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ABSTRACT 

This baslc research proJect was aimed at assessing the 

potential of wash water for mechanical flotation machines. Test 

work at laboratory scale first examined the nature of entrainment, 

froth structures with and without wash water; and the location, 

geometry, and flowrate of wash water addition The relatlonship 

between sI urry, total water recovery and gangue recovery was 

characterized. COnîirmatory work at pilot plant was completed. 

The effect of wash water on metall urglcal performance was 

tested wi th various streams from the Falconbrldge Strathcona mi Il 

at laboratory and pilot and full plant scale, and wi th the 

secondary cleaner stage at the Eastmaque Klrkland Lake mill. 

Resul ts show that mechanical entralnment 15 the major means 

of gangue transport up to the sI urry-froth interface. Transport 

into the froth ls mostly hydraul tc, al though entrapment becomes 

dominant at low water recoveries. Free gangue recovery was 

closely related to slurry water recovery at aIl three scales. 

Wash water at an optimum 5uperflcial rate of 0.03 to 0.07 cm/s 

reduced entrainment by anywhere from 30 to 70~, typical val ues 

being around 50~. 

Wash water can be f'urther 

ultrason1c vibration of the froth, 

assisted by mechanical and 

difficul t to achleve at plant 

scale. or with warm wash water, which becomes attractive if a 

waste heat source 15 avallable. A further reJect ion of la to 20~ 

then becomes possible. 
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Distributor geometry was almed at washing the entlre froth 

surface at laboratory and pi lot scale. 1 t was observed that the 

recovery of hydrophobie mi nerals generally 1 ncreased because the 

froth was stabilized. At plant scale, two perforated pipes close 

to the concentrate weir ylelded the most reject. 

stabilizatlon was lost, and recoveries decreased. 

Froth 

. , 



t IŒsUMÉ 

Ce projet visait à évaluer le potentiel de l'eau de lavage en 

flottation mécanique. Nous avons d'abord étudié en laboratoire 

(6. 5L) la nature des phénomènes d' entrainement, les struct ures 

d'écume avec et sans eau de lavage, et l'effet de l'emplacement et 

de la géométrie du mécanisme d' addi t ion et du débi t d'eau de 

lavage. Nous avons caractérisé le lien entre la récuperation d'eau 

de pu 1 pe et d'eau totale d'une part, et la récupération de gangue 

d'autre part. Nous avons confirmé la validité des résultats 

obtenus à l'échelle pilote (65L). 

Nous avons déterminé l'effet de l'eau de lavage sur la 

séparation par flottation de divers flux de l'usine Strathcona de 

Falconbr'idge à l'échelle laboratoir' (6. 5L), pilote (65L) et usine 

(2800 L), et du stage de deuxième nettoyage à l'usine de Kirkland 

Lake d'Eastmaque (2800Ll. 

L'entralnement de gangue Jusqu'à l'interface pulpe-écume est 

surtout mécanique. Dans l'écume la composante hydraul ique domine, 

quoique à basses récupérations d'eau le coincement entre 

part icules hydrophobes sol t important. La récupération de gangue 

libérée peut être étroitement reliée à la récupération d'eau de la 

pulpe aux trois échelles étudiées. L'eau de lavage dont le taux 

d' addit ion superficial opt imal varie de 0.03 à 0.07 cm/s, et 

rédui t l'entra1nement de 30 à 70~, dépendant du système. 

Aux échelles laboratoire et pi lote, laver toute la surface de 

l'écume la stabl1 ise et augmente la récupérat ion des minéraux 

hydrophobes. En usine, nous n'avons lavé que la partie frontale de 

l'écume, ce qui diminue cette récupération. 
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On peut augmenter l'effet du lavage en soumettant l'écume à 

des vibrations mécaniques ou ultrasoniques, ce qui est difti~lle à 

réaliser en usine, ou avec de l'eau de lavage chaude (20-40o CJ, 

une alternative attrayante si une source de chaleur déperdue est 

disponible. Le rejet de gangue libérée augmente alors de 10 à 20~. 

1\ 



Bu temel ara~tlrma 

makinaIarlnda y~kama suyu 

ciZET 

proJesinin amaçl mekanik flotasyon 

kullanllabi 1 lri 191nln ara!;it lrmasldlr. 

Gang kazanllmaslnln sebepleri, ylkama suyu i lavesiyle ve i lave 

edi Imeden kcipuk yapllarl, Ylkama suyu ilavesinin yeri, miktarl ve 

dagltlcl yaplsl laboratuvar dlçeginde incelendi Gang 

kazaniimaslyla pülp ve toplam su kazanlimasl araslndaki il i!;iki 

karakterize edildi. Pllot-fabrika ëJçeginde sonuçlarl destekleylcl 

test 1er yaplldl 

Ylkama suyunun metall ur Jlk sonuçlar Uzerindeki etklleri 

Falconbr!dge Strathcona konsantratorUnün deg!!;>1k devrelerinden 

saglanan numuneler-le laboratuvar ve pi lot-fabrika olçeginde test 

edlldi. Fabrika test 1eri Fa1conbridge' in Strathcona ve 

Eastmaque'ln Klrkland Lake konsantratorler1nde yapl1dl. 

Sonuçlar, gang parçaclklarlnln pülp-kopük arayüzeylne ba~llça 

mekanlk olarak tafilndlglnl gcisterdl. Këpüktek1 gang tafi1 nmas1 

onçellkle hava kabarçlklarl etraflndakl Ince su fiIm!yle olmaslna 

ragmen dü~uk su kazanllma oranlarlnda gang parçaclklarl hava 

kabarclklarl araSlna SlklSLp (koprülenlp) ta$lnmaktadlr. Serbest 

gang parçac lklan pülp suyu kazam lmas lyla her üç olçekte 

ill~ki lldir. En lyi yüzeysel ylkama hlZl (0.03-0.07 cm/s) , gang 

kazanllmaSlnL ~30 i le ~70 araslnda azaltmaktadlr, ortalama 

uzakla$tlrma roso clvarlndadlr. 

Mekanik ve ultrasonlk kopük sarslntlsl, fabrlkaya uygulamasl 

zor, veya l11k ylkama suyu, eger kullanl1mayan ilave Is1 kaynagl 

varsa. ~lO Ile r.20 11k 1 lave blr gang uzakla~tlrmasl 

saglamaktadlr. 

• 
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Laboratuvar 

geometrlk yaplsl 

Boylece degerll 

ve pilot-fabrlka olçeginde. 

tOm këpük yUzeylnl ylkamak 

su dagltlclslnln 

1<; 1 n ayar 1 and 1. 

parçaclklar 1 n kazanllma Oranlnln kdpugün 

stabll olmaslyla artlgl gorûlmü$tür. Fabrika olçeg1nde. konsantre 

ta$ma olugu taraflna konulan boydan boya dellkll 1kl paralel boru 

en fazla gang uzakl~t lrmaSlna sebep olmu~tur. Këpük stabi 1 i tes! 

koybolmu$ ve degerli mineraI kazanllma oranl azalmlstlr. 
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CLAIMS FOR ORIGINALITY 

Although wash water sprinkling into the mechanical cells is 

being used in Soviet plants for coal and ores, i t had been 

neglected in the western world There was no fundamental study ta 

explain why and how wash water can improve metallurgical 

performance and what are the best operat ing condit ions. The 

purpose of this research thesis was ta find the best addi t ion 

type, locd.tion and flowrate from bench to plant scale. 

The following claims for originality and contributions to the 

scientific and technical knowledge are made: 

1. Froth cleaning by wash water in mechanical flotation celis was 

quant i tat i vely determined at laboratory, pilot-plant, and plant 

scales, 

2. Froth washing technology was fully developed and bl'ought to the 

stage of plant Implementation. 

3. The use of wash water warmer than pulp was shown to reduce 

significantly both wash water requirement and gangue entrainment, 

4. Vibrating the fl'oth phase in a flotation cell by mechanical and' 

ul tl'asonic means to further reduce gangue entl'ainment had never 

been tested before, and was shown to achieve moderate success. 

5. Gangue recovery mechanisms in flotation were identified and 

their contribution was quantifled ln a laboratory system, 

6. Canductivity measurements were used ta determine gas holdup in 

the slurry and froth phases and to dynamically monitor froth 

washing efficiency. 
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7. Washing the entire froth surface was shawn ta stabilize the 

froth at laboratary and pilot plant scale and often increase the 

recovery of hydrophobie species at a shorter residence time in the 

slurry. At plant scale. washing was limited to the area adjacent 

ta the cancentrate weil" to minimize water requirements. 

result. hydrophobie recovery decreased. 

As a 

8. A classification coefficient orlg1nally used ta describe the 

effect of particle size on entralnment was adapted ta be used as a 

slmplified predictor of entralnment at varlous scales. The effect 

of scale and wash water on ',he coefficient was determined. and 

9. A simple model ta predict ft'oth height based on momentum 

conservat ion was developed. The model was shawn ta pt'ediet weIl 

the effect of gas rate and wash water on froth height. This model 

can oe used to predict water recovery uslng the establ ished weil" 

discharge equation. 
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NOMENCLATURE 
A: interfacial area, I/m 

C: fractional holdup 

d: diameter, m 

P: aerated power consumption, W 
a 

P: unaerated power consumption, W 
u 

liquid volume in the pulp phase, m3 V : 
Ip 

V: terminal bubble rise velocity, mis 
t 

J : superficlal gas rate, mis 
9 
~: serface tension, N/m 

p: density, Kg/m3 

N: impeller speed, rps 

D: impeller diameter, m 

N impeller Reynolds number 
Re 
N: power number 

p 3 
Q: air flowrate, m Is 

9 
g: gravit y accelleration 

N: minimum impeller speed for air dispersion, rps 
o 

~; viscosity, Nsec/m2 

L: cell lenght, m 

P IP: power dissipation per unit volume, W/m3 

a u 

K: constant in Eq. 2.17 (varies btw 1.3 and 1.6) 

T: residence time, sec 

CF: frother concentration 

K: constant in Eq. 2.20 
1 

~: impeller dispersion efficiency 

T: cell diameter, m 

c : fractional gas holdup in the pulp phase 
p 

Ah: level difference, m 

R: resistivity 

q: specifie resistivity 

LIA: cell constant 

C: conductivity 

K: specifie conduetivity in Eq. 2.26 

C : conductivity with aeration 
1: 

xvi 
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C: conductivity without aeration 
2 A: electrode area, m 

p : pulp density, kg/m3 

p 

d~/dc: change in surface tension 

C: concentration 

EMZ: efficient mixing zone 

J 

J: superficial 
f 

feed rate, mis 

J: superficial 
t 

tails rate, mis 

J: superficial concentrate rate, mis 
c 

J: superficial wash water rate, mis 
w 

J d: superficial drainage rate, mis 

J: super'ficial liquid rate, mis 
u 

superflcial gas rate associated with 
ac 

0: water fil m thickness around bubbles, 

C : adjustable constant in Eq. 3.4 
1 

2 5: cell cross-sectional area, m 

k: velocity coefficient 
v 

r: radius of Plateau borders, m 

liquid transfer, 

m 

H: the distance btw cell lip level and froth surface, m 

T: the distance btw cell lip level and interface, m 

FT: froth thickness (T+H), m 
3 

Q: concentrate flowrate, m Is 
c 

w: cell width, m 

K : discharge coefficient 
c 

Qac: volumetrie froth flowrate to the concentrate, m3/s 
a: froth removal efficiency 

P: momentum, Kg.m/sec 

m: mass, Kg 

v: velocity, mis 

v : joint bubble velocity, mis 
12 

N : number of bubbles 
b 

V : bubble rise velocity in the pulp phase, mis 
bp 

n: number of bubbles 

H : dlstributor height from the froth surface, m 
w 
Z: distance from the interface, m 

xvi.i 

mis 



J -J : 
u r 

J -J : 
d t 

T : 
Ip 

V : 
p 

Q: 
t 

T : br 
V : 

f 

A : 
c 

A : 
t 

entrainment factor 

drainage factor 

liquid residence time :~ the pulp phase, sec 
3 pulp volume, m 

3 tails flowrate, m /s 

bubble residence time in the froth phase, sec 
3 froth volume, m 

FT 

amount of tracer reporting to the concentrate, kg 

amount of tracer reporting ta the tails, kg 

maximum froth thickness, m 
max 

k : 
e 

X : 
1 

t: 

N : 
t 

V : 
c 

P : 
e 

Cl: 

entrainment rate constant, l/sec 

mass of gangue in the pulp phase, kg 

time, sec 

total number of particles in the cell 

cell volume, m 3 

probability of entrainment 

distribution coefficient in Eq. 5.5 

U interstitial particle settling rate 
ps 

E: upward mass flowraate, kg/sec 

R: downward mass flowrate, kg/sec 

C : pulp gangue concentration at the interface, kg/m3 
s 

k : drop-back rate constant, l/sec 
l 

H: distance from the interface, m 

C : mass flowrate in the concentrate, kg/sec 
1 

J : superficial bias rate, mis 
b 

P . suspension densit\J, kg/m3 

susp' .J 

G : gangue concentration 
1 

C : fractional solid holdup 
s 

T bubble residence time in the froth phase, sec br 
Z: classification coefficent 
• Z : modified classification coefficent 

Q; impeller pumping capacity, m3 /sec 
1 

b: impeller blade thickness, m 

J : superficial fluid pumping rate, mis 
1 

H: cell height in Eq. 5.34 

xviii 
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F: feed f10wrate 

Q 
sc 

3 slurry flowrate going to the concentrate, m Is 

x: total weight of water in the cel l, kg 
w 

Ri: gangue recoevry 

R: water recovery 
w 

3 
Q : wash water flowrate direct 1y going to the concentrate, m Is 

wc 
3 

F : wash water f1owrate, m Is 
ww 

13: fraction of water in concentrate from the slurry 

R: total gangue recovery 
t 

d : 80% passing size 
80 
R : gangue recovery 

9 
HEA: horizontal electrode assembly 

VEA: vertical electrode assembly 

PPO: perÎorated pipe distributor 

SN: spray nozzle 
3 

Q : wash water flowrate going to the slurry, m 15 
ws 

R : slurry water recovery 
sw 
BR: bias ratio 

Q : bias flowrate, m3/s 
b 

Gn: gangue 

Po: pyhrroti te 

Pe: pent land i te 

Ch: chalcopyrite 

Au: gold 

PRC: prima~y rougher concentrate 

CNC: combined nickel concentrate 

VIF: underflow 

O/F: overflow 

FT: final tails 

SRC: secondary rougher concentrate 

CRT: copper rougher tails 

MFC: magnetic flotation concentrate 

NMFC: non-magnetic flotation concentrate 

v : collision velocity, mis 
c 

5: distance, m 

l 
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t R: bank recovery 
b 

c,f,t: concentrate, feed, and tai ls assays 

C,F, T: concentrate, feed, and tails mass flowrates 

T: pulp temperat ure, C 
p 

T : wash water temperature, C ww 
T: feed temperature, C 

f' 

Subscripts 

sm: Sauter mean g: gas rI: recirculation 

b: bubble bp: bubble in pulp fI: flooding 

1: liquid Ip: liquid in pulp WW: wash water 

f: feed t: tails g: gangue 



1 

GENERAL INTRODUCTION 



GENERAL 1 NT RODUCT 1 ON 

This proJect was ini t iated thre~ years ago based on the 

findings and observat ions of author' s master thes 1s. Since 

laboratory and pi lot flotation performance differ from actual 

plant flotation performance due to differences in scale, 

hydrodynamics, kinetics, and froth characterist ics (e. g. 

stabi 1 i ty, loading etc.), plant work was inevi table for scale-up. 

The proJect, therefore, was undertaken in three stages: 

1. small scale laboratory tests (6.5 L) at McGill University, 

2. pilot-plant scale tests (65 L) at McGill University, and 

3. plant-scale tests (2800 L) at the Strathcona mi Il of Falconbridge 
Ltd. in Sudbury and Eastmaque Gold Mines Ltd. in Kirkland Lake. 

This project, which is the first extensive fundamental study 

related to froth washing in mechanical cells, pays part icular 

attention to the cri tical role of the froth phase and its effect 

on circuit performance along with pulp behaviour. 

Chapter 1 introduces the theoretical background of gangue 

recovel~y mechanisms in flotation and covers a brief 1 i terature 

survey of secondary concentrat ion in the froth phase \011 th previous 

plant appl icat ions in the U. S. S. R. . This chapter aIso introduces 

alternat ive solutions to the entrainment problem in mechanical 

fIotat ion cells. 
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a In chapter 2, the main obJective is to present SDme 

f'undamental aspects of the flotat ion process ln a two-phase 

system. Gas holdup and bubble size in the slurry phase, where the 

entrainment problem originates, are the main variables 

invest igated. 

Chapter 3 partly describes the f'roth zone properties by means 

of point and local gas holdup measurements and reviews froth 

hydrodynamic fundamentals. 

The effect of operating variables on the mean residence time 

of gas, liquid, and solid in the slurry and f'roth phases with wash 

water was Investigated ln chapter 4. Variables af'f'ecting gangue 

entralnment, such as f'eed water recovery, are quantif'ied. 

In chapter 5, gangue prof'lles ln the sI urry and froth phases 

were determined at dif'f'erent operating conditions. An attempt was 

made ta esllmate gangue content in the froth phase. 

A classificat lon coef'f'icient was correlated wi th bubble rlse 

velocity and particle settling velocity in the froth phase. 

In chapter 6, the appli cabil ity of froth washing and 

vibration in a laboratory celI to lessen gangue entrainment was 

studied. The main objectives were ta explore how, how much, and 

where wash water should be added in mechanical cells.The effect of 

3 
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1 main operating variables on gangue and water recoveries was 

quant if1ed. 

Tracer and conductivity techniques were used to evaluate the 

effect of wash water using the pilot cell ln Chapter 7. Tracers 

were added Into the wash water to determlne wash water split, Into 

the cell to determine slurry water reJection, and lnto the feed 

tank to determlne feed water suppression. 

In chapter 8, the results of laboratory and pilot-plant scale 

flotation tests with the Strathcona Cu-Ni ore to assess the 

potential of wash water in mechanical flotation cells are 

presented. 

Chapter 9 presents the plant bank trial resul ts at the 

Strathcona mill. Grade-recovery and recovery-recovery curves were 

generated and compared wi th and wi thout wash water. For some 

tests, froth profile and size-by-size metallurgical performance 

were determined. 

Chapter 10 gives the results of the full flotation plant 

scale tests at the Eastmaque mlll to determine the amenability of 

wash water for the the 2nd cleaner bank. The size-by-slze 

metallurglcal performance and economic impact of wash water on the 

plant were determlned. 
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CHAPTER 1 

SECONDARY CONCENTRATION OF MINERALS IN THE FROTH PHASE 

AND 

PREVIOUS PLANT APPLICATIONS 
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Introduction 

This chapter introduces the basic theoretical background 

of gangue recovery mechanisms in flotat ion and covers a brier 

review of secondary concentration of mineraIs in the froth phase, 

with previous plant appl ieations. 

Floatable and non-floatable part le les follow a different 

sequence for transport from the p~lp to the froth phase. For 

floatable particles, the principal recovery mechanism is true 

flotat ion (1. e. bubble attachment and levitation). Non-floatable 

particles are recovered by entrainment. 

Gangue entrainment in mechanical flotat ion cells can 

significantly reduce separat ion performance, especially for fine 

feeds. It should be noted that al though entrainment can in sorne 

respects be stud1ed separate ly from true flotat ion, the converse 

1s not true, because the recovery of mineraI in conventional 

flotation cells, batch or plant, is always a combinatlon of true 

flotation and entralnment; separat ion of the indi vidual 

contributions is possible to a limited extent. 

Entrainment 15 a problem in flotation because it is 

non-se 1 ect ive. There 1s no discrimination between hydrophobie 

and hydrophillc particles, bath of which May be present in the 

inter-bubble water. True flotation, of course, is selective 

because only hydrophobie partieles adhere to bubbles. 
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1. 1 Theoret ical Background 

1. 1. 1 Hydrodynamic Reg! ons in a Subaerated Flotat ion Machine 

The subaerated flotation machine with externally-supplied 

air, as shown in Figure 1. l, has four distinct hydrodynamic 

regions, which are the key for flotatl.on of particles. These 

corresponds ta four essential features for all flotation machine 

designs: mixing. transport. separation. and froth removal. 

Mixing region is located at the bottom of the cell, which 

essentially eliminates solids build-up ln this zone. During the 

flotat ion of part ieles from a slurry, 1 t ls necessary to have a 

hydraul ic transport reglon for conveyance of the mineral-laden 

bubbles from the mixing reglon to the separation reglon. Once the 

mineral-laden bubbles enter the separation reglon hydrophobie 

partlcles continue to rise toward the surface whlle gangue 

particles exi t this reglon to reenter the hydraul ic transport 

region. The mineral-laden bubbles enter the froth removal region, 

which is used for separatlng entraped gangue part icles from the 

froth and removing of this mineral ized froth from the flotation 

machine. 

AlI four hydrodynamie regions differ significantly in 

turbulence, ranging from a highly turbulent flow condition in the 

mixing region to a smooth laminar flow condition in the froth 

removal reglon; the major transi tian from turbulent flow 

condi t ions to laminar flow eondi t ions takes place between the 

transport and separat ion regions. 

7 



AIr 1=10'11 

---- Pulpl=low 

FIgure 1.1: Hydrodynaalc regions ln a subaerated flotatlon cell. 

(Fro. Plout. 1979) 
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1.1.2 Gangue Recovery Mechanisms 

Gangue recovery mechanisms in flotation are different ln the 

slurry and froth phases. In the fro th phase, gangue par t1 cl es 

can be recovered by el ther entrapment or hydraulic entrai nment. 

There are two different gangue recovery mechanisms ln the slurry 

phase (Figure 1. 2)· 51 ime coat ing and entrainment. Entrai nment 

can aiso be subdivided into two classes: hydraulic and 

mechanical. Sorne invest igators use hydraul ic entrainment while 

others ùse mechanical entralnment for the combinat 10n of these 

mechanisms. In this study, the distincUon and contribution of 

these mechanisms will be clarified. 

Some of the hydrophilic particles are re 1vered by entrapment 

in which non-floatable particles are thought to be held ln the 

froth by bridging across floatable particles held by adjolning 

bubbles. Entrapment mainly oceurs in the quiescent froth phase or 

near the interface rather than the turbulent slurry phase. 

Entrainment and 51 ime coat i ng are generally followed by 

entrapment. 

Each bubble Ieaving the slurry phase carries a sheath 

(envelope) of water, which contains fine gangue particles, lnto 

the froth (1. e. hydraul le entrainment or carry over with 

inter-bubble water). Some of the inter-bubble water and the 

Iarger part lcies enter the base of the froth col umn and then 

drain back lnto the pulp; the remainder is carried upwards and 1s 

ultimately recovered in the concentrate. The wetter the froth the 

greater the proportion of the particles in the coneentrate that 

will be recovered byentralnment rather than by true flotation. 
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GANGUE RECOVERY MECANISMS 

A. IN THE FROTH PHAse 

/ ~ 
ENTRAPMENT 

b 

B. IN THE SLURRY PHAse 

/ \ 
SLIME COATING ENTRAIN MENT 

HYDRAUL'C MECHANICAL 
(wake) 

Figure 1.2: Gangue recovery mechanisms in flotation. 

Cb: bubble, g: gas, and v: valuable particle) 
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Gangue part icles mai nly reach the 1 nterface by el ther 

hydraulic or mechanical entrainment. Hydraulie enlrainment oceurs 

when part le les are carried in the wakes of rlslng bubbles. 

8ubbles and the1r wakes rise up and reaeh the base of the froth 

phase. The bubbles continue to rlse, beeomlng enlarged by 

coalescence, tiii they reach the top of the froth and are scraped 

off carrying the1r load of attached particies or overflow the 

coneentrate weir Recovery of hydrophll le fines w!thin boundary 

layers and wakes by hydraul le entralnment 1s related to water 

recovery in the concentrate. 

