4.93 1.64 1.84 2.26 3.21 642 

0.50 1.03 2.02 2.02 1.79 0.40 2.18 2.84 2.0S· 0.S2 . 
0.02 0.04 0.05 0.06 0.05 0.12 0.18 0.07 0.10 0.05 
0.72 0.39 0.43 0.37. 0.39 0.68 1.05 0.65 0.77 0.34 

0.23 0.57 0.28 0.39 1.44 0.11 0.54 0.36 0.44 1.48 
0.02 0.10 0.38 0.42 1.22 0.04 0.20 0.51 . 0.63 1.14 

0.13 0.05 0.03 0.12. 0.28 0.27 0.14 0.15 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 o.ob 

3.05 lU8 13.74 6.64 13.07 0.09 0.31 0.60 0.62 0.96 
1.18 6.06 6.27 4.71 2.57 0.03 0.16 0.37 . 0.62 0.63 
2.64 5.52 3.36 2.26 1.35 0.09 0.11 0.13 0.28 0.28 
0.11 0.32 0.20 0.10 0.06 0.01 0.02 0.03 0.02 0.01 

69.56 21.26 4.22 6.97 57.58 39.92 41.79 42.55 42.10 
13.21 31.96 ·63.37 58.17 32.98 45.18 40.16 38.17 33.32 
3.95 7.49 7.75 8.27 8.46 4.95 6.64 6.97 7.74· 8.90 
0.Q3 0.09 0.25 0.41 0.06 0.18 0.35 0.30 0.22 0.06 
1.58 0.S5 0.41 0.24 0.65 0.54 0.77 0.75 0.93 
1.57 2.48 2.76 4.39 1.13 1.20 1.93 1.34 3.64 1.85 
1.43 2.32 2.34 5.19 0.73 0.88 1.08 1.14 1.67 1.07 

0.46 2.01 2.~ 1.96 0.67 1.22 ·0.22 0.18 0.19 0.21 0.15 0.19 
0.21 0.14 0.11 0.11 0.03 0.10 0.10 0.07 0.08 0.07 0.06 0.08 
0.64 0.84 0.77 0.83 0.39 0.60 0.52 0.04 0.46 0.57 0.72 0.52 . 

0.24 0.54 0.50 0.65 2.01 1.11 0.53 3.75 4.66 5.12 5.54 
0.04 0.12 0.46 0.74 1.24 0.70 0.06 9·14 0.31 0.32 0.47 

0.10 0.22 0.21 . 0.21 0.15 0.1 0.15 0.15 0.17 0.30 0.55 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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APPENDIX (continued) 

0.16 0.41 0.64 0.61 0.85 
0.09 0.25 0.50 0.65 0.63 
0.14 0.16 0.23 0.28 0.29 
0.01 0.02 0.03 0.02 0.01 

54.32 42.18 42.11 44.13 44.05 
33.62 42.53 39.22 35.89 31.94 
6.12 1.01 . 1.90 8.46 10.36 
0.36 0.51 0.51 0.48 0.21 
0.69 0.49 0.64 0.51 0.65 
1.13 1.24 1.66 1.29 2.39 
0.95 0.89 1.00 1.26 1.76 

0.15 0.18 0.11 0.14 0.11 
0.06 0.07 0.07 0.01 0.05 
0.53 0.59 0.60 0.61 0.10 

1.43 3.13 4.06 4.13 4.61 
0.09 0.15 0.30 0.44 0.12 

0.15 0.14 0.16 0.26 0.39 0.19 
0.00 0.00 0.00 0.00 0.00 0.00 



Univ
ers

ity
 of

 C
ap

e T
ow

n

APPENDIX I 

CALCULATION OF THE 1000/0 LIBERATED MASSES 
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APPENDIX I CALCULATION OF THE 100% LJLLli!£lJ:'I..t1II 

Sample 2N Head was chosen to illustrate how the fraction of the Iib'erated 
sulphides were calculated. The locking associations for sample 2N from 
below. 