Mechanical entrainment 1s caused by tmpe 11er mot 10n, whlch 

gives rise to turbulence and brings some fIne hydrophl11c 

particles to the slurry-froth interface; sorne of it will report to 

the concentrate via entrapment or hydraul le entralnment. Bulk 

displacement of partlcies by internal flow patterns can be 

determined in the absence of aeration. 

Slime coating 1s another likely source of gangue transfer to 

the froth phase. Sllmes, which inhibit bubble attachment and 

adsorption of frother and/or collector, often deleteriously 

affect recovery and reagent eonsumption. In slime eoatlng, there 

is an electrical attraction between gangue and valuable particles; 

il I s most severe when si 1 mes ar'e uncharged or oppas!te 1 y charged 

to the mineraI belng floated. Increasing the concentration of 

slimes increases the sllme coating denslty (Sun, 1943). In 

general, some form of des 1 imlng can he carried out prior to 

flotatlon, but this results in an Inevitable loss of values. 
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Slime coating is detrimentai to concentrate grade if the fine 

partlcles are valuable mineraI and coarse particles are gangue 

mineraIs. When the fine particles consist of gangue mineraIs that 

coat the coarse particles of the valuable mineraI, these particies 

prevent the attachment of air bubbles and the recovery of vaIuabie 

mineraI may be decreased significantly. Fine part icle or sllme 

coating is not always undesirable in flotation, as it 1s the 

basis of carrier flotation process. Slimes may aiso stabilize the 

froth. Fine particles may coat coarse part1cles of the same 

mineraI, and may thus float, like in scheelite and phosphate 

flotation (Koh and Warren, 1979). 

1.2 Solutions to the Entrainment Problem 

The removal of undesirable particles from the froth ls called 

"secondary concentration" to distinguish it from the primary 

concentration processes occurring in the pulp. Secondary 

concentration ls desirable because i twill reduce the extent of 

further cleaning operations. 

There are two major limitations for fine particle flotatlon 

ln mechanical flotation celIs: 

a. the recovery of gangue partic les by entrainment in the water 
reporting to the concentrate. 

b. the fini te capacl ty of the t'roth phase 
particles enterlng in the froth (i.e. 
problem) . 

to carry valuable 
carrylng capacity 

12 
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These 11mi tat 10ns lower the concentrate grade and val uabl e 

particle recovery. There are some common solutions used currently 

in the industry to alleviate the entrainment problem (see Figure 

1. 3): 

a. use of deeper froth thicknesses and/or lower aerat Ion rates 
(i. e. Increas1ng residence t ime ln the froth phase) to 
reduce water recovery to the concentrate (North American 
pract ice), 

b. di! ution of 
concentrate 
pract ice). 

the pulp 
launders or 

phase by adding water into the 
condi tlonlng tanks (Australlan 

The drawbacks of these common solut 10ns are the decreased 

recovery for the former case, due to decreased water recovery to 

the concentrate and addi t ion of tremendous amounts of water to 

achieve the necessary dilution in the latter case. In both cases. 

sequential stage flotation is needed to achieve the desired grade 

specificat ions. Al ternati ve approaches to allevlate the above 

limitations in mechanical flotation cells are the use of flow 

modiflers, froth vibration. and froth washlng to increase the 

secondary concentration ln the froth phase. 

1.2.1 Flow Modifiers 

Moys (1984) showed that bubbles enterlng the froth phase near 

the concentrate weir have a very short resldence Ume ln the 

froth. Entralned llquld and partie les are thus afforded 11 t tle 

opportunity to drain back to the slurry and It 1s reasonable to 

suspect that most entrained gangue that reports in the concentrate 

originates from this area of the froth. He suggested to Insert a .. 
baffle (flow modifier) in the froth phase close to the concentrate 

1 3 
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1 weil". This flow modifier would ensure that bubbles enterlng the 

froth close to the concentrate weil" are diverted from the 

concentrate weil" and are retained ln the froth for a longer time. 

Thel"efore, l"esldence t ime in the froth 15 locally InCl"ea5ed to 

enhance secondan' C'oncentrat ion in the froth phase. 

1.2.2 Fl"oth Vibration 

Mechanicai Ol" ul tl"asonic vi bl"at ion was used fol" reasons othel" 

than entrainment reduction in minel"al pl"ocessing by American and 

Russian investigators as early as 1951 (Table 1.1). A search of 

the literature soon l"evealed that the concept of influencing 

flotation by the supel"impos i tian of an acoustic field was by no 

me ans novel, but unfortunately the conclusions drawn from much of 

the publlshed work are of 1 imited value because of lack of 

recognlt ion of man y of the factors contl"olling flotatlon. 

Furthermore, many of the experiments ta Investlgate the effects of 

ultrasounds in fact only examine their effect on conditioning 

prior to flotatian. 

Numel"ous invest igations have shawn that intense ul trasonlc 

vibrations can effectively change the state of a material causing 

dispersion, coagulation, and emuisification, changing the rate of 

dissol ut ion, and crystal li zation, bringi ng about some chemical 

conversions, and accelerating considerably muiti-phase processes. 

In recent years, ultrasonics have become of incl"easingly important 

in different industries. 

l 5 



t The flotat ion process mainly depends on the state of the 

mineraI surface. The introduction of ul trasonic energy into a 

flotation system can speed up flotation of some mineraIs. Table 

1.1 shows a literature survey on the applications of ultrasounds 

in flotat ion. In most cases, ul trasounds are used for 

pretreatment of pulp or water outside the flotat ion cell. AlI 

investigations were carried out in small laboratory cells. 

Froth vibration generated mechanically and ultrasonically 

will be tested as an auxiliary operation for reducing entrainment 

and enhancing secondary concentration of mineraIs in the froth 

phase in this study. 

Stoev (1967) invest igated the influence of ul trasonic 

vibrat 10ns on the secondary concentration of coal and bar! te 

mineraIs in froth. His resul ts, obtained at the Warren Sprlng 

laboratory. showed that sonic vibrations intensified the secondary 

concentration process. The vibrations, at a frequency from 50 to 

100 c/sec and an amplitude from 0.1 to 2 mm, were applied to the 

froth in the flotation cell and aiso after Hs removal into a 

separate vessel. A large intensification of the secondary 

concentration process with ultrasonic treatment was claimed (i.e. 

concentration process \oIith ultrasonic t reatment is bet ter than 

that after 45 min \011 thout such treatment). A pract ical 

dlsadvantage 1s the introduct ion of undesirable noise into the 

work1ng envlronment. 

16 
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Table 1.1: Applications of ultrasounds in flotatlon. 

ObJect ive 

defrothing tough 
froths 

desliming and 
upgrading ores 

pulp sonification 
pretreatment 

emulsification of 
sparingly soluble 
reagents 

effect of ultrasounds 
on bubble dispersion 

secondary 
concentrat ion 

water sonification 
ta increase recovery 

pulp sonificat ion 
pretreatment 

pulp soniflcation 
pretreatment 

pulp sonification 
pretreatment 

fine part icle 
flotation in 
an acoustic field 

pretreatment ta 
speed-llp flotat ion 
kinetics 

Reference 

Sun (19S1) 

Sun & Mitchell 
(1956 ) 

Asai and Sasaki 
(1958 ) 

Revnitzev & Dmitr1ev 
(1963 ) 

Stoev & Kuzev (1966) 

Stoev (1967) 

Agranat et al. 
(1973) 

2ubkov & Belov 
(1982 ) 

Raghavan & Hsu 
(1982 ) 

Dyatalov ( 1983) 

Nicol et al. 
(1986 ) 

Slaczka (1987) 

Applicat ion 

Coal flotat Ion 

tungsten and tin 

to Increase coal 
recovery 

for selecti vlty 

fine coal 
flotat ion 

coal and bar 1 te 

zircon, rutile. BeO 
ilmenlte, Jarosite 
spodumene, quartz 
chalcopyrite, molybdenlte 
and li monl te 
flotat Ion 

rare metal ore 
flotat ion 

molybdenum ore 
flotat ion 

ta increase coal 
recovery 

methylated sil ica 
flotat ion wl th a 
Hall i mond t Ilbe 

barite, fluorlte 
and quartz 
flotat ion 
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Nicol et al. (1986) showed that the superimposi tion of an 

acoustic field on fine particle flotation process was helpful in 

Improving recovery in the 10w size range (principally less than 20 

/-Lm). Using a modified Hall imond tube with an ultrasonic probe 

(horn) attached, they showed that there was a 25% to 50% increase 

in fine particle recovery due to presence of acoust le fields at 

0.40 W/mm2 and 1.18 W/mm
2

, respectively. 

SIaczka (1987) found that ultrasonic pretreatment of mineraIs 

causes an increase in the fletation rate of barite and a deerease 

in the flotation rate of fluorite using an ultrasonlc field of 

22kHz 
2 

and intensi ty of 0.5 'W/cm. 

barite from a barite-fluorite-quartz ore. 

He selecti vely separated 

Malinovski! (1970) uGed a screen 1 and 2 cm from the froth 

surface (in a 12 litre Mekhanobr cell) to investigate how firmly 

hydrophobie part icies at tached on the 1 iquid-air boundary. The 

screen, wi th openings of 2 or 5 mm, was meehanically vi brated at 

900 and 1200 vibrations pel" minute (vpm) with an amplitude from 5 

te 10 mm. He showed that the presence of a s.creen had no 

detrimental effect on hydrophobie partiele recovery (i. e. 

eopper-pyrite, eopper-zinc, and lead-zinc ores). 

1.2.3 Wash Water Addition (Froth Spraying) 

The froth acts as a separating medium (fllter) to segregate 

and remove the valuable mineraI part ieles from the gangue 

partlcles of the ore: Selective rejeetion of gangue in the froth 

phase can be fostered by careful and uniform water spraylng of 

18 



the entire froth surface. Froth sprlnkllng washes loosely held 

gangue particles from the froth and compensates for water lost in 

the upper layers. thus increasing froth stability. Many gangue 

partlcles are not attached to bubbles in the froth and can be 

seleetively removed from the froth by water dralning from the 

air bubbles. 

The thickness of the aqueous films between air bubbles in the 

froth. the rate. and amount of water draining between the bubbles 

play an important role in the process of secondary concentration. 

The greater the thickness of this layer and the larger the amount 

of water dralning [rom the froth. the more effect 1 ve is secondary 

concentrat Ion. An improvement in the concentrate grade obtained 

with spraying is largely due to washing away of gangue partlcles. 

which are entrained lnto the froth or weakly attached. 

Water spraying reduces the coalescence of bubbles in the 

froth and for opt imum addit ion of water increases the stablli ty 

of the froth. Without spraying. the film of water between bubbles 

in the upper portion of the froth is sufficlently thin for 

part leles to maintain contact wi th two or three bubbles. Wl. th 

spraying. the films thicken in aIL regions of the froth col umn, 

and the number of larger particles held in the fl'oth is increased. 

Also, sorne fine particles adhere to bubbles more firmly. 

Spraylng of the froth therefore generally Increases both 

concentrate grade and recovery whi le decreaslng reagent 

consumptlon and even decreasing the number of cleaning stages 

requlred ln the flotation (Klassen and Mokrousov. lU63). 
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The effectiveness of fl"oth washing may be improved by uslng 

mechanical mean5 to ensure intimate mixing of the water and froth 

flows: this 15 examplified by the Leeds column. The Wemco/Leeds 

column has an impeller below the froth barl"ier and demonstrates 

that the advantages of highly efficient froth washing with reflux 

water can be applied to the mechanical cells (Degner and Sabey. 

1988) . 

1.3 Previous Wash Water Applications at Plant Scale 

A li terature survey showed that wash water spray into the 

mechanical flotation cells has been widely used for coal and ore 

in the USSR for mOl"e than 25 years (Klassen and Mokrousov. 1963). 

Unfortunately. the use of wash water in mechanical flotation cells 

in the Western world is neglected. There are at least three wash 

water applications in Chi le, Zaire and Canada. 

Russian investigations carried out in many flotation plants 

with coals and ores have shown that a separation of particles of 

different sizes and different hydrations takes place in the froth 

phase. In most flotat ion froths. the content of the val uable 

mineraI and Y. solid increase and particle size becomes finer 

toward the top of the froth zone. 

1.3.1 Wash Water Distribution 

There are two kinds of reported wash water distributors used 

in Russian plants: showers and perforated pipes. The spraying of 

froth 15 carried out by sprinklers moving along the front side of 

the flotation cell. Figure 1. 4 shows the photograph of showers 

for spraylng the froth in coal flotat ion at the Karagandlnskala 

20 
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FIgure 1.4: Photograph of showers for sprinkllng the froth ln 
mechanlcal flotatlon cells at Karagandinkala central concentrator 
(from Klassen and Mokrousov, 1963). 

21 

Figure 1.5: Perforated pipe dlstrlbutor for coal flotatlon used ln 
USSR (from Klassen and Pikkat-Ordynsky, 1957). 



Central Concentration Plant. Water, faUing from a very low 

height, sprays approximately 40% of the front froth surface. In 

this case concentrate overflows over the cell 11p wl thout any 

paddles (Klassen and Hokrousov, 1963). 

Figure 1. 5 shows a perforated pipe type spraylng mechanism 

used ln coal flotation in Russla. The pipe assemblies were fixed 

20 cm above the froth and sprayed 70Y. of the froth surface. The 

hole diameter was 1 mm and water flow rate was 6 I/min (Klassen 

and Pikkat-Ordynsky, 1957). In this application, slnce the 

paddles were used, the back part of the froth surface was sprayed 

wi th water. 

Figure 1.6 shows the effect of water spraying on the 

stabillty of a flotation froth, and bubble slzes in the froth. 

The optimum addition rate is around 12-16 l/min for a 18 cm froth 

thickness. Unfortunately, no size distribution is given to 

convert this into a superficial rate to scale up or down. The 

average bubble diameter in the froth dramatically decreases with 

increaslng water addition rate. 

1.3.2 Ore Applications 

Significant increasas in concentrate grades have been 

reported by water spraying on froth surfaces. This was flrst 

done in the flotation of andaluclte ores and led to an increase 

in concentrate grade by 10-15%. Subsequently, the Saine process 

was adopted in USA at an Idaho plant CKlassen and Hokrousov, 

1963) . 
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Figure 1. 6: Effect of water spraylng on the stablll ty of a 
flotatlon froth and on the bubble sizes in the froth (from Klassen 
and Mokrousov, 1963). 
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cleaner flotatlon (from Klassen and Hokrousov, 1963). 

23 



t 
Russian experience showed that the degree of concentration 

was increased up to 3.26 times in scheelite flotation. This 

feature may be exploited to decrease the number of cleaning stages 

required in the flotation. 

The effect of water addition rate on scheelite cleaner 

flotation is gi ven in Table 1. 2. Size-by-size scheelite 

recovery increases with increasing water addition rate from 5.5 to 

16 l/min for ccarse particles and decreases for fine particles. 

It appears that there is no detrlmental effect of wash water on 

the detachment of coarse valuable par.ticles. 

Table 1. 3 shows the effect of froth spraying in powell i te 

(tungsten-molybdenum) ore flotat ion at two different wash water 

addition rates at the Lyangarska plant c1eaner circui t. 

Increasing wash water addition di 1 utes the pulp content in the 

cleaner' cells fr'orn 34.4% to 21. 8%. Ther'e 1s a significant 

increase in Mo content from 2.7% to 7.2% (2.67 times) with a 

slightly increased r'ecovery (1.06 times). 

The effect of particle size and water flow r'ate in powellite 

flotation 1s given in Table 1. 4. Fine particles are washed away, 

whereas large par't icles adhere to the froth. An incr'ease in the 

recovery of floatable minerals 1s due to the larger amount of 

coarse particles remaining in the froth. As the froth layer rises 

to the top of the fr'oth, the bubbles increase in size due to 

coalescence; this decreases the overall surface area of the 

bubbles, and leads to a competition for sites on the bubbles and 

to a displacement of mostly large particles. Water sprayi ng 
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decreases bubble coalescence, increases bubble surface area and 

decreases the reJection of coarse particles. 

Unfortunately, there has 

Western plant appl ications yet. 

not been any publlshed work on 

The available information relies 

solely on private communications. However, there 1s a recently 

increasing Interest to test the effect of wash water addition ln 

mechanical flotation cells. The Zinc Corporation of America, New 

York, 1s planning to test it for talcous gangue depress10n in the 

cleaner circuits (Kemp, 1988). Les Mines Selbaie is ready to test 

wash water in their zinc cleaner circuit (Murarka, 1988). 

Strong wash water spray 1S effectively used to Increase the 

selectivity of sphalerite from chalcopyrite in the 4000 tpd 

Kipushi operation in Zaire (Feron, 1987). In this operation, it 

was observed that as soon as wash water spray stopped, signiflcant 

amounts of sphalerite were lost. 

In Canada, the Polaris mill is current ly spraying wash 

water to sphalerite cleaner cell 1 ips to remove dolomi tic gangue 

from the concentrate. Some improvements are observed. 

In Chile, sorne plants (e.g. El Salvador of Codelco) are uslng 

wash water ln the copper cleaning stages, but there ls no 

information available about these operations. 

A private communication with Mr. S. Bulotavlc from Lakefield 

Research Centre, who tested the wash water spray in sorne Russlan 

plants, indlcates that grade can be signlficant ly increased. Hot 

steam was used, which passes through a screen mesh, and generates 
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hot water droplets. 

1.3.3 Coal Applications 

Klassen and Mokrousov (1963) and later Miller (1969) are 

among a number of authors who dlscuss the effect of froth 

sprlnkllng on coal flotation efflciency. They showed th... froth 

sprinkling washes loosely held g~ngue particles from the froth and 

compensates for water lost ln the upper froth layE'rs, lncreaslng 

froth stabi 1 i ty. Thus. both grade and recovery can he Improved. 

Miller (1969) showed that single stage flotation coupled with 

froth sprlnkllng yielded a product comparable to that obtalned ln 

a conventlonal rougher-cleaner combinat ion Substantlal savlngs ln 

flotation volume (35%) were possible. 

Results obtained by means of froth spraying ln the flotation 

of coals at the Karagandinskaia Central Plant showed that coal 

recovery increased from 2.4% up to 11.8X while ash content of the 

sprayed froth decreased from 14. 1% to 1.9X. Thus, wash water 

spray Increased the carrying capacity of the froth (i.e. recovery) 

at a lower ash content. Table 1. 5 shows that water spraying of 

the froth improves the quallty of concentrate ln flotatlon of bath 

coarse and fine 5 t zes of coa 1. There i 5 an 1 ncrease 1 n the 

recovery of coal, parllcularly wilh large partlcles. 

Klassen and Plkkat-Ordynsky (1957) applied water spraylng on 

laboratory and plant coal flotat Ion. Table 1.6 shows slgni ficant 

Improvement ln coal recovery at lower ash contents bath plant and 

laboratory scales. Table 1. 7 summarlzes the slze-by-slze coaI 
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recovery wlth and without wash water addition using two dlfferent 

Indut.trlal flotatlon cells. Coal recovery signlflcantly increases 

for coarse sizes while there ls a reduct 10n ln ash content. 

Comparlson of cel! #3 and #4 Indlcates that there ls no 

slgnlflcant problem using wash water wlth large cells. 

Table 1.5: Size-by-slze coal flotatlon performance w1th and 
wl thout wash water (from Klassen and Ho~rousov. 1963). 
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Table 1. 6: Effect of froth spraylng on coal recovery and ash 
content. 

WITHOUT SPRAYING WITH 5PRAYINC 

Products RECOVERY ASH CONTEHT RECOVERY ASH CONTDIT 

concent.rat.e 41.50 7.2 53.80 8.8 
t.allln9 58.50 2t,4 48.tO 29.8 

concentrate 27.10 8.8 t9.80 7.7 
t.allln9 72.90 20.2 50.20 28.8 

concentrate 70.90 8.5 85.00 B.5 
talll n9 29.10 38.5 15.00 se.8 

eoncentrate 48.70 7.3 63.00 8.8 
tallln9 53.30 2t.S n.oo 25.4 
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Table 1. 7: Size-by-slze coal recovery wlth and wlthout wash water 
uslng two dlfferent Industrlal flotatlon cells. 
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1.4 Temperature Effect in Flotation 

On various flotation plants in South Afrlca (Prieska, Cu-Ni 

and pyrite) (O'Connor et al.. 1985). Canada CClarabelle, Cu-Ni) 

(Kerr and Klpkie, 1985), and Finland (Hukki, 1970). experience has 

shown that during the winter months. signiflcant problems in 

terms of grade and recovery are experienced ln flotation. Changes 

in ambient temperature fluctuations in the flotation pulp clearly 

influence the performance of the flotation process. 

1.4.1 Objectives of Pulp Heating 

Temperature 15 known to affect the flotation kinetlcs, since 

an increase in temperature reduces induction times, often at the 

expense of 

fluorspar 

selectivity. 

and mixtures 

This has been observed particularly for 

of sphalerite and chalcopyrite. 

Temperature aiso affects the pH value, and the viscosity of the 

pulp, as weIl as the formation of bubbles. The temperature of the 

pulp affects the stabi li ty of the froth since the lower the 

temperature. the more stable 1s the froth. The effects of 

temperature on the kinetics of reagent adsorption have been 

studled extensiveIy, much of the work being concentrated on 

temperatures higher than ambient where the rate of adsorpt ion 1s 

higher al though desorpt ion 1s often enhanced (a' Connor et al .• 

1985). 

It is weIl known that most chemical react ions wi Il be 

accelerated by the increases in temperature. As a resul t, the 

following addit tonal improvements can he expected to take place 

(Hukkl, 1970): 
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- reduced need for des 1 i mi ng. 
- improved floatability of fines, 
- reduced condi t 10ning t ime, 
- rE:duced reagent consumpt Ion, 
- reduced flotation Ume, 
- reduced energy consumpt Ion in ail phases of the process. and 
- reduced contamination of tailing by excess reagents. 

O'Connor et al (1985) showed that the equillbrlum recovery 

of gangue deereased signiflcantly as temperatures Increased wl.th 

sodium ethy xanthate (SEX) (Figure 1.7), A clearer understanding 

of the gangue flotation or entrainment process can be obtalned 

tram plots' of gangue-water recovery (Figure 1. 8), whlch show that 

more gangue Is recovered ln the eoncentrate for the equlvalent 

mass of water as pulp temperature decreases. 

1.4.2 Industrial Appl icat 10ns of Hot Flotat 10n 

The vast number of papers written on flotatlon include only 

except i ona 1 informat ion on the effect of pulp temperature. 

Slmllarly. industrial appl ieat ions at above amblent temperatures 

are rare. The ~lassical examples are' 

- molybdenite - copper separation 
- hematite concentrate cleanlng 

(Cl eve land Cl i ffs [ron Company, Repub 11 c Ml ne. MI ch i gan) 
- rare earths flotation 

(Molybdenum Corporation, Mountaln Pass Mill. 
- sphalerl te - pyr 1 tf' or pyrrhot 1 te separat Ion 

(Brunswick Mining, Noranda, Bathurst) 

Callfornlal 
by sa treatment 

2 

Heatlng of pulp May take place before rougher flotaUon or 

it may be limited to cleanlng of the exlsUng concentrate produced 

by the conventlonal methods In the latter case, on~ or more of 

the warmed up mlddllng pulps ma:,' be relurned to the rougher 

clrcul t; thls as such can be advantageous. 
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The most promlslng fields for hot processlng ln sulflde 

flotation are the further cleanlng of rougher concentrate, and 

especlally the selective separation of sulphlde mineraIs from bulk 

concentrate ln a general case the tonnage of such bulk 

concentrate amounts to a mlnor part of the Inlt laI feed and 

energy requirements are reduced. 

The primary purpose of the treatment of an exlstlng sulphlde 

flotation concentrate 15 the partial or total removal of xanthate 

coatlngs from aIl sulph1de surfaces. The additlonal purpose that 

always can be Included Is the reductlon or ellmlnatlon of the 

frother content wlthln the concentrate. It 15 already known that 

o 
temperatures of 80-100 C are very effective ln hydrolyzlng 

xanthates and for desorptlon of xanthate coatlngs from sulphlde 

surfaces 

After removal of xanthate coatings some dl fficul t sul phlde 

mineraI separations from bulk concentrates can be accompllshed 

more selectlvely t~an by standard procedures. This allows greater 

freedom in selectlng condltlonlng agents and posslbly ellmlnate 

the need for less attractive depressants, such as cyanlde and S02 

Typlcal examples of separation of sulphlde mineraIs from bulk 

concentrates after removal of xanthate coatlngs lnclude (Hukkl, 

1970) : 

- galenalchalcopyrlte 
- pentlandlte/chalcopyrlte 
- cobalt-nlckel-sulphldes/chalcopyrlte 
- chalcopyrlte/sphalerlte 
- pyrrhotlte/sphalerlte 
- molybdenlte/chalcopyrlte 



1 
Typlcal examples of processes where hot flotatlon should 

always be considered include: 

final cleaning of concentrates of magnet i te, hemati te, 
ilmenite, chromite, rut i le, scheel i t.e, cassl terite, co 1 umbi te­
tantalite, monazite, fiuorspar. apatite, rare earths, etc., from 
impurities such as silicates 

- selective separatIon of t.wo oxide mineraIs from their bulk 
concentrate typified by separat ions such as apati te from 
calcite, and scheelite from calcite. 

- separation of feldspar from quartz. 

Al though heating of the pulp may improve recovery and/or 

grade, the economics must be carefully eval uated for each plant, 

since changes in temperature can cause larg~ variatIons ln 

flotatlon performance depending on the type of ore being floated 

as weIl as the type of collector being used Pulp heat lng 15 very 

costly in the co ld Canadian cl imate. Pulp va 1 ume 1s 1 arge; 

however, froth volume is relatively smal!. 1 n th i s st udy • the 

effect of wash water temperature on froth washing efficiency will 

be 1nvest igated The effect of some chemical addi t ives ( 1. e. 

depressants) ln wash water on gangue entrainment wi Il also be 

determined. 

1.5 Summary 

The I1terature survey showed that wash water sprlnkling lnto 

the mechanical cells has been widely used for coal (bi tumlnous) 

and ore mineraI (andalusite, powelllte, scheelite and molybdenlte) 

flotation ln Russia for 25 years. Published data suggest that 

there 1s a slgniflcant improvement in both concentrate grade and 
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recovery. From Russlan practlce. lt seems thlll waler mlghl be 

sprayed 40-70% of the froth surface uslng ~rforated pl pes or 

showers (sprlnklesL 
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CHAPTER 2 

A STUOY OF THE SLURRY PHASE OF MECHANICAL FLOTATION CELLS 

IN 

A TWO PHASE SYSTEM 

~-----------------------------------------~ 
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1 

Introduction 

The main objective of thls chapter Is ta present ~omc 

fundamental aspects of the flotatlon process ln (\ gns-ll<luld 

system. The main emphasls ls glven to the slurry phase whcn~ thr! 

entralnment problem orlglnates. 

Gas holdup and bubble slze are two of the Most Impnr'tant 

factors characterizlng hydrodynamlcs ln a flotatlon ccii G.l:" 

holdup produced ln a stlrred vessel Is a basic measure of the 

effectlveness of the contactlng and m\x\ng Although no 

unlversally applicable model to predlct gas holdup Is yel 

aval1able. chemlcal engineering Il terature suggests a number' ut' 

emplrlcal correlations Table 2.1 shows a Ilterature sur'vey un 

gas holdup. interfacial area. and bubble slze along wlth the 

vessel dimensions. operating conditions. and mcasurlng mclhods. 

AlI lnvest1gatars measured gas holdup; sorne attempted to mea~;lW0 

Interfaclal area and bubble slze. Therefore. ln thl::> sludy. t hr! 

main attention was glven to gas holdup measuremcnts. rlt)(· t, 

measurement dlfflcultles of bubble slze and Interracial ar'ea ln 

agltated vessels. 

The earl1est gas holdup models were derlved from experlm(~nt.!. 

with either pure llqulds (coalesc1ng systems) or aqucous solutions 

of electrolytes (non-coalesclng systems>. Il was assumed that ~a'; 

holdup was proport!onal to the d!sslpated energy per unit volume 

(PlV) and superflcfal gas rate (J ). 
0; 

These are Indirect 
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Table 2. 1: Llterature survey on gas holdup, bubble size and 
Interracial area. 
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correlations because the aerated power (P ) 15 not usunlly r'clnt('d 
• 

ln any simple way to the power transmltled without gas bl'inR 

present (Mann. 1986). 

More recent correlations ha .... e sought to nvold thls dlfflclIlty 

(50 as to provide prediction of gas holdup as a funcllon of ll'uly 

measurable variables). A recent relation, deduced through 

dlmenslonal analysis, contains the air flow, th" \.lebel' numbtn', ,llld 

a scale factor (Yung et al, 1979) Sorne of thC5t! hold\J~) 

equatlons will be tested for the flotatlon operallon . 

Bubble s1ze, bubble rlse .... e 1 oc 1ty, spatial bubble 

distribution, and gas holdup pronles have a direct bearlng O/l 

flotation. The two most frequent techniques for measurlng bubblf! 

dlameter in a bubble swarm are photography and calculnt Ion fr'om 

holdup and Interracial arca measuremenls. These two melhods al'(~ 

compared ln thls work. 

2.1 Theoretlcal Considerations 

Figure 2.1 1l1ustrates a verticall:; Integralcd theort'!t Ir:al 

flotation framework, whlch relates the fundament.al rhyslr;:\l 

phenomena to metall urg lcal performance, which large 1 y dpI er'm \ Tl'''; 

the profltabllit,Y of benefic1atlon. In order t.a achleVf! final 

metall urg i cal benefl ts, 1. e. grade, recover,Y, and se 1 cet 1 v Il y. 

there should be physlcal contactlng between parUe les and bubblf!!i 

The number of such bubble-particle collisions depends on encr'1o~y 

1 
d1ss1pat 10n, power input, holdups, gas, and 11quld 

flowrates between the sI urry and froth phases. These ph,Ys 1 ca 1 
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t contactlng phenomena are ln turn responslble for dctcrmlnlnR thl" 

capabi 11 ty of the flotation cell as a mass transfer devlce HIl!.>:' 

transfer in the cell 15 relaled ta the bubble mechanlc!J (ter'mln.lI 

veloclty, spatial bubble distribution etc J, ava.llnblo :;ur'!:\\'\' 

( 1 nterface) area, kl ne tic muss transfer r'ate constants, blJbbl e 

size distribution, and resldence lime of gas,llquld, and ">011d 

phases. 

The flolaUon process Involves the Interact10n of lh,.!',· 

phases: solld, l1quld, and gas A flotatlon cell can be dlvid(!d 

lnto two volumes: the lJulp vol ume ln whlch 1 nt 1 matI! 

part icle-bubble contact ls Induced by the turbulent act Ion of the 

lmpeller and lhe froth volume, whlch acts as a scpar'atlng medium 

to segregate and remove the valuable minerais. 

Although flotatlon 15 a three phase system, Il 15 ,!xpcdl'!nt 

to consider lt first 85 a two phase system ln order to undersland 

basic phenomena taking place ln the flotatlon cell. The pulp and 

froth volumes cao be subdlvlded ln the llquld and air (bubbll!) 

phases as well. Table 2.2 shows the summary of the correlations 

and variables used ln thls work. 

2.1.1 Gas-Uquld Interfaclal Area 

Sorne prlnclples of efficient conlactlng ln conllnuo\J', 

dlspersed-phase flow may be seen by consideration of thr! 

relatlonshlp' 

A ,. 
6 . c 

d 
•• 

2. 1 

.i 1 
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AUTHOR PARA.'ŒT~R VARIAS LES EOU. 

Calderbank Alp gas-liqu1d 1nterfac1al P 'Vl ,J ,V ,Na ,N,D, 3,4 a p g t e 

area .:lp,:J 

Arb1ter P unaerated power Np,N,D'Pl 5 u 

M1chel&'tiller P aerated power Pu,!-I,D,O 6 a 

Luong&Volesk1 P 
a 

aerated power O,!-I,O,,:ll' 0 7 

Pebble&Carber V term1nal rise ve1oc1ty Il';)1,0 g ,0 q 
t 

Van Dlerendonk E gas hold-up U,O.O,N,No,D,L 10 p 

Calderbank E gas hold-up Jg,Vt,Pa,Vlp'Pp 11 p 

Rushton e: gas hold-up P 'VI ,J 13 p a p g 

'{ung et al 's e: gas hold-up O,N,O,L,p,a 14 p 

Westercerp No min. 1mpeller speed D,L,p,cr 15 

Cdderbank Oc contact time Pa' lt ,JI 17 

Calderbank d bubble diameter P.'Vlp'~l,Ug,P,Ep 18 
bP 

Calderbank d
bP 

bubble diameter p.,Vlp,Pp,Ep'O 19 

B ascl.lr&Berb.t dbp 
bubble diameter pa,VIp,CF'€p,Pp,Kl 20 

Graves&Kobbacy 11fl 1mp .dia •• ff. N,D,T,O 23 

Grave s&Kobbacy 11rl 1mp.<i1s. eff. T,Q,n 22 

Table 2.2: Summary of correlations used ln this work. 
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il i i ;);;. l' 

-1 
where A: interracial area per unit volume of mixed phase. m 

c: fractional volumetrie gas holdup of dispersed phase 
d equivalent mean sphericai bubble dlameter. m 

sm 
I.e. Sauter diameter wh1ch 1s deflned as: 

L n.d 3 

bp 

d = sm 

L n.d 2 
bp 

where d : bubble size in the pulp phase, m 
bp 

n: number of bubbles at a certain slze 

2.2 

The interfacial area may be increased by Increaslng gas 

holdup or reduclng bubble diameter. Small bubbles are more 

readl1y entrained into circuiating liquld stream ~~d 50 give more 

gas back-mixing than larger bubbles under slmllar hydrodynamic 

condi t ions. 

Calderbank (1958) studied the interfacial area of gas bubble 

dIspersions in agltated llquids by light scatterlng and reflection 

techniques uslng a photocell. Those techniques are only 

applicable in the case of small gas holdups (c < O.lS). He 

proposed the following relationship: 

, 
A 

Ip 
= 

where V : 
t 

A 
Ip 

J : 
e) 

p: 
p 

0': 

1. 44 [_(_P_a_I_V_1 p_>_O_._4_
p
_O_._2 

0.6 
IJ' 

terminal velocity of bubbles ln free 

gas-liquid interfacial area, -1 m 

rlse, 

superflclal gas veloclty (aIr flowrate/cell 

sectlonal area). mis 
pulp densl ty. 3 kg/m 

liquld surface tension, N/m 

2.3 

mis 

cross-

'WIWIiIf ,.-n1iW 
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1 

P : aerated power input. W 
a 

V : liquid volume ln the cel1. m3 

Ip 

Eq. 2.3 15 appl1cable 1 n t he range NO. 7 ( D. NI J ) 0.3 
Re 9 

< 

20000. For N 0.7 (O. N/J )0.3 > 20000. the interfacial area 1s 
Re 9 

increased because suction of aIr takes place from the free 

surface. In flotat ion operat ion, abstraction of froth into the 

slurry is the indication of aIr capture from the atmosphere and 

15 clearly undesirable. The amount of gas picked up at the 

surface, which increases wi th increasing Impeller speed, can be 

3 
significant for vessels under 0.25 m in size (Miller', 1974), The 

entrained gas cirt:.ulates along with the gas Introduced in the 

aerated mass. For flotation. N 0.1(0. N/J )0.3 is greater than 
Re 9 

20000 and interfacial area in this regton denoted by 

estimated from Eq. 2.4: 

N.D 
Log 

10 
1.95 10 ---------

-6 N o. 7 [ 

Re J 
9 

2 where N : impeller Reynolds number (0 . N. p)1 1.1. 
Re 

N: impeller speed, rps 
0: impeller diametel", m 

1 

0.3 

Il A Il is 
Ip 

2.4 

In order to eval uate interfacial area, the aerated power 

input and terminal bubble rise velocity must be measured or 

inferred from other operating variables. 
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1 
Power Consumpt ion: The power consumed in agi tat ion reflects the 

conversion of tangent laI velocity at the blade t ip to an entire 

spectrum of turhulent veloei ties, which disslpate the original 

rotational ki nelie energy through vortex degradat ion and 

eventually through viscous resistance to heat. 

Flotation 15 achieved under highly turbulent flow conditions. 

4 In the turbulent reg10n (N > 10), the power number 15 constant 
Re 

for a given cell geometry under a wide range of operating 

conditions (Rushton et al. 1950). The estimated power eonsumption 

1s generally 80X of the installed power for industrial practiee. 

The power number for a number of flotation machines operaUng in 

water was determined by Arbi ter et al. (1969). Unaerated power 

consumption under the turbulent flow conditions, P, can be 
u 

calculated using: 

3 5 P =N.p.N.D 
u p 1 

where N: power number 
p 

2.5 

Power consumption by impellers under aeration condition has 

been the subJect of many studles. Mechan1cal power input in 

aerated and agi tated systems can be calculated from the most 

popular and long-standing correlation of Michael and Miller (1962) 

and Miller (1974). 

P = 0.706 2.6 
a 

where Q: air flowrate, .m3/s 

45 



t 
Recently, Luong and Volesky (1979) lntroduced the use of air 

flow and Weber numbers for calculatlng gassed power consumptlon: 

= c 
[

-Q 

N.03 r 2.7 

p 
a 

P 
u 

where 0.497 < C < 0.514; m. - 0.38; -0.198 < n < -0.18 

Terminal Bubble Rise Veloci ty: The volume fractIon of gas ln a 

non-stirred gas-Ilquld reactor can be consldered as the ratio 

between the superflclal gas veloclty, 

term1nal velocity of the bubbles: 

c • 

J 
9 

V 
t 

J, and a characterlst1c 
9 

2.8 

Pebbles and Garber (1953) have deflned factors ai'fectlng the 

rlse veloclty of sIngle bubbles in stagnant l1qulds under 

turbulent conditions. They found the relationshlp for the rlse of 

bubbles ln the constant velocity reglon. 

0.25 

[ 

g.v.(p -p} ] 

Vt. • 1. 18 __ PI :_9_ 2.9 

where V: ter.lnal bubMe rlse veloclty, ais 
t 3 

Pl: llquld denslty, KaI. 
P : gas densl ty, 1Cc/.3 

9 
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1 

·p 

2.1.2 Gas He Idup 

Gas holdup 15 one of the m05t important parameters 

characterizlng the hydrodynamics of the flotation cell. Air (gas) 

holdup in the pulp zone, c, expressed as the fract ion of air 
p 

volume in the cell, has aIse been correlated, for example, by Van 

Dlerendonck et al. (1968) for electrolyte solutions: 

c 
p 

where 

= 0.075 

2 
~: liquld viscoslty, Nsec/m 

No: minimum Impeller speed fOf' dispersion, rps 

2.10 

Physical propertles represented ln Eq. 2. la were varied in 

the following range. Viscosity was between 0.0005 and 0.005 

2 Nsec/m , surface tension 0.02 and 0.075 N/m, and pulp density 800 

:3 
and 1300 Kg/m . 

Calderbank (1958) proposed the followlng equatlon for gas 

holdup in aerated vessels: 

Cp. [-~:-~&:-t 1 + [ 0.000216 

(P /v )o.~ 0.2] {J } .. Ip Pp 9 

--
V 06 J +V 

9 t 

where P : power input in aeratlon, W 
a 

V : slurry volume, III 
Ip 

P IV : power dlsslpat ion per unit volume, W/ra3 

• Ip 

V : terminal bubble rlse veloclty, mis 
t 

2.11 



This equat ion can eas i ly be sol ved by a computer using the 

Newton-Raphson root method. When P IV tends to zero, C 1s equal 
a lp 

to J /V. which is a correct deduction and expresses the holdup 
9 t 

obtained when air 15 distributed uniformly over the cell 

cross-section ln the absence of _ 61tation. When P IV becomes 
a Ip 

larger. the first term 1s negltgible and Eq. 2.11 yields: 

0.4 

2. 12 

The above equation agrees fairly weIl with experimental 

results obtained by Rushton et al. (1944) for mix1ng vessel of 

large capaci ty: 

0.47 

Cp = [-:~p ] J 0.53 

9 
2.13 

Calderbank (1958) tested the following variable ranges. 

Surface tension was between 0.022 and 0.073 N/m; pulp densi ty. 

790 3 
and 1600 Kg/m; effective kinematic viscosity. 0.0005 and 

2 0.028 Nsec/m; gas rate, 0.003 

dissipation per unit volume, 0.21 

3 and 0.018 m /sec, and power 

3 and 4.23 W/m . These var iables 

are in the order of magnitude of normal flotation operation. 

One of the most recent reviews about gas-liquid st i rred 

vessel mixers by Mann (1986) showed that there was no satisfactory 

unlfied descript ion of the internaI two-phase mixing processes. 
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1 

1 

He pres~nted a number of correlations for gas holdup in a stirred 

vessel. Among them, Yung et al's (1979) relatlonship included the 

air flow number, the Weber number, and a scale factor on gas 

hold-up: 

0.50 0.65 1.4 

c = 
p 0.52 [-N.:'] {_P.:2.D3} [-;-] 2.14 

Minimum Impeller Speed for Air Dispersion: When a gas stream is 

blown in a liqu1d under agitation, there 1s a minimum impeller 

rotational speed, N , to achieve gas dispersion. Westerterp et al. o 

(1963) suggested the following relationship: 

0.25 

No =[ ~ ] [7] {1.22+1.25 ~} 2.15 

where L: cell dlameter, m 
D: impeller diameter, m 

It can be assumed that the Impeller tlp (perlpheral) velocity 

must exceed the gas rislng velocity a certain number of times ln 

order that aIl large gas bubbles supplled be breken up into small 

bubbles. ApplIcation te flotatlon ceIIs show that impeller speeds 

actually used are hlgher than thls minimum value (Barbery, 1982). 
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Contact Time: The contact tlme of a gas with liquid peI" unit 

depth, Q, 
c 

1s est Imated from gas ho ldup. Denotlng the average 

liquid depth as H, the mean resldence Ume of gas bubbles as T, 

and superficial gas velocity as J , we have 
9 

T = 
J 

9 

H 2.16 

The contact time pel" unit depth of llquid Is given by: 

Q = 
c 

J 
9 

2.17 

where K is a constant, and varies between 1. 3 and 1. 6 
(Calderbank, 1967). 

Gas holdup lncreases wl th lncreaslng superfic1al gas 

velocl ty, whi le contact t 1me 1s decreased. For example, a 50% 

increase in J causes a 25% Increase ln gas holdup and 17% 
9 

decrease in contact time pel" unit depth of 11quid. 

2.1.3 Bubble Size 

Average bubble slze results from equ111 br! um bet ween 

stresses applied (especlally shear stresses) and surface forces. 

The Weber number 1s slgnifïcant, as weIl as the power dissipated 

pel" uni t vol ume, P IV , which according ta Kalmogoroff' s theory, 
a Ip 

controls the size of the smallest eddles in fully developed 

turbu lent flow. Various correlations have been put forward. 

Calderbank (195B) flrst suggested: 
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d 
bp 

=2.25 __ 0" _ 

[ 

0.6 1 
( P a/V 1 p ) 0 . 4 . pO. 2 

0.4 
C 

P 

0.25 

2.18 

where /JI' and /J: llquld and gas viscosities 
Q 

d : Sauter mean bubble diamet"'r ln the pulp phase. 
bp 

Later on, Calderbank (1958) proposed the following equatlon: 

d 
bp 

= 4.15 _0" _ CpO.5 

[ 

O. S 1 
(P /V) 0.2 

a Ip . Pp 

+ 0.0009 2.19 

Miller (1974) tested Calderbank's Equation and found that it 

gave good est imat ions if the superfi cial gas velocl ty was less 

than 0.02 rn/sec; surface tension was between 0.0217 and 0.0735 

N/m; pulp density, 790 and 1600 
3 Kg/m; and effective kinematic 

viscosity 0.0005 and 0.028 2 Nsec/m . Most of these ranges are ln 

the order of magni tude of normal flotation operation. Average 

bubble diameter can also be calculated from measured gas holdup 

and calculated interfacial area values (Eq. 2.4) uslng Eq. 2.1. 

Harris (1976) has especially insisted on the importance of 

frother addl t Ion on the control of bubble size ln this type of 

system. 6ascur and Herbst (1982), who preferred frother 

concentration rather than surface tension, used the followlng 

equatlon to calculate average bubble diameter in the slurry phase. 
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bp 

[

Cp 0.4 1 
=Kl -p~.~ -(P IV ) o. ~ CFO. 3U 

a Ip 

where K: constant (function of each system) 
1 

CF: frother concentration 

2.20 

Eq. 2.20 easy to use in plant practice since the frother 

concentration is used, rather than surface tension. However, this 

makes it less fundamental than other correlations, and it does 

require calibration. 

2.1.4 Gas Mixing Regimes in Agitated Vessels 

There are three different gas mixing regimes described by 

Nlenow et al. (1986) at constant gas flowrate (Figure 2.2). The 

region lying between the minimum and maximum conditions is called 

the efficient mixing reglon, where aIl of the sparged gas passes 

through the impeIIer just once. To the right of the minimum is 

the flooding region and to the left of the maximum the 

recirculation reglon. 

The efficient mixing zone (EMZl 1s established when aIl of 

the sparged gas coalesces with and 1s dispersed from the 

cavlties behind the impeller blades (Figure 2.3). When 

recirculation occurs, more gas 1s transported from the bulk of the 

tank to the ImpelIel' and the rate of gas coalescence wi th the 

cavities then exceeds the sparglng rate. In the flooding reglon, 

the gas cavities are OIÜ:'" able te capture part of the spal'ged gas, 

while the rest flows more or less vert ically to the surface 
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POWER 
RATIO 

Pa / Pu 

1 1 • 

flooding 

EMZ 

-- EML 
rqcircul ation 

o. 1 
AIR FLOW NUMBER 

FIgure 2.2: DetermInatIon of gas mlxlng reglmes. 

EM2: efficIent mlxlng zone 
EML: effIcIent mlxlng Ilne 

P : aerated power consumption 
a 

P : unaerated power consumption 
u 

... 

ln 
W 



f 

Figure 2.3: Air bubbles attached to trailing edges of impeller 
blades (hlgh-speed photograph) (from c.e. Harris). 
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1 wi thout belng dlspersed. The flooding reglon defines the lower 

11mit of the efficient mix1ng zone. 

The progress ion of internaI flow regimes observed at 

Increased impeller speed and constant aerat Ion rate 1s gl ven in 

Figure 2.4. At a very low impeller speed, gas short-circuits up 

the shaft formi ng a partial bubble col umn shown in Figure 2.4a. 

This condition is called "impeller flooding", as the impeller 

becomes engorged with gas and 1s by-passed by excess gas without 

adequate dispersion. Under flooding conditions the impeller tip 

speed 15 less than the bubble rise velocity; therefore not aIl the 

aIr stream introduced can be captured and dispersed into the cell 

by the impeller. As impeller speed 1ncreases. gas 1s dispersed to 

form a more homogeneous gas-liquld mixture in the efficient mixing 

zone (Figure 2. 4b). Circulation of gas downward wi 11 take place 

if impeller speed 1s further increased (Figure 2.4c). Most 

flotation machines have the condi tions shown in Figure 2.4b. Some 

of the flotat ion cell manufacturers prefer to have recircul ation 

to increase Intlmate contact between partlcles and gas bubbles, 

l1ke in Denver DR cells. Recirculation may not be deleterious to 

metallurgical performance. but flooding is 

deflnitely avolded. 

and should be 

Impeller Dispersion Efficlency: An impeller dispersion efficiency 

is defined such that: 

TI -

rate of gas coalescence with Impeller cavitles 

rate of gas sparging 
2.21 
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Lili 2 Lt a .L& 2i 2 &Z2 .. Ui2ZCCS'CAM :at) xun' MY a i4 

where 1) = 1 in the efficient mixing zone 

1) < 1 in the floodlng reglon 
II > 1 in the recirculatlon reglon 

'$ ; t 4 : $ P 

Greaves and Kobbacy (1981) gi ve the following equatlons, for 

impeller dispersion efficiencies in the recirculatlon (T} ) and 
ri 

flooding (llfl) zones, respectively: 

[ 
N2 .5? 0 5 . 93 

1 
llrl = 4.13 

12.45 QO.33 
2.22 

0.20 0.29 

[ 
1 Q 

] llfl = 1. 52 
01•74 

2.23 

where 1: celI diameter, m 
D: impeller diameter, m 
N: i mpe Il el' :3peed, rps 

Q: 3 air flowrate, m / s 
9 

If l) 1 and l) are calculated for certain points of operation 
r ri 

froin the above equations, they will satisfy the conditions glven 

below: 

11rl > 1 recirculation zone 

11fl < 1 flooding zone 

11r 1 ' I} effIcient mixing 

1)(1 ~ 1 

.. 