Table 1 Locking associations of sample 2N Head 

Locking 
+106 +53 +25 Class 

Monominerallic 

Fe-Sulphides lS.l 31.4 34.4 
Pentlandite 0 

• 

2.7 1.8 
Chalcopyrite 0 0 2.4 

+10 

4S.8 
3.7 
16.7 

Page 212 

MASSES 

pentladite and iron­
J, is shown in Table I 

-10 

75 
30 
40 

Note: QEM-SEM data Billiton Laboratory did not have the association information for 

0 
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IU ... 
CI.l 
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:-.:e .. 
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> 
CI.l 

~ 
IU 
"S 
E 
::I 
0 

size class below 10""m. Although particles in this size range are expected to be well liberated, 
the liberation curves I, 2 and 3) showed that there is a chance that the particles in this 
size range were not 100% liberated. Subsequently locking associations of minerals in the sub 10 IJ,m 
size range were estimated on these curves. 
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40 I 

I 
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1 Chalcopyrite liberation curve 
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80 
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Size (microns) : 
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Figure 2 Pentlandite liberation curve 
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The total mass of the sample Appendix F) and the measured particle siTe distribution 
were then used to calculate the mass distribution by size for this sample (Table 2). 

Table 2 

From the modal 

Table 3 

Mineral 
Type 

Fe-Sulphide 
PentJandite 

Chalcopyrite 

Mass distribution in Sample 2N Head 

% of Total 
24.4 
27.4 
19.0 
7.9 
21.2 
99.9 

(Appendix H) the compositions 2N Head are shown in Table 3. 

Sulphide mineral compositions in Sample 2N Head 

+106 +53 +25 +10 

0.09 0.31 0.6 0.62 
0.03 0.16 0.37 0.62 
0.09 0.11 0.13 0.28 

the mineral compositions in Table 3 above and the mass distributions in Table 2, the masses 
minerals were calculated (Table 4). 

Table 4 Masses minerals in Sample 2N Head 

Mineral 
Type 

7.42 28.69 38.50 16.54 68.74 
Pentlandite 2.47 14.81 23.74 16.54 45.11 

Chalcopyrite 7.42 10.18 8.34 7.47 20.05 

-10 

0.96 
0.68 
0.28 

Total 

159.89 
102.67 
53.46 

the locking associations in. Table 1 and the masses of sulphide minerals in Table 4, the masses of the 
100% liberated fractions were calculated 5). 

Table 5 Fully liberated masses in Sampple 2N Head 

Mi '..,oJ +25 +10 ·10 Total 
Type 

Fe-Sulphides 1.34 ' 9.0 13.24 8.07 54.99 86.65 
Pentlandite 0.00 0.4 0.43 0.61 6.77 8.21 

Chalcopyrite 0.00 0.0 0.20 1.20 6.00 7.40 

Fraction ofliberated masses for different sulphide minerals is reported in Table 6 below. 

214 

I) 



Univ
ers

ity
 of

 C
ap

e T
ow

n

215 

Table 6 Fraction of fully liberated sulphide minerals in Sample 2N Head 

Exactly the same procedure was followed to calculate the liberated fractions for the other Head and Concentrate 
samples. A summary of the final results is shown in Table 7. For the continuous tests an average of the three 
head samples was calculated for use in the not for mineral liberation. Similarly this was done 
for the concentrate samples for lOS Conc This sample had an unusual high of fines. 
As it was treated as is. The results are shown in Table 8. 