-
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2.2 Experimental 

2.2.1 Set-up 

The experimental set-up, which was used to meaS'.lre gas 

holdup, Is shown schematically in Figure 2.5. It conslsts of a 

modified Denver flotation machine, a plexlglass cell 

(0.15-0.15-0.32 m), water manometers, a Tucessel CD 810 digital 

conductivity meter, an electrode assembly, and a data acquisition 

system. Details of the flotation cell and machine are given 

elsewhere (Kaya and Laplante, 1986). Six pressure taps at 5 cm 

Interval were dri lIed at the back side of the flotat ion ce Il and 

connected ta the water manometers in order to measure pressure 

drop at different 1 evels. Air bubble entry to the water 

manometers was prevented by steel wool plugs. Dowfroth 250C at a 

concentrat ion of 10 ppm was used as a frother unless otherwise 

speclfied. AlI experlments were performed batch wise wi thout 

feed, tai 1, and overflow. 

The cables from the electrode assembly were connected to an 

a-channel multiplexer, which receives timed signals from the 

master clock card and sends signaIs to the conductimeter. 

Temperature corrections can he made automatically with the 

conduct imeter if the temperature probe 15 used. Conduct 1 vi ty 

measurements are firstly converted into currents (0-5 volts) by 

the conductlmeter, and then amplifled (0-10 volts) by an 

ampli fIer. After analog-to-digl tai conversion by an 8-bi t A/D 

converter, results (i. e. digital signal readlng) are stored by an 

Apple compatible computer. 
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Figure 2.5: Experimental set-up for conductlvity and pressure 
gradient measuremnts. 
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2 Two square electrodes (1*1 cm ) made of stainless steel were 

connected to the conductimeter (measurement reproducibility better 

than +0.3%) These electrodes were fixed in a plexiglass cubic 

prism cage (1.5*1.5-1.5 cm) open at the top and battom ta allaw 

liquid flow between the electrodes. It was verified that wlth 

this geometry, the ion path between electrodes deviates from the 

cross-section enclosed by the electrodes only 0.5 cm above and 

below the cage, thus providing a ver'y local ised measurement of 

conduct i vi ty. 

2.2.2 Overall Gas Holdup Measurements ln the Recovery Zone Using 

Level Rise and Overflow Techniques 

Level Rlse Technique: A first simple method of measuring overall 

gas holdup in a flotatlon cell without solid phase Is te measure 

the height of the aerated liquid height, h, and that of clear 
a 

liquid wi theut aerat ion, h. The average fractional holdup is 
u 

equal to: 

Ah 
c = 2.24 

p 

h 
a 

where Ah: difference in level with and without air, m 

The level rl.se method was used with the modified plexiglass 

cell ln the presence of frether. 

Overflow Technlque~ A second simple method of determining average 

holdup 15 to f111 the cell up to the cell Hp and measure the 

volume of displaced 11quld when air 15 Introduced. The 

overflow technique wa.s used in arder ta extend the resui ts te 
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other laboratory flotat ion machines and cells. ThereÎore. t wo 

different laboratory flotation machines with three different 

original (commercial) set of cells were tested. First. the 

modified Denver flotation machine (012) was used with three glass 

Denver celIs: second. an Agitair LA-500 flotation machine was used 

wlth three original Agitair ceIIs at different sizes. Cell 

dimensions. effe~tive volumes. and impeller diameters are given in 

Figure 2.6. 

In the overflow technique. a digital balance was placed under 

the flotation cell to weigh the amount of water in the cell before 

and after aeration. Both level rise and overflow methods are best 

suited to systems with a qulescent liquid surface. 

2.2.3 Point Gas Holdup in the Recovery Zone Using Conductivity 
Measurements 

The recovery zone of a mechanical flotation cell 15 extremely 

complex with respect to the gas phase; however, it ls possible to 

get sorne val uable informat ion about the internaI flow patterns 

using point holdup measurements wi th conduct i vi ty. The 

conductl vit y technique can he used not only for determining the 

point holdups but aiso for determining local holdups as a functlon 

of height in the cell. 

The measured so lutlon conducl1 vi ty is based on the 

rneasurement of resistance. This ls usually accomplished by means 

of a Wheatstone bridge. An al ternat ing current of about 1000 

Hertz 15 used to prevent polarizati0n problems at the electrodes. 

Direct current produces gas bubbles at the electrodes. 
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DENVER D12-GLASS 

(13 x 13 x 11 ) 

1577 

7 

(16x16x13.5) 

2910 

7 

AGITAIR L A -500 

(11 x 11 x 15) 

1734 

7 

(15.5 x 15.5 x , 5) 

2590 

9 

(185x185x18) 

5238 

7 

(20.5 x 20.5 x 16.5) 

5014 , , 

Figure 2.6: Dimensions of the commercial flotation cells and 

Impeller mechanisms tested ln this study (scaled drawing). 

Cell dImensions are {li w, and hl ln cm. 
Cell volumes are .. in cm 3 

Impeller dlameters ln cm. 
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The resistance of a conductor ls proport lonal to Hs length 

(L) and inversely proportional to its cross-section (A): 

R = q (LIA) 

Conductivity is reciprocal of the resistivity: 

C = 1/(qL/A) = K/(L/A) 

where K: specific conductivity 
LIA: cell constant 

q: specifie resistance 

2.25 

2.26 

Electrolyte solutions, l1ke other conductors, obey Ohm' s 

law. Consider a column of electrolyte of a cross-section 1 m
2 to 

which a potential gradient of 1 V/m is applled (Figure 2.7) The 

current pass ing wi Il depend on the number, speed, and charge of 

the ions. AlI ions present contri bute and the total current wl11 

be the sum effect of the cations migrating towards the cathode 

and the complementary effect of negatively charged ions moving in 

the opposi te direction. 

The conductivity of a 11quid system with a fixed ion 

concentration at constant conditions is proportional to the length 

of the path between two electrodes. If the tortuoslty factor 

remains approximately constant, conduct i vi ty 

proportlonal to the 11quld holdup in the bed. 

C = K. (AIL) 

where C : conductivity with aeration 
E: 

C: conductivity without aeration 

ShOlild 

L: length between electrodes in the absence of air 

be 

2.27 

2.28 
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Figure 2.7: Dlagrammatlc representation of conductlvlty 
measurements. 
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L : length between electrodes in the presence of air c 

A: electrode area 

Conductivity can be rendered dimensionless by dividing it by 

the conductivity obtained in the absence of gas. 

c c 
---= 

c 

(l-c) . L 

L c 

2.29 

Yianatos et al (1985) developed a geometrical model of 

tortuosity in a gas-llquld system, very similar to that of Maxwell 

(1873) : 

L c 
-- = 1+0.55c 

L 
2.30 

Using thls mode 1 , gas holdup in the slurry phase 15 inferred 

from conductlvlty with and wlthout gas: 

= 
c - C c 

O.55C + C c 

2.2.4 Local Gas Holdup ln the Recovery Zone Using Pressure 
Measurements 

2.31 

The local gas holdup 1s defined here as the volume occupied 

by gas bubbles as a functlon of the clear 11quld volume between 

two pressure taps in the flotation cell. Slnce the density of the 

gas is usually neg11g1ble compared to that of the aer'ated l1quld 

it follows that: 

1 
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1 
c: :=. ----

The bulk densi ty of aerated 1 iquid 

2.32 

(p ) was measur."d by 
p 

means of pressure taps. which were connected to water manometers 

to transmit only pressure From the difference in readings of two 

separate pressure taps which are open to the atmosphere at the 

other ends. the bulk density of the aerated liquid was calculated 

by the following relationship: 

c = 
p 

h 

L 

where L: vertical distance between two pressure taps 

2.33 

h: difference in the readings of the manometers in terms 
of clear liquid head. 

2.3 Results and Discussion 

2.3.1 Overall Gas Holdup in the Recovery Zone 

Effect of Physical Operating Variables: Overall gas holdup as a 

functlon of superficlal gas rate Is shown in Figure 2.8. Average 

gas holdup incl"eases with Increasing superficial air rate. In 

order to predict overall gas holdup in a stirred flotation cell, 

Eqs. 2. 10. 11, and 12 were tested at different operating 

conditions. Van Dlerendonck' s model (1968, Eq. 2.10), whlch 1s 

Independent of aeratlon rate, slgnificantly overestlmated the 

average gas holdup ln the recovery zone. However, Calderbank's 

model (1958, Eq. 2.11) with Luong and Volesky' s aerated power 
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Figure 2.8: Experimental and predicted overall gas holdup 1n the 
slul'ry phase of flotation cell (N: 1500 l'pm, la ppm frotherl. 
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consumptlon (Eq. 2.7) yielded a very close agreement with 

experimental data. Michael and Mll1er's aerated power Eq. 2.6 in 

conJunction with Eq. 2.11 slightly 0' '~restimated the holdup 

measured, while Yung et al's (1979) dlmenslonal Eq. 2.14 sl1ghtly 

underestimated it. 

The effect of impeller diameter (Dl, impeller speed (N), celi 

CI~oss-sect Lonal area (S), cell volume (V), and surface tension (0") 

calculated from Eq. 2.11 w1th Eq. 2.7 on the overall gas hoidup 1s 

given in Table 2.3 Comparlson of predicted and measured effects 

of impeller d1ameter, impelle~' speed. slurry volume, and surface 

tension shows reasonable agreement. The mean gas holdllP 1ncreases 

with 1ncreaslng either impeller diameter or speed or decreasing 

cell area, cell volume or surface tension of the system. 

It should he borne ln mind that increasing Impeller 

diameter and speed increases power consumption and Lmpeller wear. 

An increase ln gas holdl~p wlth decreaslng celi cross-sect Lonal 

area can be achieved in deep flotation cells. Reducing surface 

tension wi th frother to Increase gas holdup has the drawback of 

increased reagent cost; also i t 1s generally preferable to use 

frother addition rate ta control froth kinetlcs (e.g. the Matagaml 

mil!, Konlgsmann et al.. 1976). It can he readily concluded that 

aeratian is a more effective variable ta control fractionai gas 

holdup in the recovery zone than the other rive varIables 

Investlgated here. 
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Table 2.3: Effect of some physical operating var1ables on average 
gas holdup ln the slurry zone of' the modlf'1ed cell. 0: impeller 
diameter. N: impeller speed. 5: cell cross-sectional area, V: cell 
volume. and (r surface tension. 

(X) esti mated c (X) experlmental C 
9 

(from Eqs. 

D(m) 
r.05 4.76 
0.07 6.22 
0.09 a.15 

N(rpm) 
1200 5.59 
1500 6.22 
1700 6.65 

S(cm2
) 

105 10.37 
205 6.22 
305 4.61 

V(cm3
) 

0.0036 6.62 
0.0060 6.47 
0.0074 6.22 

11'( N/m) 
0.055 6.48 
0.065 6.22 
0.072 5.57 

Effect of Ce 11 Geometry: 

Il 
11&1) 

5.98 
8.25 

5.50 
5.98 
6.50 

6.70 
6.50 
5.98 

6.50 
5.93 
5.5'0 

Table 2.4 compares the experlmental 

and estlmated overall gas holdups in three dlfferent orIginal 

Denver and Agltalr cells uslng the overflow technique at dlfferent 

superf1clai gas rates. There ls a very good agrp.ement between 

experlmentally measured and predlcted overall gas holdups f'or 

the three Denver celis whlch have tile srune Impeller. For Agi talr 

flotation machines. the Impellel" dlameter increases wl th 



a 
Increaslng cell va l ume whlle cell helght remains almost constant. 

Agi talr flotation machines also have a finger type of impeller 

(Pipsa). Except for the smallest cell, the predlcted and 

measured gas holdups are quite different (i.e. Eqs. 2.11 and 2.7 

fail to predlct the overall holdup). This Is malnly related to 

dlfferent scale-up criteria used for Agitair flotation machines. 

[ffect of Chemicai Addi t ives: Table 2.5 shows the effect of some 

Inorganlc salts on overall gas holdup in the recovery zone. 

Na sa, NaCl, Na CO and CuSD were used as inorganic salts at an 
2 " 2 3 " 

arbitrary concentration of 0.1 mole/L. Table 2.5 aiso shows pH, 

standard electrode potentlal (SHE) (mV), solubll1ty, and use of 

saI ts ln flotat Ion. Comparison of overaii gas holdups in the 

presence of salts wlth fresh water reveals that there is an 

increase in gas content due to presence of salts, except for NaCl. 

Na sa, whlch significantly Increases gas holdup, does not 'hange 
2 4 

the medium conditions stgnificantly (i. e. pH and mV). Oowfroth 

250C at a concentrat ion of la ppm gi ves the maximum gas ho Idup. 

Na CO and CuSO drastically al ter the pH and potent laI of the 
2 3 " 

medium and are commonly used ln flotatlon as pH regulator 

and activator, respectively. Thus, they cannot be used as a holdup 

modifier. 
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Table 2.4: Comparlson of experlmental and predlcted overall gas 
holdups (Eq. 2.1 and 2.11) for the commercial flotation cells 
uslng the overflow technique. (N: 1500 rpm). 

Cell Dimensions 
cm 

(L-W-H) 

Denver 012 

(18.5-18.5'18) 

(16'16'13.5) 

(13'13'11) 

Superficlal Gas Rates, cmls 
0.6 0.4 0.2 

exp. cale. exp. cale. exp. cale. 

Flotation Machine and Commercial Cells 

5.9+0.6 6.3 5.2+0.5 5.2 3.7+0.4 3.1 

8.0+0.1 8.1 7.5+0.6 7.6 5.4+0.4 5.6 

14.5+1. 4 14.1 12. HO. 9 12.0 8.6+0.9 8.6 

Agi tair LA-SOO Flotatlon Machine and Commercial Cells 

(20.5'20.5'16) 22.0:;1. 1 7.4 21. H5. 6 6.0 

(15.5'15.5-15) 16. 1+1. 3 10.1 11. 3+1. 4 8.2 

(11'11-15) 16.6:;1.6 16.8 13.8+1.1 13.6 

Table 2.5: Effect of sorne lnorganlc salts on overall gas holdup ln 
the slurry phase of a Denver ceU (16'16'13.5 cm Glass) uslng 
the overflow technique. (Unpw-lf1ed analytical grade inorganic 
salts were used). 

Chemical e (Y.) pH v(mv) solub1l1ty use in flotat ion 
q 

(at 5°C) additives 

CUSO. 10.5 5.3 118 soluble actlvator 

NaCl 8.5 8.0 -62 soluble 
Na2SO. 11.0 8.2 -70 sparlngly 

Na
2
C0

3 
12.2 11. 3 -360 sparlngly pl{ regulator 

Fresh water 8.7 8.3 -76 
Dowfroth 250 23.4 7.8 -45 frother 

(10 ppm) 

il 
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The effect of Na 50 concentration on gas holdup in the 
2 4 

recovery zone ls given ln Table 2.6. There 1s a very slgnificant 

increase in gas content wi th increaslng Na sa concentrat ion and 
2 4 

slight froth formati~,l if the concentration 15 higher than O. 05 

moles!l. Therefore, Na sa can be used lo reduce coalescence in 
2 4 

the slurf'y phase along with the frother. Lee and Meyrlck (1970) 

reported 2-5 fo Id increases ln gas holdup at hlgher sodium 

sulfate dosages than used here. 

Table 2.6: Effect of Na 50 concentration on overall gas holdup in 
2 4 

the recovery zone of a Denver ce 11 (16-16-13.5). (N: 1500 rpm and 
J: 0.6 cm/s). 

9 

Na 50 concentrat 10n 
2 4 

(moles!1 ) 

0.0000 
0.0063 
0.0125 
0.0250 
0.0500 
0.1000 

overall gas holdup 

c (% ) 
q 

8.70 :;: 0.79 
9.88 :;: 1. la 

10.24 :;: 0.96 
11. 31 + 1. 05 
13.42 :;: 1. 38 
17.08 + 1. 81 

5ince the surface tension of the medium i ncreases wi th 

Increaslng the salt concentration, the main mechanlsm of Increase 

in gas content in the recovery zone may he due to the adsorption 

= of 50 anions at the gas-l1quid interface creating an electrlcal 
4 

double layer which prevents bubble coalescence. Generally anions 

are less hydrated (Le wetted by water) than cations; thu5, + Na 

c:ltlons most probably_ are hydrated (energy of hydratlon: 97 Kcallg 

ion) . 
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Sodium sulfate can he used ln flotation for the following 

reasons. First, bubble coalescence ln the recovery zone 15 

hindered due to electrical repulsion forces generated by the 

adsorption of sulfate anions at the gas-l iquld interface. \ ... hich 

creates an electrical double layer (Marrucci and Nicodemo, 1967). 

Second, frother dosage can he m1n1m1zed for micro bubble 

Reneration (Le. high gas content), which normally requires 

relatively large amounts of fl'other. Probably, the most clear-cut 

benefits of using the salt flotation technique 15 an increa5e in 

flotation kinetics, with flotation rates 10-15% higher. Yoon 

(1982) found slgnificant improvement~ in coal flotation with macro 

bubbles and inorganic salts. 

The origin of the froth1ng action depends on Gibbs' 

adsorption theory. A solution froths when (-C.d~/dC) has a finite 

value, negative or positive. When d~/dC=O, there 1s no frothing 

(Wrobel, 1953). When a frother 15 added to the water da-/dC has a 

large positive value, and therefore -Cda-/dC is large when C 15 

small. Solutions of inorganic salts give, ln general. a small 

positive value for d~/dC, and therefore -Cdo-/dC has a definite 

value only when C 1s large. This is why inorganic salts are used 

in this study at a relat l vely high concentrat ion compared to 

Dowfroth 250. 

The introduct ion of inorganlc salt Into water usually 

1ncreases surface tension slightly; the surface layer 1s 

consolldated by the electrolyte, which tends to move Into the body 

of the solution. In thls case, there 15 a negatlve adsorption 
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(surface deficiency) of the surface inactlve electrolytes, which 

concentrate in the body of the solution, and increase its surface 

tension. in contrast to positive adsoptlon (surface excess) of 

frother. Water dipoles which hydrate the electrolyte molecules 

(which lie in the llquld phase in the vic1nity of the air-water 

interface) will aiso form compounds with water dipoles near the 

surface of such compounds formed If there 15 sufflcient difference 

between the electrolyte concentration in the bulk of the solutIon. 

and consequent ly where there 15 a defini te difference between the 

surface tension values of pure water and electrolyte solution. 

This is the reason for formation of a stable froth ln concentrated 

salt solutions. Frothlng in concentrated salt solutions is of 

prime importance in flotation of soluble saI ts from their 

saturated solutions; flotation Is posslble ln these cases wlthout 

the addit ion of frothers (Glembotskll et al., 1912), 

Tested electrolyte concentrations in this study seem hlgh but 

sodlum sulfate i5 wldespread ln occurence and Is a common 

const1tuent of many alkal1 lakes and rlvers as well as sea water 

around the world. Many sallne lakes throughout the world contain 

vary1ng amounts of sod1um sulfate. In Sackatchewan, Canada, eight 

major lakes (Ingelbrlght, Whlteshore, Horseshoe, etc.) and ln the 

United States, two others (Searles and Great Salt) are avallable 

for sodium sulphate production. In coastal are as , sodium sulphate 

bearlng sea water could be used. 



RUS51ans dlscovered ln the early 19305 that the flotablllty 

of eoal and naturally hydrophobie mineraIs can be improved in the 

presence of Inorganic salts. Using solutions with relattvely h,\gh 

concentrations (1 to 3X) cf inorganic salts, coal flotation w",ts 

achieved wi thout us lng e i ther a frother or a co llector. YOOl'\ 

(1982) testcd 32 different saI ts for coal flotat ion and found a 

better separation efficiency with sulfate salts at a concentration 

around 0.1 moles than with frother. Ray and Raffinot (1966) 

reported some successful flotat 10n operat ions (Pb-Zn. Pb-Zn-Cu. 

Fe, cryolite. and coal) in pure sea water near the Mediterranean 

shores. 

2.3.2 Local Gas Holdup ln the Recovery Zone 

The distribution of local gas holdup in a flotation cell 1s 

non-uni form. Figure 2.9 shows the observed distribution data 

From the pressure gradient measurements for 1200 and 1500 rpm, 

respect ive ly. Gas holdup shows a maximum value just above the 

impeller and at the slurry-froth interface. After thls maximum. 

local gas holdup decreases wi th increasing distance from the cell 

bottom up to 25 cm and then sllghtly Increases again. Holdup in 

the reglon under impeller was not measured and 1s assumed 

approximatelly equal to the lowest measurement. because of the 

mixing Intensity. It decreases rapidly close to the cell bottom to 

a zero value at the bottom itself. Figure 2.10 shows a photograph 

of the recovery zone at a J of 0.6 cm/s. It can be seen that 
Cl 

bubble concentration is hlghest ln the middle section of the 

recovery zone, to 1ncrease near the surface. 
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Calderbank (1958) Investigated the distributlon of local gas 

holdup, and specifie interfacial area in the vert Ical direct ion 

of a mixing vessel by a llght transmission technique. He observed 

a simi lar maximum of the gas holdup in the vicini ty of the 

tmpeller. Bascur (1982) found the sarne type of vertical 

distribution of air ln his flotation cell wlth a two phase system. 

Klassen and Hakrousov (1963) reported the sarne type of gas 

holdup distribution with vertical depth of a Mekhanobr cell at 

different soll.d contents (0-50%) in their book. The original 

tnvest Igators used a sucking lance to determine the gas 

holdup. They found a maximum in gas holdup above the impeller 

level, then a decrease, and finally an Increase at the 

slurry-froth interface (Figure 2.1ll. Their holdup values are 

somewhat higher (10 - 25") than the present work, most probably 

due to the effect of Increased pulp vlscos1 ty, which leads to 

decreased bubble rise velocitles. These results suggest that in 

three phase systems, gas holdup profiles should show the same 

trends observed in thls two phase system. 

Change in air content w!th the depth of the flotat ion machine 

at different percent soUds (Figure 2.10 shows that fractlonal 

gas holdup increased rroll 0 ta 35" sol1ds because of decrease:i 

bubble ascent veloclty and increased at high percent solid because 

of channelling of large air bubbles through the pulp (Harris, 

1976). It ls aiso llkely that at hlgh pulp dens1 ty the 

rheologlcal propertles of the slurry were such that blggest 

bubbles were formed. 
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These results il1 ustrate that aIr dlstrl butlon ln 1 ndustrial 

pulps 15 extreme1y heterogeneou5 wlth high concentrations of air 

ln the vicinity of the lmpeller. Pulp aeration and overall air 

distribution are optimum between about 15 and 35Y. solids content 

ln pulp (Harris, 1976) 

This study shows that there are two distinct zones withln the 

recovery zone of the flotation cell (Kaya, 1985). The Iower part 

wi th high gas holdup and turbulence ls the act ive recovery zone 

where the particles are captured by the bubbles and pulp 1s 

recirculated in the ce Il used. In this work, the active turbulent 

zone goes up to 15 cm from the cell bottom. Bubble residence time 

in this zone 15 increased by the rather helicai paths bubbles take 

to leave the impeller area. Between the active turbulent zone and 

the froth zone, tpere is a quiescent buffer (separat Ion) zone 

where gas holdup is slight1y Iower as bubbles rlse almost 

verticaIly, at velùcl tles close to terminal (Kaya, 1985). This 

zone helps floatable/non-fioatable particle separation. 

The air-liquid composite density ln the zone surroundlng the 

Impeller ls Iower than that of the rest of the cell and Is the 

resuit of air recirculation wlthin thls zone. Around the impeller 

zone, the aerated slurry 1s discharged upwards near the cell 

walls. Recirculation occurs towards the cell center. In the 

exper imental system of this study, the Infi uence of the 

recirculation flow produced by the impeller on the bubble motion 

decl"eases s1gnlficantly w!th helght. There is a possibilHy ta 

further restrict these reclrculat lng flow patterns within the 



Iower section of the cell using special baffles (llke ln the Leeds 

cell) ta create a stable froth blanket, whlch is necessary for 

metallurgical purposes. 

The sharp increase ln the local gas holdup close to the 

interface in the presence of froth phase 15 presumably due to 

the accumulation of fast ri:..ing bubbles at the Il flcti tious" 

slurry-froth boundary layer before entering the first froth layer. 

Hydrodynamic interaction between a bubble and this layer 

signlficantly reduces bubble rIse veloclty. 

Effect of Slurry Volume on Gas Holoup: The effect of slurry levei 

(volume) on local gas holdup can be seen from Figure 2.12 at .J s 
9 

of 0.4 and 0.6 cm/s. Three different water levels without feed, 

ta1l, and overflow (20, 25 and 28 cm from the cell bottom) were 

tested at 1500 rpm and 10 ppm of Dowfroth. The same maximum in 

the recovery zone waSt recognized in each case. The local gas 

holdup values decrease with increasing water' volume (height) in 

the cell. This 1s largely due to the decr'eased energy dissipated 

pel" unit volume, whlch 1s an impor'tant parameter in Most of the 

correlations presented earlier to calculate gas holdup. 

2.3.3 Point Cas Holdup in the Recovery Zone 

Front and side views of the distribution of gas holdup 

measured using conductivlty probe are given in Figure 2.13. The 

contouI' maps indicate four dlffeI'ent gas holdup regions in the 

l'ecoveI'y zone. The hlgher gas holdup contour 1s centered around 

the impeller shaft. LoweI' contours enclose the higher holdup 

81 



...... 30 E 
u ..... 
~ e 
t-
t-
e 
ID 

20 -' 
-' w 
0 

~ 
e 
a:: 
u. 
w 
0 10 z 
~ 
t-
U) 

ë 

o 

l 

82 

0.4 cm/. 0.6 cm/. 

30 

(; 
~I 

20 • 

• 

• 10 

O"~--======------~ 
2 4 6 8 10 12 o 2 4 6 8 

• 2 8 o 25 .20 cm 
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zones in an upward direction. In the buffer zone, a very low gas 

holdup reglon can be seen; close to the interface a higher gas 

holdup reglon appears agaln. The following conclusions can be 

drawn From the point holdup measurements: 

a. the maximum gas holdup is located near the impeller reglon 
which 1s in good agreement wi th pressure gradient measurements 
(see Figure 2.10); this 15 due to recirculation flow patterns in 
the active turbulent zone. 

b. From the gas holdup profile and visual observation, it can be 
seen that there 15 a tangential swirling Flow in the active 
turbulent zone. 

c. for leveis 15 and 25 cm from the cell bot tom, most of the gas 
moves in the middle part of the cell and not around the ce 11 
wa11s (see Figure 2.10). Air bubbles discharge from the Impe 11er 
rise up along the wall aiter striking it and are then dispersed 
avel' the cross-section of the vessel with bubble coalescence 
occurring to some degl'ee. 

2.4 Bubble Size 

In the optimum air Flow number range (0.01-0.02), the 

average Sauter bubble diameter calculated From Eq. 2.1 using the 

interfacial area and gas holdup estimations 1s in good agreement 

wlth published values (Kaya, 1985) measured photographically with 

a +10% error limit. As can be seen From Figure 2.14, the av~rage 

bubb1e diameter in the recovery zone Increases wi th Increas ing 

aeratlon rate. Calculation of the average bubble dlameter using 

Eq. 2.19 underestimates measured bubble size and fails ta predict 

the right re1ationshlp between superficial gas rate and bubble 

size. Eq. 2.1 very sllght 1'1 underest imates the measured bubble 

size, and predlct the right effect for air flowrate. 
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2.5 Impeller Dispersion Efficiency 

Figure 2.15 shows flocding, EMl, and recirculation in the 

present system. Figure 2.16 shows the dispersion mode for 

different conditions in the present system, s predicted by Eqs. 

2.22 and 2.23 (D = 7 cm and T = 15 cm). 

In the present system, cri tical impeller speeds at wh1ch 

transition from flooding ta EMl and EMl to recirculation occurs 

are between 600 and 900 rpm. If the 1mpeller speed 1s less than 

600 rpm, the system exhl.bits flcoding for all aeration rates 

investigated; however, if it is more than 900 rpm, then the system 

exhibits both EMZ and recirculation. For 600 rpm, EMl can be seen 

up ta superficial gas rate of 0.8 cmls; then flooding appears. At 

900 rpm, recirculation can be seen up to superficial gas rate of 

0.4 cm/s, then EMl starts. S1nce the impeller speeds used for this 

study were 1200 and 1500 rpm, the system clearly exhiblts 

recirculation flow patterns. 

The mechanical operating conditions (impeller speed, air 

flowrate) referring to the modlfled Denver 012 laborat.ory 

flotation machine are charted in Figure 2.17. Full lines Indicate 

constant air flow numbers. The transition between EMZ and 

recirculation calculated from Eq. 2.22 is aiso indicated by a 

thlck solld 11ne. The normal operai1ng range of the cell 15 given 

by a dashed rectangle ls clearly ln the recirculation zone. 
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t 2.6 Summary 

Gas holdup and bubble slze are important factors 

characterizing the hydrodynamics of a îlotation celi. Here, thl'ee 

different gas holdup concepts were Introduced: overall (average). 

local, and point gas holdups. 

Gas holdup ln the recovery zone was Ineasured in mechantcally 

agitated flotation cells in the absence of solid partic1es. 

Overall gas holdup was determined bath from the level rise in the 

presence of fl'other and the ovel'flow techniques in the absence of 

frother. Local gas holdup was measured by lIsing pressure taps 

connected to the flotation celi. An electr ical conducti vit y 

method deve loped by Yianatos et al. (1985) was ~uccessfully used 

to measure point gas holdup of the sI urry phase Gas hold-up 

profiles were obtalned and flow patterns wel'e intel'preted from 

measurements. 

Overall gas holdup ln a Denver laboratory flotation cell can 

be estimated using Calderbank' s model (Eq. 2.11) in conjunctian 

wi th Loung and Voleski' s correlat ion for aerated power 

con:aumption (Eq. 2.7). It was verlfed that the model was 

applicable ta aIl Denver laboratory cells. Local and point gas 

holdup measurements revealed that the gas phase was nat 

homogeneously distributed ln the slurry phase. 

Sorne physical and chemlcal me ans of Increaslng gas content 

in the recovel'y zone were Investigated. Of the variables 

Investlgated, air flowrate proved to influence gas holdup ln the 
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slurry phase most significantly. Inorganlc salts (i. e Na 50 ), 
2 4 

whlch Increase the overall gas content signiflcantly, can be used 

to minlmi ze ff'other dosage for fine bubble generatlon if the 

chernistry of the flotation environrnent 15 suitable. 

Average t.;ubble size was predicted using rneasured gas 

holdup and the calculated interfacial area. Close agreement was 

obtained beiween the predictions and photographie measurements. 

Table 2.7 summarizes the agreement between measured 

interfacial area, gas holdup, and bubble size and the correlations, 

which were tested in this study. 

Table 2.1: Respanse of the tested equatlons ln thls study. 

Parameter Main Eq. Supplementary Eq. Resul t 

Interracial 2.4 3, 5, 7, 9 gaod 
area 2.3 5, 1, 9 underestimate 

Gas 2.10 15 overest imate 
holdup 2.11 5, 1, 9 gaad 

2.11 5, 6, 9 overest lrnate 
2. 14 underestimate 

Bubble slze 2.1 4, 11 good 
2.19 5, 7, 11 underes t i mate 

Different gas mixlng zone concepts were introduced. A 

measure of impellel" dispersion efficlency '.laS defined, which can 

be used to distinguish the different regions of mixing. It 

provides a basts for estlmat Ing the degree of flooding or 

reclrculat ion. Impeller dispersion effic1ency confirmed 

recirculatlon in the slurry phase of the modified flotat ion cell. 
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CHAPTER 3 

A STUDY OF THE FROTH PHASE HYDRODYNAMICS 

IN MECHANICAL FLOTATION MACHINES WITH A TWO-PHASE SYSTEM 

IN THE PRESENCE AND ABSENCE OF WASH WATER 
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Introduct ion 

A study of processes occurring in the flotation froth can 

lead to a clearer insight into the mechanisms important to 

flotation performance and provide some foundatlon for new rational 

operation. 

This chapter partly describes the froth (cleaning) zone 

properties by means of point and local measurements of gas holdup 

in the froth zone. The ultimate objective 1s to obtaln a detalled 

descript ion of the washed froths ln mechanical flotati('\~ cells. 

Later on, this information will be used to analyze mineraI 

l"ejection and selection phenomena. 

This chaptel" 1s structured as follows. 

fundamentals of froth hydrodynamics are r~viewed. 

First, some 

The objective 

is twofold: to describe briefly how froth structure relates ta 

transfer mechanisms and to establlsh a basis for simple 

predictive model of water recovery into the cencentrate. A second 

section describes the experimental system and the test pregram. 

A thlrd section presents and discusses expel"lmental results. 

3.1 Hydraulic Madel (\.fatel" Balance) in a Flotation Cell 

Despite earlier work on the importance of hydl"aullc 

entrainment of gangue (Jewet t. 1966). early workers of flotation 

modelling concentrated on the behaviour of valuable particles and 

tended te neglect the behaviour of gangue particles and water. 

Recently. investigators have began to recognize the importance of 
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water behavlour ln flotation modeis. Early entralnment models for 

gangue recovery have been used by Lynch et al. (1974) and Moys 

(1981) has given a first approximation model for the distribution 

of water in flotation cells. The ability of the column to reJect 

feed water from the concentrate has already been ident ified as 

the main mechanism whereby columns can achieve better selectivlty 

(Ylanatos et al. , 1987). as recent ly demonstrated in a 

slze-by-size study of a laboratory column and celi wlth a 

completely hydrophilic feecl (Kaya and Laplante, 1986). 

One key element controlling water distribution in a flotation 

cell 1s the froth phase Unfortunately, there has been very little 

consideration of water and parttcle transport in the froth. even 

though the froth and associated drainage phenomena are considered 

to have a major impact on overall selectivity. 

In order ta quant if y the interface transfer of water and air 

(bubbles). superficlal rates (i. e. flowrates di vided by the cell 

cross-sect ional area) can be useful. The various superflc1al 

rates are represented in Figure 3.1. In modelling water transport 

through the froth, 1 t is assumed that bubbles leavlng the pulp 

carry Cl sheath (envelope) of water, which mayes lnta the froth 

(see Figure 3.2a). The size of the bubbles and the water sheath 

thickness 15 determlned by surface tension and agi tatlon 

parameters in the pulp. Drainage of water back to the pulp 1s 

Inodelled by analogy wi th drainage through bubble Plateau borders 

ln foams (Figure 3.2b). Froth height i5 determlned by the froth 

removal mechani5m. 
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For the pulp phase, the following water balance can be 

wrltten (Figure 3.3): 

J + J = J + J 3.1 
f d t u 

where J: superficial 
u 

llquid rate entralned upward, mis 

J: superficial 1 iquid drainage rate, mis 
d 

J : superficial feed rate, m/s 
f 

J: superficial tai l ing rate, mis 
t 

Steiner et al. (1977) developed a cellular foam mOdel, which 

considers that the froth structure as a whole ts carr1ed upward by 

the gas flow whi le llquid flows down el ther through the Platea.u 

borders (void spaces between contacts) or films. Theil' model was 

sl1ghtly modified and adapted to the counter-current column 

flotat ion by Yianatos et al. ( 1985). S1nce there 1s no 

accumulation of liquid in froth layers, the balance of flows any 

horizontal plane in the system may he wrltten as (Figure 3.4): 

J+J=J+J 
u w d c 

3.2 

where J : superficlal wash water rate, mis 
w 

J : superficial liquid rate going to the concentrate, m/s 
c 

Here, J and J can be direct ly measured. 
w c 

3.1.1 Water Entrainment From the Pulp to the Froth 

An attempt to derive an expression for water entrainment rate 

Into the fl'oth, Q, has been inade by Mika and Fuerstenau (1969). 
u 

They reallzed that a major pl'oport ion of water and gangue fines 

whlch cross into the froth are entrapped in a boundary layer 
~ 

(water envelope) of water around the bubble. A slmllar 
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steady-state. 
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approxlmat ion was made by Hays ln his froth model. The magnitude 

of thts boundary layer 1s apparently controlled by the hydraUon 

effects at the air-water interface and by turbulence levels in 

t he ce 11 (Bascur and Herbst, 1982) . 

The volumetrie flowrate of entralned water can he calculated 

3 from the number of bubbles rising per unit Ume, 6Q 111.. d ,where 
q bp 

Q 1s the volumetrie air flowrate 
q 

and d i5 the mean bubble 
bp 

diameter in the pulp phase. The volume of l1quid held by a film 

2 surrounding a spherieal bubble 15 11.. d . a, 50 that the volume 
bp 

flowrate of water into the froth 15: 

6. Q .~ 
9 

Q '"' -----u 

d 
bp 

3.3 

Estimation of the bubble film thiekness, a, should ldenlly 

stem from a rigorous hydrodynamic and physlco-ehemlcal analysls 

of the flotation environment. As a flrst approximation, a can be 

obtained from hydrodynamic boundary layer correlations avallable 

in 1 i terature. Luis (1983) gives the following empirical equatlon 

for boundary layer thiekness: 

[ 

0.25 1 [ (Pa/VIP)0.083 1 
a • Ct :0.33 -V~'S - dbpO.B33 3.4 

where Il: liquid viscosity, Nm/sec 

liquid density, 
3 p: kg/m 

P: power input in aeratlon, W 
a 

V: terminal bubble rise veloclty, m/s 
t 

C: adJustable constant 
1 
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Interstl t ial upward liquld rate (V >. wh1ch 15 the aetual 
1 

Uquld rate, Is equal to: 

V :: 
1 

J 
g 

t: 
br 

where J: superflcial gas rate, rn/s 
9 

3.5 

C : fraetlonal volumetrie gas holdup ln the froth phase 
br 

The amount of liquid passing upwards aeross a unit horizontal 

plane in unit Ume ls (Steiner et al. 1977): 

J == J 
u g 

and the volumetrie flowrate, Q : 
u 

Q = J . 5 
u u 

where S: cell cross-sectional area, m
2 

3.1.2 Water Drainage From the Froth to the SI urry 

3.6 

3.7 

Drainage of water from the f["oth 15 a complex phenomenon. 

whlch has recelved very little attention in flotation. Mlka and 

Fuerstenau (1969) have emphasized that drainage f["om the froth ls 

essent laI to explain seeondary concentration ln the froth. 

Considerable efforts have been put I.nto the description of 

drainage in sol Ids free froths. Assumlng the walls of a border ln 

the froth are not complete 1!f rlgid, the total downward flow can he 

expressed as (Steiner et al. 1977): 
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J1.k .d 2 
v bp 

2 where g: gravltyacceleratlon. mis 

r: radius of Plateau borders, m 
k : velocity coefficient 

v 

3.8 

Without wash water addi t ion, J at the interface can be 
d 

determined from the dlfference between J and J 

= J 
9 

1 - c br 

c br 

u c 

+ (J - J ) 
w c 

3.9 

Drainage in the froth can be lncreased by increasing aeratlon 

rate, l1quid content of froth, and wash water addition rate or 

decreaslng concentrate rate. The volumetrie drainage rate, Qd' 

ean be approximated by: 

Q = J . 5 
d d 

3.10 

3.1.3 Water into the Concentrate 

The flow ovel' a weir ean be used to model flowrate of 

concentrate (Bascur and Hel'bst, 1982). To model this phenomenon, 

Francis' equation (Perry and Green, 1984) was used by taking into 

account the presence of gas in the flotation froths (Figure 3.5), 

Velocity over a weir: 

2 
v =2.g.h 3.11 
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t 

The quantlty of liquid flowing over the weir is glven by: 

Q = A . v 3.12 
c 

where A: cross-sectional area of flow above the welr, m2 

By calculus, it can be shown that for a rectangular notch: 

Q = 
c 

2 

3 

3.13 

In practice, it 15 found that because of stream Une 

contraction and frictional losses, Eq. 3.13 over-predicts Q • 
c 

Eq. 3.13 can be rewritten to account for losses and gas holdup: 

2 
Q = J .S = . K . W. (2. g. H3 )o.s( 1 - e ) 3.14 

c c c br 
3 

where W: width of the flotatlon cell l1p, m 
H: vert ical distance between the cell Hp and froth 

surface, m 
Q: volumetric liquld flowrate to the concentra te. 3 m /s 

c 

J 
Ile 

: superflclal 1 iquld rate going ta the concentrate, mis 

K: dlscharge coefficient. which depends on the type of 
c 

removal technique used, froth viscos! ty. X solld, gas 
holdup. etc. 

3.2 Gas Balance ln a Flotatlon Cell 

By assuming there ls no gas 1055 in the pulp phase and gas 

pick up from the froth surface, the followlng gas balance can be 

wrl t ten for the froth phase: 

J == J + J 3.15 
9 AC A 

where J : superflclal gas rate associated wlth liquld transfer 
Ile 

to the concentrate. mis 
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J : superficiai gas rate dlrectly going to the atmosphere 
4 

by burstlng at the top of the froth phase (collapse). 

Luis (1983) presented the following equatlan for superflcial 

gas flowrate assoclated wl th l1quld transfer into the overflow 

(J ): 
AC 

c 
br 

J :: J 3.16 
ac C 

1 - c 
br 

and Q 
AC 

Q = J • 5 3.11 
AC AC 

where Q : volumetrie flowrate (air plus l1quid) of the froth 
AC 

3 flowing over coneentrate welr, m /9 

Q i5 related to the width, depth, and vlscos1t.y of the 
AC 

concentrate stream as it flows over the concentrate weir. 

A certain fract 10n of gas, a., reports ta the concentrate, 

while the l'est, l-a., rises to the top of the froth phase, and then 

burst5 by leav1ng the carried liquid content into the froth. The 

froth removal efficleney, a., 15 defined by (Hays, 1979): 

J 
AC 

J (l-c) 
c br 

a. = = 3.18 
J J c 

9 q br 

If no bubble breakage occurs on the top of the froth phase, 

or if the des Ign of the froth chamber forces all froth lnto the 

1 aunder , a. :: 1. If no froth 15 removed, a. ". O. The former 

condition can be satisfled under two conditions: 
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J = J 
c 9 

J = 
c 

andr: =c 
bf if 

andJ =c 
q If 

3.19 

3.20 

where C
bf 

fraetional volumetrie llquld holdup ln the froth phase 

In general, increas lng J favours reeovery and increasing 
ale 

J favours grade. Combining equat10ns 3.2. 3.6, and 3.16. 
al 

J = J 
d al 

r: 
if 

r: br 

+ J 3.21 
w 

Drainage rate can be increased by inereasing gas escape to 

the atmosphere (i. e. enhancing bubble collapse at the top of the 

froth) in order to lessen entralnment. Bubble breakage can be 

reduced in arder to prevent unstable froth generation and valuable 

par·ticle 10ss in the shallow froths where particle reattachment 1s 

difflcul t. Clearly, in the absence of wash water, these two 

objectives are in competition. However, wash water addition bath 

1ncrease water drainage to reduce entralnment and reduces froth 

instabi 1 i ty by increaslng InteI'-bubble water thkkness. 

3.3 Momentum Conservation Across the Interface and in the Froth 
Phase 

If agas 1s introdueed at a constant rate (J) in a g1 ven 
q 

body of 1 iquid capable of frothing, the l iquid becomes covered by 

froth with increasing thickness untll a st~ady-state 1s reached 

Bubble collapse at the top layer of froth occurs at the same rate 

as gas 1s introduced. Thus, the maximum froth expansion (FT ) 
IllaX 

on a certain operat lng condition 1s obtalned when the bubble rise 

velocity in the froth (\) is equal to gas addition rate (J
Q

). 
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A froth layer grows by addlng new bubbles from the below and 

decays by dlsappearing of old bubbles at the top. At 

steady-state. the volumes of gas added and subtracted are equal, 

but the number of bubbles added is greater than the number of 

bubbles subtracted at the top because of the bubble coalescence ln 

the froth phase. 

The momentum conservat Ion law, which can he applled to the 

collision of two bubbles at the interface and ln the froth phase, 

states that the sum of the momenta after co 1115ion 15 equal to the 

sum of the momenta before collision. 

Pt(before) + P
2
(before) = P

1
(after) + P

2
(after) 

P = m . Il 

where P: momentum. kg.ml5ec 
m: ma5S, kg 
Il: veloe1 ty. mis 

1,2: stands for two bubbles 

3.22 

3.23 

Collisions may he either eJastic or inelast1c. In an elastlc 

collision, aIl the kinetie energy of the lncoming bubbles 

reappears after the collisIon as the klnetlc energy of the same 

bubbles. In the usual inelastic collision, part of the k1netlc 

energy of the incoming bubbles 1s belng lost as heat. 

If one bubble moves towards a statlonary one and adheres to 

it after collision, their Joint velocity 15 equal to bubbles 

together can be calculated from: 

v = 
12 

m 
1 

Il 
1 

3.24 
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where m: 
1 

mass of the moving bUbble, kg 

m: 
2 

mass of the stationary bubble, kg 

v: veloclty of rnoving bubble, rn/s 
1 

V : velocl.ty of 
12 

Joint bubbles after collision, m/s 

A model was developed to predlct the bubble rise veloclty in 

the froth phase and the maximum atta1nable froth thickness at 

steady-state. The model considers the followlng assumptions: 

- aIl bubbles are spherical and have the same diameter in the 
slurry and froth phases, 

- average bubble r!se veloclty ls determlned trom tne average gas 
holdup and bubble size in the slurry phase, 

- bubble collisions are elastic, 
- water film thlcknesses around bubbles are not taken Into 

considerat ion. 

A bubble approaching the interface colildes with a prev10usly 

formed bubble. which ls assWIled to be stationary (Figure 3. 6a). 

After collis1on of rising bubble and stationary bubbles in the 

froth. they adhere and rlse at a reduced veloei ty (Figure 3. 6a). 

Then, these two bubbles coll Ide wi th the one above them, wh1eh 1s 

again assumed stationary. Bubble rise veloclty Is further redueed, 

and these three bubbles st tek together and coll1de wl th another 

one above them. This collision process continues untll the bubble 

rise velocity 1s equal to gas Introduction rate, under that 

condition the maxImum froth expansIon ls attained. 

Figure 3. Sb shows average bubble rlse velocl ty as a functlon 

of number of bubbles in the froth phase. which determines the 

froth thlckness. At J 
9 

FT can he calculated by the 
MX 

multiplication of number of bubbles by average bubble dlameter. 
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Figure 3. Sa: Schematic view of bubble collision at the interface 
and ln the froth phase. 