Table 1 

Table 8 

Mineral 

Fe-Sulphides 
Pentlandite 

Calculated fractions of fully liberated sulphide masses 

Calculated fractions of fully liberated sulphide masses for the continuous tests 

Head 

0.43 
0.08 
0.11 

Conc 

• 0.51 
0.07 
0.15 

lOS Head 

0.50 
0.07 
0.18 

lOS Conc 

0.76 
0.09 

• 0.23 

fractions calculated adding fraction from tests 11 Sand 12S for the head, and by adding II Sand 12S 
for the concentrate. Tables 9a and 9b below show the estimated liberated mass distributions for all tests 
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Table 9a Calculated liberated mass distributions in batch tests 

Test Sample Time Libera 
(min) Chalco Pent Fe-S 

iN Head 0 9.30 5.76 52.09 

C1 2 2.09 20.48 

C2 6 0.31 6.90 

C3 12 0.23 0.12 3.30 
C4 25 0.14 0.07 1.86 

2N Head 0 8.19 79.56 

C1 3 3.07 2.48 24.32 
C2 10 1.65 0.84 17.11 
C3 20 0.54 0.33 7.82 

3N Head 0 7.41 6.21 63.29 
C1 3 2.60 2.04 23.61 
C2 10 1.50 0.74 16.74 
C3 20 0.60 0.36 11.03 

4N Head 0 5.14 72.24 
C1 3 4.08 2.49 8 

10 1.31 0.64 
C3 20 0.17 0.09 

Table 9b Calculated liberated mass distributions in continuous tests 

Test 
Head 
Chalco Pen 

R18 
R18 
68 1.00 1.29 10.13 0.74 0.63 3.80 0.26 0.66 6.33 
18 0.84 1.08 8.46 0.63 0.41 3.04 0.21 0.67 5.43 
28 0.97 1 9.77 0.77 0.69 6.74 0.20 0.56 3.04 
38 0.78 1.00 7.85 0.51 0.48 4.11 0.26 0.52 3.74 
4S 1.07 1.38 10.84 0.86 0.68 4.11 0.21 0.70 6.72 
58 1.22 1.57 12.37 1.08 0.60 0.92 0.15 0.97 11.45 
78 1.33 1.71 13.45 0.68 0.64 2.68 0.65 1.07 10.77 
88 2.14 2.10 19.32 0.70 0.65 6.03 1.45 1.45 13.29 
98 0.77 0.87 6.82 0.70 0.66 2.79 0.07 0.20 4.03 
128 1.94 2.49 19.59 1.80 1.75 9.76 0.14 0.74 9.83 
108 3.62 2.39 25.11 3.15 2.17 12.87 0.47 0.22 12.24 
118 2.11 2.72 21.33 1.78 1.60 9.80 0.33 1.12 11.53 
148 1.43 1.84 14.48 0.35 0.30 7.08 1.08 1.54 7.40 
138 2.01 2.59 20.32 0.10 0.06 1.40 1.91 2.53 18.92 
158 1.21 1.55 12.19 0.13 0.02 1.59 1.07 1.53 10.61 
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APPENDIX J 

LOCKING ASSOCIATIONS FOR SELECTED 
SAMPLES 

AND CONC 
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APPENDIXJ LOCKING ASSOCIATIONS 

1.1 2.6 11.5 11.4 9.8 14.3 
1,1 3.8 3 4 7.2 3.5 

0 0 4.4 2.3 1.3 6.1 
51.1 17.4 15.7 4 10.6 10.3 

21.6 24.1 5.1 10.9 17.5 6.7 
16.7 38.7 27.9 60.6 37.6 24 

0.5 0.3 0 0.3 1.1 0 
0 12 30.5 10 17.9 41 
0 0 0.5 0 0 0.5 

12 2.6 3.4 8.5 5.6 1.7 

34.4 

0.8 1.9 14.6 3.2 10.1 20.2 
0 0 0.1 0 2.4 0 
0 4.1 0 0 0 0 

26.5 17.4 5.4 15.1 10.1 13.5 

30.7 19.6 23.6 
52 41.3 

0.2 0 0 0.1 0.8 0.3 
10.2 6.1 4 5.6 3 1.6 

1.5 4.4 3.3 4.1 3 4.3 
0 0 0 0 0 0 

20.5 32.3 28.5 36 32 23.5 
59.9 29.2 16.1 39.7 30.7 17.2 
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APPENDIXJ (Continued) 

6.5 10.5 12.1 3.6 8.4 10.5 

5.6 6.3 5.7 4.1 5 3.5 
3.6 1.7 13.S 3 6 S.S 

10.1 11.1 10.5 '17.8 17.4 . 20 

12.5 12.2 11 4.6 
46.7 39.7 16.5 

0.6 0.4 0 
27.3 9.2 22.2 

0 a 0 
0.3 16.1 7.7 

15.6 . 