Figure 3.6b: Bubble rlse veloclty decrease in the froth phase. 
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1 3.4 Bubble Surface Loss 

The mechanism by whlch bubbles increase in size upward 

through the froth Is malnly entropie. Al though the1r surface 

tension has been appreciably lowered by armour1ng l.e. local 

change in bubble surface tension, it 1s still considerable. When 

several t1ny bubbles merge. the total air volume remalns the same 

but the total bubble surface shrinks considerably; stated 

mathematically. n bubbles. each of the same radius and having a 

combined area A, will then merge to farm one new spher1caI bubhIe 

of volume equal to their combined volume and of area A': 

A' 1 
-= 3.25 

A 

Merg1ng two Identlcal bubbles Into one bubble w111 reduce the 

aval lable surface to about 79~ of the original surface. The 

surface loss increases substantlally as the number of coalesclng 

bubbles increases. as shown in Figure 3.7. Bubble surface 

shrinkage adversely affect the carrying capacity of the froth. 

3.5 Froth Structure 

The froth phase in mechanical flotation cells can be 

schematically dlvided into three sections (Figure 3.8). Section 1 

15 the bot tom part of the froth phase between the slurry-froth 

1nterface and the cell overflow lip. The vertical distance 

between interface and the cell lip level (T) determines the 

concentrate grade and selectivlty between valuable and gangue 
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t particles. The h1gher T, the better the gangue reJectlon al the 

expense of the production rate. 

Sections 2 and 3 are above the section 1. Section 2 Is at the 

back part of the ce Il. This sect ion cannot be ut il lzed for 

production due ta design canstraints ln the single slded overflow 

celis. The vertical helght (H) is almost constant throughout thls 

section. Bubbles along with 11quid rlse vertlcally 11ke plug flow 

in section 1 and 2. After reachlng the froth surface. bubbles 

burst and liquld drains back first into section 1 and then into 

the slurry phase. 

Section 3 is at the top front part (l.e. overflow side) of 

the cell. This section determlnes the recovery from the celi. 

The vertical thlckness decreases from H ta h at the celi IIp due 

to friet ional lasses and stream l ine contract ion. 

In flotation, recovery cao be increased by inereaslng cell 

lip length (W) and H. Llp length ls generally determlned by the 

manufaeturers. For exlsting plants. H, which 15 mainly affected 

by J, J, T, rpm, and frother dosage, is the only operatlng 
9 w 

variable ta increase recovery. 

A structural model of a countercurrent water-bubble bed was 

derived from local gas holdup and bubble slze measurements ln 

flotation col umn by Ylanatos et al. (986). They observed three 

different zones ln column froths with wash water addition a few 

centimeter below the over-flow 1 tp: an expanded bubble hed, a 

packed bubble bed, an9 a conventlonal draining froth. 



• 

1 

1 

The conventlonal dratl'ling fr'oth section at the top dld not 

occur in this system because was.h water is added above the froth 

phase. From experimental holdup measurements and observations, 

the presence of two distinct se:cttons can be dlstingulshed (Figure 

3.9>. The first zone ls an expanded bubble bed where the gas 

holdup 15 less than 74% and bubbles are quite small and spherical. 

The thickness of this zone (1-1. 5 cm) depends on air and water 

rates. 

The second section, which extend5 unt1l the top of the froth, 

ls the packed bubble bed. The maximum fract tonal llquld holdup 

that can be supported in a homogeneous packed bubble bed of 

spheres ls 26%. Generally the packed bubble bed ls thlcker than 

the expanâed bubble bed. 

In general, froth can be divided into two extreme types. 

These are wet (high liquid content) froths, wlth spherlcal 

bubbles and dry (low 1 iquid content) froths, with polyhedral 

bubbles. Three dlfferent froth structures are encountered in 

flotatlon practlce: conventional draining froth, polyhedral froth, 

and washed froth (Figure 3.10). 

Entrainment occurs when parttcles enter the base of the froth 

phase suspended in the inter-bubble water occupying the spaces 

between bubbles. The wetter the froth. the greater the proportion 

of partlcles ln the concentrate that will be recovered by 

entralnment rather than by true flotatlon. This is partly because 
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in wetter froths, bubbles are sphertcal and fill the aval1able 

space less efflciently than the larger polyhedral bubbles of dr1er 

froths. thus Increasing entrainment of gangue ln the inter-bubble 

water (Koh and Warren, 1979). 

In convenlional dralnlng froths. whlch are commonly 

encounlered in mechanlcal ceIIs without wash water addition, 

spherical bubbles do not normally exist at dIstances hlgher than 

two or three bubble diameters above the pulp zone. Then, due to 

water drainage between bubbles and compression, spherlcal bubbles 

assume a polyhedral shape. In lhese type froths, the net 1 iquid 

velocity 1s upward; this 1s one of the main causes of fine 

particle entrainmenl. 

Thin po 1 yhedral froths, whlch may be produced ln ul traflne 

flotation at low af'''ation rates and are not usually good for mass 

transfer, fill the available space more efflc iently than small 

spherical bubbles and 11mit llquid penetration (entrainment) lnto 

the froth phase. Allowable froth 1s often 1 im1 ted by bubble 

coalescence. Generation of polyhedral froth5 15 generally 

difflcult ln normal flotation operations. 

In a washed froth, bubbles are well separated from each other 

and gangue drainage between bubbles 15 promoted by a net downward 

water flowrate. Froth can expand signl f1cant ly wl th a good 

stabllity if there 15 a positive bias. Penetration of feed water 

can eas i 1 Y be suppressed 

through drainage channels. 

and returned back to the pulp zone 

A polyhedral bubble zone can he 

.... -':" 
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generated at the top of washed froths, if wash water ls added a 

few cent imetres below the top of the froth surface, but thls may 

not be advantageous. If i t 1s added above the froth surface, then 

polyhedral bubbles cannot be seen. 

Flgure 3.11 shows the washed froth in the modified Denver 

cell. Bubble size signiflcantly lncreases towards the froth 

surface but bubbles sU 11 remaln spherical. 

What ls a gc..od froth from flotat Ion polnt of vlew? A good 

froth could be considered to contain Most ly spherical bubbles 

grading upwards lnto large bubbles with litt le water. However, 

from an entrainment poInt of view polyhedral froths are deslrable. 

In mechanical cells with wash water addit ion, an expanded and 

washed froth, which approaches flotation column froths, can he 

created. Comparlng of the three froth structures reveals that 

washed froths yield the good mass transfer propertles of small 

spherlcal bubbles, without the penalty of hlgher entralnment. 

3.6 Experimental 

3.6.1 Set-up 

The general set-up has been dlscussed ln Chapter 2; specifIe 

to thls study 1s the measurement of gas hold-up ln the froth phase 

which will now be discussed. 

Dowfroth 250C at a concentration of 10 or 15 ppm added to the 

condi tioning tank was used as a frother. Experiments were 

performed wlth and wl thout froth overflow. Contlnuous 
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experlments were carrled out ln a close circuit-1. e. feed and wash 

water coming from a conditl.onl.ng tank. (50 L) to whlch taUs and 

concentrate are pumped. Impeller speed was 1500 rpm. unless 

otherwise stated. 

It was observed that some of the gas bubbles in the present 

cell were dlscharged from the tal11ngs stream due to the location 

of the talling discharge outlet. This problem was mlnlm1zed by 

putti ng a vertical barrier in front of the tall ing dlscharge 

out let. 

3.6.2 Conducti vlty Measurements to Determine Gas Holdup ln the 

Froth Phase 

Gas holdup in the froth phase was determined by measuring the 

conduct 1 vit Y bet ween electrode plates at dlfferent vert ical 

locations. Assumlng a cellular bubble shape w1 th the ions 

preferentially migrat lng along the borders. a stmpllfled 

geometrical tortuosity model relates conduct i vit Y and gas holdup 

(Yianatos et al.. 1986): 

E; = br 

C 

2.31S·C + C 
c 

where Cbf fractional gas holdup in the froth 

C : conductlvlty with air 
C 

C: conductivity wlthout air 

3.26 

Tû.ble 3.1 shows the reproduc1blllty of conductlvlty 

measurements. 60 to 260 readlngs were taken at 3 sec lntervals 

(conductlmeter response tlme ls around 2 sec) and then average 
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1 readlngs and standard deviatlons were calculaled. As CM he seen 

from Table 3.1, Most data have less than ;10% error 11mlt. 

When f1rst measuring conductlvlty ln th1s system, one problem 

\JaS encountered. In a conventional flotation celI. there 15 a 

metall ic standpipe in the cel l, which May work as an electrode 

With one electrode connected to the conductivity meter, a 

conducti vit Y measurement could be obta1 ned, wlthout connecting the 

second electrode ground to the conductimeter. Thus, the standp1pe 

worked as ground. After real izat ion of th15 problem. melalilc 

(electrlcal) contact between impeller motor and standpipe was 

prevented by uslng teflon insulators. 

Table 3.1: Reproducibiltty of conductlvity measurements. 

Number Ave. Cond. Standard Locat 10n Above Froth 

of Read. Reading Deviat 10n Interface Thlckness 

92 15.2 1.1 3.7 4.2 
260 15.0 1.2 3.7 4.2 

92 36.6 1.8 2.6 4.2 
187 36.7 1.6 2.6 4.2 
152 78.3 3.4 1.6 4.2 
88 79.4 4.5 1.6 4.2 
63 169.3 17.8 0.5 4.2 

128 156.8 13.2 0.5 4.2 
205 14. 1 1.3 3.5 4.0 

69 13.6 1.6 3.5 4.0 
168 46.3 5.0 2.5 4.0 
76 44.2 3.3 2.5 4.0 
67 78. 1 3.0 1.5 4.0 

114 90.2 4.3 1.5 4.0 
178 260.0 27.0 0.5 4.0 

... 



1 3.6.3 Electrode Assemblles 

For thls study, three different types of electrodes were 

designed: single, quadruple, and open. 

used to measure point gas holdup 

The single electrode was 

in the froth. The 

quadruple-electrode assembly wa.c; used ta measure local gas holdup 

at the same horizontal level. Square plate electrodes (1-1 cm2
) 

made of stainless steel were connected to the conductimeter. These 

electrodes were flxed in a plexiglass cubic prism cage (side: 1.5 

cm) open at the top and bot tom to allow vert ical l1quid flow 

between electrodes. The quadruple electrode assembly was flxed ln 

a plexiglass frame; it was positioned in such a way that the water 

spray did not directly affect measurements. Figure 3.12 shows 

the dimensions of the two electrode assemblles. 

The open electrode was used to take measurements at the 

surface of the froth near the overflow l ip. Two stalnless steel 

electrodes (1-2 cm) were placed 1 cm apart fram each other not ta 

disturb both horizontal and vert lcal flow and the effect of pulp 

levei change on conductivity is minimized. The data acquisition 

system described in Figure 2.5 was used for the quadruple 

assembly, conductivlty being read sequentially. 

3.6.4 Test Program 

Gas Holdup Profile in the Froth Phase: Prellmlnary test work 

focussed on the effect of superficial gas 

frother concentration on the gas holdup 

and Ilquid rates and 

profile, whlch was 

determined using the single electrode system in the absence of 

froth overflow. Wash water was added 4 cm above the froth 

surface 
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The test pro gram 1s summarized ln Table 3.2. The main 

objective in these tests was ta determlne the effect of 

superflcial gas rate on the gas holdup profile and water balance. 

In the flrst test series. Je' J. and J were kept constant 
Il t 

at three dlfferent gas rates. The atm here was ta determine the 

effect of sudden change in aeratlon rate if there is no control 

action taklng place. The single electrode was used to measure the 

gas holdup. 

Table 3.2: Experimental test conditions. (J's are ln cmls and 
FT, T, and H are ln cm). 

Test series constant 

l J , H 
e Il 

J (0.14) 
Il 

J 
t 

II Je' H Il 
J (0.14) 

w 

III J 
r 

J (0.06) 
Il 

IV J 
e 

J 
t 

H 
If 

V A RIA 8 LES 
dependent controlled 

input out put 

J 
c 

H 

T 

H T(2) J 
t 

J 
c 

FT(4) H 
'of 

H(2) J 
t 

J T(2) J 
c Il 

H 

electrode 
type 

single 

single 

quadruple 

open 
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In the second test series, the slurry levei (SH) was 

ma1ntained constant by adJusting the tal11ng flowrate at constant 

J and J . 
f loi 

The single electrode system was also used. This 

series 1S meant ta illustrate the effect of changlng superficlal 

gas velocity at constant slurry le~el. 

In the third test series, the effect of J was Investlgated 
9 

at a much lower J (0.06 cm/sL Slurry levei was malntalned 
loi 

constant by adjusting tailing flowrate and FT was malntalned 

constant by adjusting the distrlbutor height (H ). 
loi 

In the fourth test series, J was used to keep slurry level 
loi 

constant and J was varied. This scheme corresponds to a possible 
9 

approach to column flotatlon control. 

Test series ft ve was carrled out to determlne the J by 
c 

changing the J, J, H, and T (Table 3.4). 
9 loi 

Gas ho Idup was 

measured using the open electrodes. 

Local Gas Holdup in the Froth Phase: The effect of wash wate~ 

flowrate, Impeller speed, and froth thlckness on local gas holdup 

was determlned using the quadruple-electrode assembly. For the gas 

holdup calculation, the average of the quadruple electrcde 

readings was used. In the froth thickness test (Table 3.6), the 

electrode assembly was fixed at the celi IIp levei for two fTs. 
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3.6.5 Determination of the Amount of Water ln the Concentrate (J ) 
c 

In a two phase system, water recovery to the concentrate was 

estlmated uslng the weir equation. A comprehensive model was 

developed for prediction of J. The calculation 
c 

algorithm 1s 

shown ln Table 3.3. The model requlres the measurement of 

conductivity in the slurry and froth phase!:> to determine the 

gas ho ldup. At the beginning, 1 t i s aiso necessary to determlne 

the cell discharge coefficients by measurlng the H and 

actual J . Once the K was determined for a certain cell, 1t will 
c ~ 

be constant if the slurry levei is malntalned constant. There 

are two ways to calculate FT the momentum 
max 

conservat ion 

model or direct use of Eq. 3.27. The dlschar&e coefficient, K, 
c 

can be calculated from measurements of the gas holdup at the cell 

1 ip level using the open electrode system and the actual water 

recovery. Then J i5 
c 

calculated from Eq. 3.14. If K 15 not 
c 

constant due to variation in SH, the use of Eq. 3.29 15 

nece5sary. In order to compare 

calculated J values, experiments 
c 

were 

the exper i mental and 

performed at varlous J , 
9 

J • J. H, T. and Fi. Table 3.4 shows the operating varlable 
w t 

ranges for the test series five. 
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Table 3.3: Algorithm for the water recovery calculations 
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Table 3.4: Operatlng range of test series fi ve to determlne J . 
c 

(J's are in cm/s and T, FT. and H are ln cm). 

Variables Range 

J 0.11 r 
J 0.4 - 0.7 

9 
J 0.03 - 0.14 

w 

J O. 16 - 0.24 
t 

J 0.001 - 0.050 
c 

FT 2 - 2.4 
H 1 - 2 
T 1 - 2.5 

3.7 Results and Discussion 

3.7.1 Froth Expansion 

Figure 3.13 shows the fl'oth expansion ln the modlfled cell as 

a funct ion of wash water superficlal rate at different 

superficial gas rates. During these experiments, there was no 

froth overflow. Equl valent air flow numbers. No. are also 

indlcated in the same figure. As superficlal wash water and gas 

rates increase. froth thickness Increases. The higher the 

superficial gas rate, the hlgher wi 11 be the rate of Increase in 

the froth thickness. 

A number of empirical relat ionships were tested to estlmate 

FT using polynomial regressions. The followlng equation proved 
\MX 

to gl ve best fi t at a correlation coefficient of 0.94: 

.. 
FT = - O. 34 - 308. 6J 2 + 6.4J + 1078.1J 2. J 3.27 

max w 9 Il 9 
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where FT 15 in cm and 5uperficial rates are in cm/s. 

Est lmat ion of Maximum Fl"'oth Expansion Using Simple Momentum 

Consel"'vat ion: Figure 3. 13 aiso shows the predicted maximum 

at tainable froth thicknesses using the simple momentum 

con5ervat ion model. There 1s a reasonably good agreement between 

experimentally measured froth thlcknesses and predicted values. 

Therefore, the model can he used to estimate the maximum fl"'oth 

thickness by knowing avepage gas holdup and bubble slze in the 

slurry phase. The slight underestlmation of experlmental data is 

most l ikely due to not taking lnto account the effect of liquid 

films around the bubbles in the slmplified model. 

Figul"'e 3.14 shows the effect of 1mpeller speed and aeratlon 

rate on fl"'oth expansion along w1 th gas holdup in the slurry phase 

at a constant water volume (helght) in the modifled cell. 

Incl"'easing superficial gas rates and impeller speed leads ta 

th1cker fl"'oths in the absence of fl"'oth ovel"'flow mainly due ta 

lncreased gas content in the slurry phase. 

Effect of Wash Water Addition Level on Froth Expansion: The 

effect of wash water addl tian level on the froth expansion w1th 

froth overflow at constant tai1s flowrate 15 given in Figure 3.15. 

In this graph a minus sign indicates that the wash water 15 added 

below the slurry-fl"'oth interface, zero means that addition is Just 

at the 1ntel"'face and positive values stands fol"' addition above the 

froth surface. The uppel"' curves. FT. show the tot.al froth 

expans ion 1. e. the distance between the slurry-froth interface, 
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and the froth surface whlle the lower curves, T, lnd\cate the 

distance between slurry-froth interface and the overflow IIp. As 

can be seen from the graph, froth thlckness Increases as the wash 

water addition level rises up ta 4 cm above the froth; the 

expansion then levels off. 

Froth also expands more wlth increasing gas superficlal rate. 

In the presence of overflow the froth cannot expand as much. It 

5hould be noted that when wash water \s added below the 

slurry-froth interface, the froth cannot expand but If It ls added 

at the interface or above the froth zone, there 1s a signif1cant 

expansion ln the froth thtckness. The expansion of froth with 

increaslng a,ddi t Ion he 19ht above the froth surface 15 related to 

wash water penetration depth. distribution. and res1dence time ln 

the froth, Slnce froth expansion 15 benefic\al. il 15 concluded 

t hat wash water add1 tion should be at least 4 cm above the cell 

lip to reach its full benefit. 

3.7.2 Point Cas Holdup Profile and Water Balance ln the Froth 
Phase 

Cas Holdup Profiles: Figures 3 16. 3.17, and 3 18 show typical 

axial profiles of gas holdup as a functlon of vertical distance 

from the slurry-froth interface in the absence of froth overflow, 

Figures 3 16 and 3 17 show that 1 ncreases e 1ther 1 n gas or wash 

water rate signlficantly decreases the gas content of the froth 

zone An increase in aeratlon rate for a g1 ven frother 

concentration and lmpeller speed produces an increase ln water 

entrainment due t~ thé larger bubble product1on, whlch carry more 
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water ta the froth phase (the number of bubbles and their 

dlameter' increases). The followlng equatlons CM be used to 

calculate percent gas holdup ln the froth phase at different 

heights as a functlon of gas and wash water rates. 

c = 79.54 + 9.79.Z - 56.61. J 
9 9 

C = O. 118 + O. 113. Z - 1. 513. J 
9 w 

where Z: distance from the slurry-froth interface, cm 
J : superficial gas rate, cmls 

9 
J : superficial wash water rate, cm/s 

Il 

3.28 

3.29 

Figure 3.18 shows that increasing frother dosage leads 

ta significant increases in the l iquld content in the froth zone, 

especially close to the interface, because of the decreased bubble 

slze and the lncreased thickness of the water film surrounding 

the bubbles. The percent gas holdup was correlated to frother 

concentration and distance from the 51 urry-froth interface uslng 

the fo llowing equat ion: 

C : 56. 21 + 10. 21. Z - C 3.30 
9 

where C: frother concentrat ion in ppm 

Klassen and Tikhonov (1964) canei uded that aeration rate, 

impeller speed. and frother dosage Increased water entralnment, 

the more effective variable baing fl'other concentration in thelr 

system. 
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Water Balance: In the presence of froth overflow, the gas and 

liquld holdups are ~Ignlflcantly changed. Table 3.5 swnmarlzes 

the water balance for the four test serIes. 

In the first test series, although the talling flowrate was 

not changed, J decreased with increasing aeration rate, because 
t 

of gas entrainment in the tailing 11ne. As a result, Jc Increased 

slightly with increasing J . 
Il 

H and T Increased with J , because 
Il 

of a significant increase ln J as more water 15 entrained ln 
u 

the froth phase, it needs a longer residence time (i.e. a thlcker 

froth) to drain back ta the slurry. Gas holdup profile 15 shown ln 

Figure 19a. 

In the second test series, the lnterface levei was kept 

constant by varying tall1ngs discharge flow rate at agaln three 

different gas rates (Figure 3. 19b). Increaslng J increased the 
9 

11quid overflow rates because of the lncreaslng FT and the 

resu1ting increase in the froth he1ght above the cel1 11p, H. 

For the flrst and second test series, the fol10wing equatlons 

can be used te calculate gas holdup in the froth phase: 

€ = 77.52 + 9.60.2 - 30.23.J 3.31 
9 9 

€ = 76.78 + 12.56.2 - 39.79.J 3.32 
9 9 

If the data from test series one and two are combined, then 

the f0110w1ng equatlon can be developed: 

€ = 77.17 + 11.26.2 - 35.71.J 3.33 
9 9 
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ll.O 0.6 O.lll o.lm O.fI) O.Oll O.l]) 0.282 O.OlS 1.91 2.Bi 

1l.O 0.5 0.111 0.162 o.m 0.011 O.~I 0.2'&5 O.CYt) 2.11 1.81 

D.O 0.11 O.IU 0.161 9.œ O.llli O.26J O.4!17 O.ffiIf 1.8} 1.!i6 

n.o 0.6 'l.lIJ 'I.lU) '),'1\1 'l. 'lll 

fl.t} IJ.S IJ.IU '''If{) IJ.'65 'l,lJl3 

)}.'l 9." ,).lB Il ,}I)') .. , 'fi) ".IJU 

Table 3.5: ~ater balance around the rlotatlon cell. 

J : calculated from Eq. 3.6 
u 

J : calculated froa J =J +J -J 
d d .. U c 

J -J : blas 
d U 

J /J : entralnment factor 
u f 

J IJ drainage factor 
d t 

FT: froth th1ckness 
SH slurry helght 

-

...... 
:.;:, 
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1 Figure 3.19: Gas holdup profile for the flrst two test series. 
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In the third test serles, the effect of aeratlon was 

Investlgated at a much lower wash water addition rate (J • 0.06 
Il 

cm/s) at a constant T and H. Thus, upwa.rd and downwa.rd llquld 

rates are lower than for the prevlous two cases. 

and J increase with lncreaslng aeration rate. Since both H and 
u 

T are constant, the increase ln J can only be caused by an 
ç 

1ncrease ln cbr ' 

The four test series confirm that lrrespectlve of the control 

scheme, gas rate can affect water r~covery slgnlflcant ly, at 

constant slurry helght. Llquld holdup Increases signlficantly 

throughout with J; consequently, aIl superficial llquld rates ln 
9 

the froth Increase substantlally: J, J , and J . 
u d c 

Figure 3.20 shows the overall gas holdup proflle ln the 

modlf1ed cell as a funct 10n of cell depth, with the horlzontal 

axis ln logari thmlc scale. Gas holdup drastlcally increases near 

the slurry-froth 1nterface due to the accumulation of fast rtslng 

bubbles before entering Into the froth phase. Bubble rise velocity 

decreases because of coll 1510n of bubbles wlth the previously 

formed bubbles. Cas holdup parabol1cally increases ln the froth 

phase. 

Figure 3.21 shows the effect of J on cas holdup proflle ln 
Il 

a relatlvely deep froth. The hlaher the superflclal wash water 

rate, the wet ter the froth. The dlfference ln froth wetness ~s 

more slgnlflcant at the Interface than at the top of the froth. 
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1 Entralnment and cleaning factors are inlroduced here in 

order ta understand the effect of aeratian rate. J /J is used as 
u f 

an entrainment factor while J /J 15 used as a cleanlng (drainage) 
d t 

factor. J and J were calculated at the Interface leve 1. A 
u d 

hlgher drainage factor and a lower entralnment factor are 

desirable ln flotation operation ta achieve law hydraullc 

entralnment. Both entrainment and drainage factors increase wlth 

Increaslng aeration rate. 

The change ln upward and dawnward superflcial l1quid 

velac! t les as a funet 10n of distance above the slurry-froth 

interface at dlfferent wash water addl tion rates are gi ven ln 

Figure 3.22. 80th upward and downward liquid rates slgniflcantly 

decrease with Increaslng distance above the interface. It should 

be noted that (J -J) increases with 1 ncreaslng wash water 
d u 

addit ion rate and is constant throughout the froth phase. A 

hlgher bias (J -J ) means less entrainment due to suppression of 
d u 

feed water with wash water and a bt~tter cleaning action in the 

froth. 

3.7.3 Prediction of Superflclal Concentrate Rate (J ) 
c 

At constant SH and T, K ls constant and J can he 
c c 

determined from the weir equation by measurlng only H and c
1f

, 

which 15 obtained from conductivl ty measurements. Figure 3.23 

shows Q as a function of W. H1.S. C 
c 1 f 

In the normal operat lng 

range, K was calculated to he 0.00881 for the modlfled laboratory 
c 

celI. A plot of experimental Q versus predlcted Q 15 glven ln 
c c 
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1 Figure 3.24. There i5 a reasonably good agreement between 

experimental and predicted water recoveries wi thin +15% errer 

1 imi ts. 

If slurry levei (SH) 15 not malntained constant both T and H 

vary wlth operating conditions and the cell dlscharge coefficient 

(K ) changes. The following emplrlcal equatlon wa.s obtalned from 
c 

laboratory cell data with a correlation coefficlent of 0.98. 

J = 0.00061-0.0088T+0.00196H1
.
5 + 0.0408J +0.Q1899J 3.34 

c 9 v 

where T varies from 0.2 ta 2 cm, H from 1 to 3 cm, J from 0.2 to 
CJ 

0.6 cm/s. and J from 0.05 to 0.14 cm/s. Accordlng to the above 
", 

equation. the most important factors affecting J (or CliS) are J 
C C 9 

and T. 

The water film thickness assoclated wlth each bubble can 

be roughly predicted uslng a gas holdup value at the base oC the 

froth (boundary condition) (HOys, 1979). Uslng Eqs. 3.3. 3.6, and 

3.7 film thickness &round bubbles was estlmated and plotted as a 

functlon of aeration rate at a superflclal llquld rate oC 0.14 

cm/s ln Figure 3.25. Gas holdups were talcen from Figure 3.19 at 

0.5 cm above the Interface whlle average bubble slzes were talcen 

from lCaya (1985). Film thlckness &round bubbles increases froll 

14jJm to 40jJIII wl th 1ncreas!ng aeration rate Cro. 0.2 ta 0.6 cm/s; 

more water 15 entralned lnto the Croth Cros the slurry phase. 
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1 The parameter Cl in Eq. 3.4 was aiso estlmated uslng Eqs. 3.3 

and 3.4. Aerated power input per unit volume (energy dissipation) 

was calculated uslng Luong and Voleski's equation (2.7) and 

terminal bubble rise velocity was determined using Pebble & 

Garber' s equation (2.9). C increases from 0.25 to 0.52 when 
l 

aeration rate increases from 0.2 to 0.6 cm/s. Since C varies, 
1 

it 1s dIfflcult to estimate the exact water fIlm thlckness around 

bubbles; a rough estimate can he calculated using Eq. 3.4. 

3.7.4 Local Gas Holdup in the Froth Phase 

The effect of wash water addi t ion flowrate on local gas 

holdup at four different points on the same horizontal level using 

the quadruple-electrode assembly 15 gi ven ln Figure 3.26. 

Although the electrodes were a11 at the same horizontal plane in 

the froth, the gas holdup signiflcantly varied. The front 

electrodes (1 and 2) showed higher gas holdup than back electrodes 

(3 and 4). The change in gas holdup ln the froth phase was 

correlated with superflcial wash water rate as helow: 

e .. 72. 62 - 67557. J 4 3.35 
9 w 

The effect of impeller speed at FT of 5 cm and the effect of 

FT (3 and 6 cm) at 1500 rpm on local gas holdup ln the froth was 

also investigated uslng the quadruple-electrode assembly. Gas 

hold-up decreased with increaslng lmpeller speed or decreaslng 

froth thickness (Table 3.6). Increaslng Impeller perlpheral speed 
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1 

creates f1ner bubbles wlth l~ger lnterfacial area whlch 1ncreases 

the volume of Interstitlal bubble water in the froth. In froth 

thlckness tests, the electrode assembly was f1xed at the c~ll IIp 

level for- both tests. FT was decreased by increaslng SH. As 

expected. a lower- gas holdup was measured. 

Table 3.6: Effect of Impeller speed and froth thlckness on local 
gas holdup in the froth phase. 

Local Gas tloldup 
Electrode 1200 rpm 1500 rpm 

1 0.84 0.73 
2 0.83 0.60 
3 0.72 0.69 
4 0.66 0.59 

(J : 0.6 cm/s, J : O. 098 cm/s. and FT: 5 cm) 
9 w 

FT: 3 cm FT: 6 cm 

1 0.81 0.88 
2 0.65 0.81 
3 0.71 0.81 
4 0.64 0.80 

(J : 0.6 cm/s. J : 0.098 cm/s. N: 1500 rpm) 
CJ w 

3.8 Summary 

On the bas1s of ins~ghts galned from thls chapter. a number 

of conclusions can be stated: 

a. Two different zones in a washed conventlonal froth were 

recognized. In the expanded bubble bed. where the gas holdup 15 

less than 74%, aIl bubbles are weIl separated from each other by 

draln1ng water fllms. Above the expanded bubble bed. gas holdup 15 
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, 

higher than 74Y. and thinner water f11ms occaslonally collapse 

creatlng bubble coalescence. This zone is called packed bubble 

bed. 

b. Comparison of three different types of froth structures showed 

that washed froths have the best propert les requlred for 

flotat 10n. 

c. The general trend of holdup profile strongly depends upon gas 

rate. 1 iqui' rate, and frother concentration. The l1quld holdup 

at the top of the froth was round to increase drast Ically wi th 

increasing gas flowrate, water flowrates. and frother dosage. 

d. A froth hydraul1c model, which Includes a water and gas 

balance in a conventional flotatlon cell wlth wash water addition. 

was introduced. A predictive model for water recovery was 

establ ished. 

e. It was found that froth thickness increased wi th Increaslng 

both gas and water addition rates. Maximum froth expansion was 

obtained when wash water was added 4 cm above the froth. 

This type of information will assist ln decldlng the use of 

wash water in convent ional flotat ion machines. Insights gained 

can lead to the development of better operation conditions for the 

existing flotation systems, which May produce an imprc\'cl"'p.nt in 

their performance. 
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CHAPTER 4 

DETERMINA TION OF RESIDENCE TIMES 

IN 

THE LABORA TORY FLOT ATION crus 
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Introduction 

Mean residence time (MRT) 15 an important factor ln 

determining metallurgieal performance. An Inadequate HRT may lead 

to lossf'E' of valuable species; partlcles with low flotation 

kinet les, such as fines or r.1iddllngs. are particularly vulnerable. 

An exeessi ve MRT wUl lead to increased l'ecoverle5 for water, 

gangue partieles, and weakly floatable partieles. Strongly 

floatable part ie les may also suffer deacti vation. and some gangue 

sulfides activation through surface oxidation. This study 

Invest igates the effect of operat lng variables on the HRT of gas, 

l1quid, and sol id in the slurry and fl'oth phases ln the presence 

of wash water. Variables affecting gangue entl'alnment, such as 

the fraction of feed watel' recovered ln the concentrate, are also 

quant ified. 

The mlxing behaviour éf the small-scale modified laboratory 

flotat 10n celi was invest 19ated experimentally. Impulse tracer 

tests were performed wi th both 1 iquld and sol Id tl'acers. The 

llquid l'esldence Ume is significantly affected by wash water 

addi t ion flo~rr-ate I.n the slurry phase and fl'oth thickness in the 

froth phase. Froth thickness and aerat ion rate are the major 

variables affecting residence time ln the fl'oth phase. 

4.1 Experimental 

Most of the experiments were performed in a two-phase system 

(air-water) where feed flowrate and lmpeller speed were always 

kept constant, unless otherwise stated. The slurry level was 
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malntalned at a set point by varying th~ talllng flowrate. a 

common control strategy in plant practice. Different resul ts 

would be obtained if other types of level control strategies are 

employed. Sorne resul.s 1 ,~om a previous three-phase study (J(aya, 

1985) are also includel to relate the results to actual flotation 

candit ions. 

At constant feed rate, the effect of superflclal gas rate, 

froth thickness. superficial wash water rate, and Impeller speed 

on the MRT in the slurry and froth zones was Invest 19ated. In 

the three phase study. si 1 Ica was the solld phase at tOX by 

welght. 

4.1.1 Measurement Techniques 

Liquid Mean Residence rime in Slurry: Two different methods were 

used. For the first method. a water soluble tracer was added into 

the feed stream; samples were collected from the tai I1ng stream 

periodically. The RTO was determined from the tracer response 

curve and MRT was est imated. LiCl was used as a liquid tract!r. 

because of lts low cast. unreactiveness. solubl11ty ln water, and 

ease of analysis by atomic absorpt ion (AA). For each test, t gram 

of dissol ved LiCl was inJected as an impulse tracer uslng a 50 

mL syringe. As the t Imes of injection and collect 10n of the tracer 

material were very short. 10 and 5 sec respect 1 vely, in comparlson 

ta the residence Ume in the cell (2 to 4 min). the observed 

concentrat ion-l ime curve 1 n tal1 stream could reasor:.ably he 

consldered that of an instantaneous response to a perfect impulse. 



1 For the second method, the gas holdup and tal11ng flowrate 

'viere measured. Average gas holdup 'viaS determlned measur1ng 

conductivity with the quadruple-electrode assembly, whlch 1s 

placed in the Middle of the slurry phase. 

The resul ts of the second method are best understood 

consldering that the MRT of the liquld ln the slurry zone, 

equal to 

V. E: SH € 
p Ip Ip 

T :: :: 
Ip 

Qt J 
t 

:3 
where Q: tai 1 flowrate. m /s 

t :3 
V : slurry volume, m 

p 

c : 
Ip 

SH: 

volumetrie liquid holdup in the slurry phase 

slurry helght, m 
J . superfieial tai ling rate, cm/s 

t 

'f , 1 s 
Ip 

4.1 

Sol id Mean Residence Time in Slurry: In flotation, it 15 the MRT 

of sol Ids that 1s of prime importance. The use of soUd tracers, 

though by no means impossible, does tend ta add both eomplexl.ty 

and cost to a test. Thus, the Industr laI pract ice ls '<') use 

liquld li acers and ta make the assumptlon that the l1quid phase 

of the slurry c10sely approx1mates the behavicur of the solid 

phase. Dobby ( 1985) has shawn that the val1dity of thls 

approximation in a flotation column 15 a function of partlcle size 

and improves wi th decreasing particle dlameter. RIOs of solld 
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1 particles were determlned by radioactive trac1na in the same 

system prevlously (Kaya, 1985) . Detalled theoret leal 

background and resul ts are found ln the above reterence. 

The followlng equat tons for perfect mlxing were used to 

calculate the slope of lnA vs t plot, whlch Is the inverse of the 

MRT: 

C(t) 1 - t/T 
E( t) .. • e 

f CCtl.dt T 

4.2 

ln(~-
t ) InA ,. 
T 

4.3 

Gas and Llquld Residence !lme in Froth: Assumlng a constant &as 

holdup ln the froth phase, the mean re.idene. tlmes of lU and 

Ilquld in the froth phase (T
bf

• T
lf

) 15 equal to: 

V f! FT f! 
f bf bf 

T • • bf 
4.4 

0 J 
9 9 

FT 
V 

br 
.. 4.5 

where V
f

: froth volume, m3 

C
bf

: fract ional gas holdup ln the froth phase 

Q: air tlowrate. m3
/. 

9 

V average bubble l'Ise velocity ln the froth phase. mis br 
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The average gas holdup in the froth was assumed to be equal 

to the mean of local gas holdups in the mlddle of the froth. 

measured ustng the quadruple-electrode assembly. Since the 

horizontal transport wa5 neglec"ed here the resldence time 15 the 

minimum time 5pent in the froth phase. 

Feed Water Split: Laboratory scale tests were performed to me as ure 

the amount of feed water in the concentrate stream at dlfferent 

superficial gas and water rates. froth thicknesses. Impeller 

speeds. and feed flow rates. Â material balance of the tracer 

(i.e. water split between the tailings and concentrate streams) 

was obtained using the followtng equations: 

Â = 
c 

Â 
t 

JQ . C (t). dt 
c c 

J
Q . C (t). dt +JQ . C (t). dt 

t tee 

IQ . C (t). dt 
t t 

J
Q.C (t).dt +JQ .C (tl.dt 

l tee 

3 where Q: concentrate flowrate. m 15 
c 

3 
Q : tai 1 ing flowrate. m /s 

t 

C : concentrate 
c 

tracer concentration, 
3 

C: tail tracer concentration, kg/m 
t 

A: amaunt of tracer reportlng ta the 
c 

3 
kg/m 

concentrate, kg 

A: amaunt of tracer reporting ta the taUs, kg 
t 

4.6 

4.7 
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One gram Liel dlsso1ved ln water and lnJected into the feed 

stream. Tail and concentrate streams were collected ln dlfferent 

pails for 5 minutes. Thelr volume was measured and 

Li concentrat ion was determined. Experiments were repeated at 

different operatlng conditions. 

4.2 Results and Discussion 

4.2.1 Liquid and Solld Residence Times in the Slurry Phase 

Table 4.1 summarizes the effect of J , J, FT, and RPH on the 
9 w 

MRT of llquld ln the sI urry phase. Figure 4.1 shows the fit of 

typical experimental data te the perfect ly mlxed mode 1. The 

effect of operating variables will be discussed separately. 

Table 4.1: Effect of superfleial gas and wash water rates, froth 
thiekness, and impeller speed on the liquid resldence time ln two 
and three phase systems. (Three phase results are from lCaya, 
1985) . 

J J FT T SH Residence Ume Phase 
9 w 

(cm/s) ( cm/s) (cm) (cm) (cm) Tai ling Cene. 

0.4 0 3 2 30 3.83 4.04 3 
0.6 0 3 2 30 4.06 3 

0.6 0.14 3 2 30 2.26 2.36 2 
0.6 0.14 1.5 1 31 2.78 2 

0.6 0 3 2 30 4.06 3 
0.6 0.03 3 2 30 3.83 3 
0.6 0.08 3 2 30 2.97 2 
0.6 0.14 3 2 30 2.26 2.36 2 
0.5 0 3 2 30 3.83 4.04 3 
0.5 0.10 3 2 30 3.47 3 

J J FT T SH €: T RPM 
<1 w bp Ip 

(cm/s) (ernls) (cm) (cm) (cm) 00 (min) 

0.4 0.11 2 1 31 5.52 2.34 1200 
0.4 0.11 2 1 31 7.25 2.14 1500 
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1 Effect of Gas Rate: In the absence of wash water addition. it 

was found in the three phase system that liquld HRT in the slurry 

phase 51 ightly Increases with increasing superflclal gas rate 

Increasing J decreases bath the llquid holdup ln 
9 

(Table 4.1). 

the slurry zone and taiis volumetrie flowrate. Figure 4.2 shows 

that the decrease in Q 
t 

is more important than that of c 1 

Ip 

mea5ured by the quadruple electrode assembly ln the two phase 

system. The net resul t 15 an increase ln the MRT of l1quid ln 

the slurry phase. 

Efrect of Froth Thickness: At constant J and J, rlsing the 
9 y 

slurry/froth interface leads to an increase in the Ilquld 

residence Ume in the slurry phase (Table 4.1l. Thls only 

partially stems from the increase in the slurry volume (here only 

5%). The main cause 15 the much increased water recovery ln the 

concentrate, resulting in an equivalent decrease ln Q . 
t 

Effect of \.Iash Water Addi tion Rate: At constant J 
g 

and FT, the 

1 iquid residence time in the slurpy significantIy decreases wlth 

lncreaslng wash water addition rate, as shown in Figure 4.3. It 

aiso shows that samples collected from concentrate stream have a 

slightly higher residence time than samples taken from the 

tai 11ngs streams, as the froth zone has i ts own residence time. 

which can be est Imated by the dlfference between MRTs of the 

concentrate and tai 1 ing streams. The HRT ln the froth ls ln the 

order of 6 to 12 seconds. 
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The decrease ln the MRT in the collection zone with 

increasing wash water rate Is by far the most undesirable side 

effect of using wash water. Clearly. J must he minlmlzed to 
w 

reduce not only water consumption. but aiso the decrease 1n 

flotatian time and circuit capaclty. 

Effect of Impeller Speed: Table 4.1 shows that as !mpeller speed 

increases. gas holdup in the slurry phase lncreases. hecause 

smaller bubbles wi th Iower rise veloe! tles are generated. 

Therefore. Iiquid holdup decreases and so does the residenee time 

in the slurry zone. 

4.2.2 Comparlson of SaUd and Liquid Residence Ttwtes ln The 
Slurry Phase 

Resul ts of solid and liquid residence Ume study <I.re given 

in Table 4.2a. For these tests, samples were collected tram the 

taU ing stream wi thout wa5h water addit ion. The l1quld resldenee 

time in the 5lurry phase is slightly higher than that of the 

50lid5, but the differenee 15 within experimental error. 

4.2.3 Presence of Perfect Mixlng 

An experlment done wi thout froth phase showed that the 

residence time calculated from tail and concentrate streams were 

very s1mi laI" (Table 4. 2b). This means that the soll.d phase 1s 

perfectly mixed in the slurry phase, i. e. its contrat ion i5 almost 

same throughout the slurry volume in the absence of froth phase. 

This will be further investigated in the next chapter. 
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4.2.4 Gas and Liquid Residence Time in the Froth Phase 

Table 4.3 summarlzes the effect of superflclal gas rate, 

water rate, froth thlckness, and impeller speed on €bC' T
bC

' and 

VbC ' 

Table 4.2: Comparlson of solid and liquid resldence times ln the 
pulp zone (a), and the lJresence of perfect mlxlng (b). (Results 
were obtained from radio-active tracer tests using Mn-56). 

J J 
9 w 

(cm/s) (cmls) 

a 0.5 o 

b 0.5 0.098 

Superflclal Gas Rate: 

FT 

(cm) 

3 

o 

T 

(cm) 

2 

o 

SH 

(cm) 

30 

32 

Residence Ume 
l' (min) 

salid 11quld 

3.15 3.83 

T (min) 
talls cane. 

2.97 2.95 

Mean gas resldence Ume ln the froth. 

l' , decreases wl th increasing superfic1al gas rate. Bubble rise 
br 

veloclty ln the froth ls very low (0.5 - 1.1 cmls) as compared to 

in the slurry phase (4 - 10. S cm/s). The Impllcatlon ls that 

increasing residence time in the froth leads ta increased drainage 

and a drier froth. 
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Table 4.3: Effect of superficlal gas rate, wash water rate, froth 
thlckness. and impeller speed on the gas resldence Urne in the 
Croth phase. 

J J FT T SH e T V N 
Q " br be br 

(em/s) (emls) (cm) (cm) (cm) 00 (sec) (cm/s) (rpm) 

0.6 0.098 4 2 30 56.9 3.8 1.1 1500 
0.6 0.098 4 2 30 56.5 3.7 1.1 1500 
0.5 0.098 4 2 30 57.7 4.6 0.9 1500 
0.5 0.098 4 2 30 57.4 4.6 0.9 1500 
0.4 0.098 4 2 30 58.7 5.8 0.7 1500 
0.4 0.098 4 2 30 58.3 5.8 0.7 1500 
0.3 0.098 4 2 30 59.0 7.8 0.5 1500 

0.4 0.140 2.5 1.5 30.5 83.0 4.9 0.5 1500 
0.4 0.140 3 2 30 81.0 6.0 0,5 1500 
0.6 0.090 3 2 30 70.2 3.5 0.9 1500 
0.6 0.090 5 3 29 65.2 5.4 0.9 1500 

0.6 0 5 3 29 75.5 6.2 0.8 1'500 
0.6 0.030 5 3 29 71. 1 5.9 0.8 1500 
0.6 0.058 5 3 29 68.5 5.7 0.9 1500 
0.6 0.090 5 3 29 65.C 5.4 0.9 U;OO 
0.6 0.120 5 3 29 55.5 4.6 1.1 1500 

0.6 0.090 5 3 29 71.2 5.9 0.8 1200 
0.6 0.090 5 3 29 65.0 5.4 0.9 1500 

(FT: froth thickness. T: distance between slurry-froth interface, 
and cel! Hp leve!, SH: slurry helght) 

Figure 4.4 shows the calculated average bubble rise veloclty 

in the froth phase as a functlon of distance rrolll the interface 

uslng the momentum conservation model ln Chapter 3 (Eq. 3.24). The 

followlng data were used ln calculations: 

Table 4.4: Var\able ranges used ln FT calculations . .... 
• J (cm/s) c (,,) V (cm/s) d (Cil) 

9 bp bp bp 

0.6 8.67 6.9 0.364 
0.5 6.94 5.7 0.336 
0.4 4.98 4.0 0.306 

• measured wlth conductlvlty 
d froll Kaya-1985 

bp 
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Figure 4.4: Change in bubble rise velocity ln the Croth phaSe. 

(Calculated from the momentum conservation model) 



Average bubble rise velocity in the froth phase drastically 

decreases towards t~e froth surface. The higher the gas rate, the 

higher the average bubble pise velocity in the fl'oth. The decl'ease 

in average bubble l'ise is maximum at the interface, and lessens 

with helght above the interface. Above the lip level, the ctp.crease 

ls more graduaI, due to the init iaUon of hor'izontp.l veloclty, 

which forces froth towal'ds the overflüw weil'. 

Figure 4.4 also indicates the calculated FT ,whlch depends 
lUX 

on the no froth overflow condition and calculated average bubble 

l'ise velocities from Table 4.3. 

Froth Thickness: Table 4.3 shows the effect of froth thickness at 

two different gas and wash water rates. Gas l'esldence time in the 

froth significantly increases with increasing froth thickness. 

Higher residence times Iead to dl'ier froths, because of Increased 

drainage and bubble coalescence. 

Wash Water Superficial Rate: Gas residence time ln the froth 

increases slightly with decreasing wash water rate. because of the 

ensuing increase ln the gas content of the froth phase (Table 4.3). 

Impeller Speed: Gas l'esidence time in the froth decreases slightly 

with increasing Impeller speed (Table 4.3). This 15 a direct 

resul t of the increased Ilquid content of froth, as hlgher 

impe 11er speeds produce flner bubbles. wlth larger interfacial 

area and higher volume of interstitlal water. 
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4.2.5 Feed Water Split 

In this study, feed water penetration lnto the froth, whlch 

corresponds to the worst condi t ions of fines entrainment, was 

determined. A material balance of the tracer spI! t and hence 

feed water spI i t between tai l ings and concentrate streams was 

obtalned. 

Superficial Gas Rate: Experiments done at constant FT, J , and J 
w f 

showed that feed water reporttng to the concentrate stream 

slightly decreases with decreasing J (Table 4.5). 
q 

At hlgh gas 

rates, more water 1s entrained into the froth by large bubbles. 

Table 4.5: Effect of gas rate, froth thickness, feed rate, and 
Impeller speed on feed water recovery at constant wash water rate. 