6.3 10.6 17.9 5.5 14.6 19.7 
0 0.7 1.5 0 0 0.6 
0 0.2 1.3 0 0 0.5 

13.3 9.3 4 26,4 15.6 7.6 

23.5 27.4 9.5 17.6 

0 0 0 0.4 0.4 0 
5.7 2.5 0.6 6.6 3.7 
2.4 3.9 2 0.6 4.5 3.1 
0.2 0.5 0.5 0.6 0.1 0.4 

31.6 34.5 32.6 26 30.5 30 
46.3 27.3 13.9 49.3 33.1 13.6 
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APPENDIXJ (Continued) 

1.2 S.S 0.3 14.9 7.1' 11.3 17.6 6.3 

1.1 0.6 0.3 2.S 3.2 0 2.7 2 
4.6 6.4 12.6 4.3 9.9 0 17.1 12.4 

23.5 17.4 51.3 6.1 15.2 43.3 10.3 15.9 

2.7 0 4.7 4.6 0 6.9 5.3 
44 17.5 35.7 25.5 45.3 26 28 

13.7 4 

0 0 0 0 0.2 0 0.2 0.2 
4.3 11.8 0 42.1 33.5 0.9 27.6 32.8 

0 0 0 0 0 0 0 O.S 
37.1 13.5 34.2 6.2 3.4 31 3.6 4.1 

17.9 0 3 14.9 0 20 
55.7 46 46.2 

1.4 S a 16.4 17.1 3.5 10.4 21.8 
0 0 0 0 0 0 0 0 
0 0 0 0 1.1 0 0 0 

45.7 20.3 34.4 . 18.9 14.2 88.9 22.9 9.1 

21 50.5 27.9 0 24.1 
45.4 

0.7 0.3 0.1 1.8 0.1 0.7 0.3 0.8 
18.5 4.8 20.9 3.8 3.1 28.7 3.7 1.9 

2.4 2.6 0 5 3.6 0.9 27 2.5 
a 0.5 0 1.5 0.6 2 0 0.6 

16.7 23.8 33.4 26.5 26.1 16.7 31.2 27.4 
53.3 36.2 34.7 22.1 19 44 23.9 17 
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APPENDIX K 

CONVERSION OF ASSAYS TO MINERAL 
COMPOSITIONS 
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APPENDIX CONVERSION OF ASSAYS TO MINERAL 
COMPOSITIONS (Buswell, 1998) 

Mineral Grade (%) Element I (mole ratio) 
S Cu Ni Fe 

Chalcopyrite 0.18 2 I 1 
Pentlandite 0.34 I 0.5 0.5 
Pyrrhotite . 0.39 1.13 I 
Pyrite 0.09 2 1 
PGM 0.1 
Other sulphides 0.03 
Pyrite/Pyrrhotite 0.48 1.29 1 

Steps involved in converting elemental assay into mineral data 

• 
• 

• 

• 

• 
• 

AI! copper is associated with chalcopyrite 
Sulphur associated with based on stoichiometric coefficients, is subtracted from total 
sulphur 
Nickel associated with pentlandite is determined by assuming that 30% of nickel in the feed is 
associated with gangue 

associated with pentlandite, based on stoichiometric coefficients, is subtracted from the 
remaining sulphur 
The residual was assumed to be associated with iron-sulphide (pyrrhotite and pyrite) 
The gangue is then calculated from the total mass of solids minus total mass of sulphide minerals 