J FT J Qf N Feed Water Recovery 
g w 

(cm/s) (cm) (cm/s) (L/min) (l'pm) (%) 

0.4 3.0 O. 14 1500 6.8 
0.6 3.0 0.14 1500 7.5 
0.6 1.5 0.14 1500 12.3 
0.6 3.0 0.14 0.48 1500 18.8 
0.6 3.0 0.14 1. 24 1500 7.5 
0.6 3.0 0.14 2.08 1500 6.6 
0.6 3.0 0.098 1300 1.5 
0.6 3.0 0.098 1500 2.2 

Froth Thickness: At constant J, J, and J
f

, thel'e was a 
q w 

significant increase in the amount of water reportlng to the 

concentrate with decreasing FT (Table 4.5). These l'esults show 

that a 50% decrease in FT increases the feed water reporting ta 

the concentrate stream about 39%, while a 33% increase in aeratlon 

rate Increases the feed water repol'ting to the concentrate stream 

about 9%. Therefore, feed watel' spil t can he more closely 

controlled by adjusting FT l'ather than J . 
q 
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Wash Water Superficial Rate: Figure 4.5 shows the percent feed 

water reportlng ta the concentrate stream. A minimum penetration 

of feed water was found at an intermediate J A rive-fald 
Il 

decrease (from 11~ ta 2 2Y.) ln water reportlng ta the concentrate 

was achieved by wash ~ater addltion 4 cm above the froth surface. 

Wash water promotes froth stabll ity and largely elimlnates feed 

water from the concentrate. Eliminat ion of feed water prevents 

fines recovery by mechanical and hydraulic entrainment in the 

froth phase. 

The increase of feed water reporting to the concentrate after 

minimum 15 presumably due to the mlxlng effect Induced by strong 

wash water addit ion in shallow froths (1. e. 3 cm). In deep 

froths, mixing may not be a problem. This will be further 

investigated in the followtng chapters. 

Feed Rate: Feed water recovery to the concentrate Increases 

s ignificant ly wi th decreasing feed flowrate due to Increased 

liquid residence times ln the slurry phase. Mean resldence times 

are 4.66, 2.78, and 2.28 min for feed flow rates of 0.48, 1. 24, 

and 2.08 L/min, respectively. Since water resldes short Ume at 

the high feed flowrate, the probabllity of concentrate 

contamination by feed water is lower. Therefore, it seems that the 

liquld residence time ~n the slurry plays a very important raIe ln 

the entralnment mechanism and that it should be closely 

controlled. Fr'ew and Trahar ( 1982) found that Cu grade 

signlficantly decreased with decreasing feed flowrate in bol'nite 

and quartz flotatlon. 
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Figure 4.5: Effect of wash water superficlal rate on f-eed water 
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1 Impeller Speed: Feed water reportlng to the concentrate decreased 

from 2.2% ta 1.5% by decreaslng Impeller speed from 1500 rpm to 

1300 rpm (Table 4.5). Because Increaslng tmpeller speed will 

create flner bubbles and hlgher gas holdup ln the slurry phase. 

which resul ts ! n hlgher water transport ta the froth and th'~\refore 

to the cencentrate stream. 

4.3 Summary 

Since the recovery of gangue partlcles 15 related to f\,ed 

water reportlng to the concentrate. a longer liquid resldence tll'1e 

ln the froth and a shorte1" liquid residence tlme ln the slurr~i 

a1"e necessary to lessen entralnment problem or to achieve hlgher 

grades in cleaner circuits. The results are summarlzed ln Table 

4.6 where + and - refer te the direct Ion of change in the 

controlled variables resul t Ing from an Increase in manipulated 

variable. The respense for J 
9 

and rpm is very fast, while for 

FT and J , it 1s relatlvely slow. A decrease ln l1quid res IdencE' 
w 

time in the slurry 1s achieved by 1ncreasing FT, J , 
w 

and rpm; 

however, an Increase in liquid residence Ume ln the froth 15 

accompllshed Just by Increasing FT. It can he concluded that the 

control of FT can easi ly achieve the desired purpose, wh! le the 

beneficial effects of impeller speed and Jin the s 1 url'y phase 
'" 

are compensated ta some extent ln the froth zone. Therefore, it 

15 necessary ta flnd an optimum J and FT cambinations. 
w 

f 
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Mlnerallzed bubbles should not remain in the pulp an 

lnordlnately long Ume because of the Increaslng probablllty of 

deminerall zaUon. On the other hand, air bubbles should not rise 

excesslvely fast in the pulp, otherwise they will nat have lime to 

pick up a suitable load of mineraI partlcl~s. The optimum life of 

bubbles in the pulp and the rate of rise depends on the 

properties of the floated mineraIs, reagent additions, density of 

pulp and finally the slze of minerai particle~. 

Table 4.6 aiso sho1o/s the response of froth (gas and llquld) 

residence time in the froth phase ta changes physlcal manlpulated 

variables. An increased gas r'esidence lime in the froth phase 

leads ta an increased probability of coalescence. whlch may reduce 

entralnment problems dependlng on the possibi l i ty of reattachment 

in the froth. Coalescence aiso reducen interraclal area and thus 

solids carrying capacity Therefore, ta prevent a major release 

of collected part icles, coalescence of the gas bubbles must he 

minimized. Thus, what 1s desired from the gas bubbles ln the 

froth 1s system and purpose dependent. 

The amount of feed water reportlng ta the concentrate should 

be mlnimized in arder ta lessen entralnment and Increase product 

grade. Increasing FT and feed ratl: reduces feed water recovery to 

the concentrate. However, lncreaslng J and rpm leads to 
g 

increased feed water recovery and entralnment. There 1s an optimum 

J at an intermedlate addition rate (0.08 - 0.1 cmlsl. whlch 
'of 

reduces the feed water penetrat 10n five rold than wlthout wash 



1 

1 

water addItIon. Feed water penetratIon to the concentrate should 

be mlnlmlzed, but at a reasonable eoneentrate flowrate; otherwlse 

recovery wIll surfer slgnlflcantly. 

Table 4.6: Effeet of sorne physical manlpulated variables on 
l1quld and gas resldence t imes and feed water recovery (R ). 

(v 

PHYSICAL HANIPULATED 
VARIABlES 

(lncrease ln) 

Superfleial gas rate 
Froth thlckness 
Superflcial wash water l'ale 
Impeller speed 
Feed rate 

Oeslred 

CONTROLLED V ARI ABLES 

Tl 

slurry froth 

+ 
+ 

+ 

T R 
9 (" 

froth to cone. 

+ 
+ 

+ -• 

+ 

+ + 
+ 
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CHAPTER 5 

DETERMINA TlON OF GANGUE PROFILES 

IN 

THE SLURRY AND FROTH PHASES 
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Introduct 10n 

An appropriate first step towards understandlng entrainment 

mechanisms 1s ta determine the factors responsible for t~e 

presence of gangue immediatel:f below and above the slurry-froth 

interface. The approach taken here was to systemat icall:f 

determine gangue prof! les ln the slurry and fl'oth phases at 

dlfferent superflcial gas rate and superficial wash water rate at 

constant froth thickness and feed rate. 

An at tempt was made to estimate gangue content ln the froth 

phase. A classification coefficient was deflned based on 

interst 1 Ual bubble rlse veloc! ty and partlcle settl1ng veloc1 ty 

in the froth phase. 

5.1 Theoretical Concepts of Mass Transfer and Particle ReJectlon 
ln Flotat1on Cells 

5.1.1 Mass Transfer to the Slurr:f-Froth Interface 

If the mass of gangue of size 1 in the sI urry phase i5 x, the 
1 

gangue content change ln a flotation cell can he calculated from 

the followlng equatlon assuming a perfectl:f mixcd pulp phase: 

dx 
1 

5.1 

dt 

where kl: entralnment rate constant of spec1es 1, sec- t 
e 
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1 The rate constant due to entrainment (;c ) c? ... n be deri ved by 
.: 

consldering the probabi 1 i ty of entrainment P 
e 

The number of 

partlcles recovered by entralnment pel" unit time is then given by 

(Luttrell et al.. 1987): 

N=P.Q.V 
e 9 If 

N 
t 

v 
c 

5.2 

where V: dimensionless wake volume defined as the ratio of the 
If 

wake volume to the bubble volume. 
3 V: cell volume, m 

c 

N: total number of partlcles in the cell 
t 

Q: 
9 

3 air flowrate, m /s 

Dividing equatlon by total number of particles in the cell 

and consldering a square cell wlth a lenght of Sand height of H, 

k 15 gi ven by: 
e 

k = 
e 

P .Q . V 
e 9 If 

Combining Eqs. 5.1 and 5.3 

dx 
1 

dt 
= 

[ 

-P. Q . V . x 1 e 9 Il 1 

2 

5 .H 

5.3 

5.4 

This final equatlon for the ~lurry phase suggest that one can 

reduce entralnment problem by reduclng aeration rate, bubble wake 

volume to bubble volume ratio, percent 501id, and the probabillty 

of entrainment or by increasing cell height, cell lenght, and feed 
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flowrate (i.e. reduclng pulp resldence time). Wash water addition 

most probably affects the dropback rate constant and residence 

t ime in the celi and reduces the fract ion of feed water ln 

the concentrate. This analysis strongly suggests that processlng 

fine particles in deep flotation cells 1s benef1cial. 

Lut trell et al. (1987) found that decreasing bubble slze or 

lnereaslng flotatlon cell height resulted ln Improved reeovery and 

seleetivityof fine partlcles. The slze of the turbulent wake 

Inereases wi th increasing bubble diameter. Bubbles less than 

approximately 0 3 mm in diameter carry no wakes while larger 

bubbles exhibit a substantial wake. Bubble slze determines whether 

or not wake (hydraul le) entralnment oecurs, whlle partlele slze 

determlnes the degree of entrainment. 

A bubble wake model developed to estimate the net downward 

velocl ty of part icles ln a slurry contacted counter-current wi th 

bubble swarm by vtanatos et al (1981) . The concentration of 

particles in the liquid rising in the bubble water relative to the 

concentrat ion ln the descendlng 1 iquid i.s the major factor 

affecting gangue entrainment in the slurry phase. Thus, the 

ratio c le, Le. the gangue particles holdup in the drift flux 
sw s 

to the total partlcle holdup, will be equal or smaller than the 

corresponding liquld ratio c / e and they can he related as: 
lw 1 

C 
8101 

c 
• 

= « 

C 
1 ... 

5.5 

178 



• 
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where IX 1s a distribution coefficient descrl.bing the relative 

entralnment of sol id and 1 iquid into the wake of bubhIe. IX = 1 

corresponds to a perfectly mixed slurry l.e. the salld content of 

pulp volume and bubble wakes are exactly same. Il'. = a represents 

the 1 lm! t lng candi t ions where there 1s no entrainment of gangue 

partlcles in the bubble wakes (i.e. no hydraulic entra1nment). In 

this case, there may be sorne mechanical entraln~ent due to 

internaI flow patterns and turbulence. 

The average IX value can be calculated using (Ylanatos et al. 

19S7) : 

IX = 

J 
9 

Ave 5.16. cO. 6;V 
9 pa 

--5. 16 . V . E
O

•
81 

]] pa q 

.1 
9 

5.6 

and can be used ta compare mechanical cells and flotation columns 

with respect ta hydraulic entrainment ln the slurry phase. (V ls 
pa 

the particle settling velacity given by Eq. 5.11). 

Figure 5.1 shows that the calculated Il'. decreases with 
Ave 

increaslng partlcle size for bath column and mec han 1 cal 

flotation. From thls graph, 1t Can be concluded that th.,: 

entrainment of coarse part icles 15 difficul t and fIne part icles 

behave 1 ike water. It appears that hydraul ie entrainment (1. e. 

wake entrainment) 1s higher ln flotation columns than eonventlonal 

cells due to a longer residence Ume of partlcle~ in the slurry 

phase. 
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Figure 5.1: Comparlson between mechanical cells and flotation 
columns for entralrunent in the slurry phase. 
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p 
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1) 
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If 
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5. 1. 2 Mass Transfer ln the Froth Phase 

Hays (1978) developed a comprehensive model for flotatlon 

froth behaviour uslng the concept of plug-flow initially 

introduced by Cooper (1966). Recently, Yianatos et al. (1987) 

successfully applled the same princlples to predict the mass 

transport of valuable particles from the selectlvity point of vlew 

through the column flotation froths. 

Here, a plug-flow model based on Meys' is developed to 

descrlbe the behaviour of the entrained gangue partlcles in the 

froth phase of a mechanical flotation cel!. Figure 5.2 shows 

sChematically the mass flowrates ln the froth phase. The 

followlng assumptions are made: 

a. Hydrophillc particles of specles "1" do not attach to the 

bubbles in the slurry zone (Le. aIl hydrophillc particles are 

mechanlcally and/or hydraullcally entra1ned int.o the froth). 

Bubbles entering the froth carry a thin layer of water, which 

preferent ially entrains fine gangue particles. The relative 

interstitial veloc1t1es of air, liquid, and soUd ln the froth 

delermlne transfer rates. Slurry 1s entrained between the bubbles 

in the froth phase and containlng gangue part icles in the same 

concentration as that ln the cell. The initial flowrate of water 

along with gangue partlcles, Qi (0), 1s obtalned by assumlng that 

each bubble carr1es a th1n layer of slurry (1.e water plus sol1d) 

of thickness ~. lnto the base of froth. 

6. Q .~ 
9 

Q (0) = ----
1 

d 
b 

5.7 
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, 
where Qi (0): lnit laI upward slurry flowrate at the interface, 

m
3
/sec 

Q: 
Il 

cS : 
d : 

bp 

3 aerat ion rate. m /sec 

water film thlckness, m 
average bubble diameter ln the slurry phase. m 

The mass flowrate of gangue part lcles can be obtained from: 

E (0) = Q (O),C 
Ils 

where E (0): upward solid mass flowrate. kg/sec 
1 

5.8 

3 C : pulp gangue concentration near the interface, kg/m 
s 

Bath water and entrained part icles rise at a rate E (h) and 
1 

velocity V( hl towards the top of the froth. The Interst i t ial 

upward 1 iquid rate at a certain height in the froth 1s equal to: 

J 
Q 

V(h) = ----
E: (hl 

9 

where V(h): bubble film rlse velocity ln the froth, rn/sec 

E: : fract10nal gas holdup in the froth phase 
q 

5.9 

b. At the top of the froth, a fract ion of the froth 15 removed, 

while the rest collapses and enters the downward flowlng stream. 

The upward Interst1tial llquld veloc1ty at the overflow IIp can be 

calculated using: 

where J 
c 

J 
ac 

J 
e 

V(H) = = 

J 
AC 

e (H) 
Q 

superflclal concentrate rate, rn/sec 

5.10 

superficlal gas rate assoclated wlth 11quld transfer to 

the concentrate, mlsec 
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H froth th1ckness between the slurry-froth interface and 

froth surface, m 

c. Particles may drain through the Plateau borders and enter the 

downward liquid flow ln the froth by drainage bubble coalescence, 

collapse or froth washlng. The rate of drainage 15 proportlonal 

to the concentrat Ion of component ln quest 10n. 

balance over a dlfferential element ylelds: 

-k E (h) 
1 1 

= 
dh V(h) 

-1 where k : dropback rate constant, sec 
1 

Comb1nlng Eqs. 5.9 and 5.11 ylelds: 

dE (h) -k E (h) c (h) 
1 1 1 q 

= 
dh J 

9 

The solution to the abolie equatlon 1s: 

E (h) = E (0) exp (-k T(h)) 
1 1 1 

Taklng the mass 

5.11 

5.12 

5.13 

where T(h): minimum bubble res1dence time ln the froth and 1s 

equal to: 

z 

Je (hl. dh 
o Cl 

J 
q 

5.14 

d. It 1s assumed that hydroph1l1c partlcle re-entralnment does not 

occur ln the froth. The dropback rate constant Includes bath 

drainage and washing rate constants for entralned partlcles. 
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t 

Therefore. kt represents the net 1055 of mineraI from the 

ascendlng bubbles and can be est Imated from: 

k = 
1 

-ln(e /E (0)) J 
1 1 q 

c . H 
g 

5.15 

where Cl mass flowrate of species 1 at the concentrate leveI, 

kg/sec 

e. A particle descendlng in the downward flowing water without 

contact lng gas bubbles wUl MOye wl.th a veloclty equal to the 

interstltial liquld veloclty plus the relative particle-fluld 

settling velocity ln h!.ndered settling reglme (U ). 
plil 

Bubbles ln 

the froth was assumed the cause of hlndrance. Then, the net 

Interst l t laI downward l1quid rate can he calculated from: 

J J - J 
b w c 

U = = 5.16 
1 

e c 
9 1 

where U: interst 1 Ual downward liquid rate. m/s 
1 

The relative parttcle-fluid settllng (slip) veloclty can he 

estlmated from the general equation proposed by Masllyah (1979) 

uslng a momentum balance for the particles and fluld: 

u = 
pa 

d 2 2.7 (p _ p ) 
g. P CI P suap 

18 Il (1+0.15 Re 0.(687) 
1 p 

5.17 
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, 
where d partlcle diameter, m 

p 

c fractlonal 11quld holdup ln the froth 
1 

partlcle denslty, 3 
P kg/m 

p 

j.L: 
1 

liquid viscoslty, cent lpolse 

Re : particle Reynolds 
p 

number. dlmenslonless 

The above equatlon 1s valld for hlndered settl1ng systems 

containlng particles of different size and density. 

The net downward Inter~tltial velocity i5 calculated from: 

J - J 
w c 

+ U 
C pa 

1 
5.18 

The drainage rate is given by: 

R (h) = El (h) - c 
1 l 

5.19 

f. The mass fraction of hydrophille part ieles between h and h+Ah 

i5 equal to: 

[ 

E (h).c (h) 
1 9 

dM1(h) = -----
J 

9 

+ 

R{h).c{h) 1 1 1 

-dh 
J +U 

b ps 

5.20 

and gangue concentration (i.e. ratio of sol Ids to the total weight 

of mater!al suspended in the froth at a gi ven location) i5 G : 
1 

G (h) = 
1 

dM (hl 
1 

5.21 

From G, 1t 15 possible ta ealeulate fractional volumetrie 
1 

sol1d holdup, c , 
s 

in the froth at certain level: 
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f 

€ (h) = 
s 

dM (h) 
1 

P A dh 
!I C 

where p: solid density, kg/fu3 

5 

A: ceII eross-sectional area, m2 
C 

5.22 

5.1.3 Particie ReJection Hechanisms ln the Froth Phase 

The residence tlme of froth elements (air, water or partlcle 

specles) passing through the froth phase in mechanleai flotation 

ceIIs i5 distributed over a wide rang\~. Elements entering near 

the overflow weir are removed rapidly while elements enterlng near 

the back of the celi May ln fact never be removed and fail into 

the pulp phase due to long horizontal travel distances. 

Therefore, the residence Ume distribution, E (T), wUl he an 
c 

important factor determinlng the recovery of water, gangue, and 

weakly floatable particles. E (T) 1s a funet1?n of the propertles 
c 

of the component (e. g. hydrophoblcity) , froth stabil ity, cell 

design, and operating variables. 

The bubble residence time 1s always smaller than or equal to 

the particle resldence tlme and aIl liquid in froth 1s recovered 

ln the concentrate. M1n1num and average bubble resldence times ln 

froth can be calculated respectively from: 

T :: 
bflDln 

H.c br 

J 
q 

5.23 
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5.24 
J 

c 

Bubble residence tlme distribution Is gtven by (Hays. 1984): 

1 
E (T ) = --­

c b 

E (T ) = 0 
c b 

1: br 

exp [-(T -T )/T)] 
br bf.ln br 

for T > T 
b bflllln 

5.25 

for T < T 
b bflllln 

Upward bubble r1se veloe1 ty ln the froth 1s calculated using: 

H 
V :: 

br 5.26 
T 

bf 

H 

V = 
bfllli n 5.27 

1: 
IIIIlX 

H 

V = 
bf 5.28 

T
br 

1 
E (V 

br) = --_- exp [- PI -V }/V] c bf bfm1 n bf V 
bf 

5.29 

5.30 
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1 Gangue contamination of froth wl11 occur if the lnterstltlal 

upward bubble veloci ty exceeds the partlcle sett Ung 

veloci ty. Therefore, hydrophllic particles wIll he reJected or 

retalned dependlng on followlng conditions: 

u > U reJected 
ps br 

u < U retalned 
ps bf 

For a given particle size, classlflcat 10n coefficient (2
1
), 

i.e. weight fraction of the gangue particles of size 1 entering 

the froth which ls recovered in the concentrate, can be 

calculated at U = U 
ps br 

E (U ) 
e br 

2 = ----
1 

5.31 

5.2 Experimental Procedure 

Summary of experimental conditions 1s given ln Table 5.1 .. 

Table 5.1: Summary of experimental conditions. 

J 
9 

J FT 

Gangue profile in the slurry phase 

si 11 ca a o 
8.061 
0.123 

silica 0.6 

Gangue profile in the froth 

tails 

tails 

0.6 0 
0.076 

0.6 0 
0.4 0 

o 

phase 

4 

4 
4 

N: 1500 rplD, Frother: Oowfroth 250, 

dlst.rlbutor: spiral 

Cell 

modlfied 
modlfled 

Type 

batch 
continuous 

modlfied continuous 

modlfied continuous 

10 pp., 10" solld, and 
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5.2.1 Set-up and Material 

Most of the experlments were per:ormed contlnuously using the 

modifted cell. Particle size distributions were determined by a 

sedigraph 50000. Li concentrations for tracer tests were measured 

by atomic absorpt Ion. The dlstf'ibutor was flxed 4 cm above the 

froth phase. Residence time was adJusted by tal11ngs flowrate and 

51 urry levei by feed flowrate at constant water addit ion rate. 

Two diffef'ent so l1d samples were used to characterl ze gangue 

entrainment: sllica fIoul" (from Indusmin) and a reJect (sUmes) 

from Niobec (St-Honoré, Quebec. Canada); their slze distribution 

is glven in Figure 5.3. Niohee slimes contaln 65% carbonates 

(dolomite and calcite). 21% silicates. 7% hematite, 2 Y. apattte 

and less than 1% pyrite. 

condi t ioned by frother alone. 

80th samples are hydrophilie when 

5.2.2 Determination of Gangue Profile ln the SI urry Phase 

A sampler was developed to measure the gangue concentration 

profile in the slurry phase. Samples were drawn from the slurry 

phase at different leveis by a sampling probe consisting of a 50 

mL glass pipette connected through a flexible tubing to a 

peri stalt le (Masterflex) pump. A variable speed control 1er 

provlded satlsfactory control of sucking and facllitated easy 

manipulation as required for the sampllng procedure. The tip 

of pipette was eut in order to enlarge the sucking orifice ta 3 mm 

whlch is at least four times largel' than the coarsest partlcles 

present ln the feed, but small enough to prevent bubbles from 
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entering. Since Just a small tube is plunged lnto the cell, the 

actual flo,", patterns and hydrodynamic conditions of the slurry 

phase are not disturbed. A 50 mL sample 15 an adequate in slze to 

determine Xsolid and the part icle size distribution. Statistical 

fluctuations in the resulting particle size concentration were 

reduced by taking a minimum of three samples and averaging 

concentrat ions. 

The top view of the cell (see Figure 5.6) shows the sampllng 

poInts (B and F) which are on the taillng discharge side of the 

cell. Sampling from the feed side was practlcally impossible due 

to the confined space and cuuld have introduced blas. Since 

tailings are discharged from the cell bottom, the samples from the 

lowest sampling depth. 10 cm above the cell bot tom. will not he 

affected by the taillng discharge. 

Samples were taken during continuous operation. After the 

last sample was taken, the system was allowed to run 3 minutes; 

the feed and taillng pumps and rotor were then turned off 

immediately. The slurry in the flotation cell was discharged, 

weighed, fil tered, dried and reweighed. An Ideal mixlng line 

was determined from the cell inventory. 

First, the effect of agitat 10n on gangue profile was 

investigated to characterize mechanlcal entralnment. In the 

presence of frother, the gangue concentration profile was 

• determlned wlthout aeration an.:! wash water addition 11' batch -



• operation. Second, similar profiles were determined at three 

dlfferent J at a constant J, FT and RPM wl th a feed of 10r. 
w 9 

silica by weight. This second series of tests show the effect of 

wash water on mechanical and hydraulic entrainment together. 

Mechanical entl'ainment ln a flotation cell 1s mainly 

Influe"ced by the impeller pumping capacity (Ql)' Le. the volume 

of fluid it discharges per unit tlme. It 1s proportional to the 

impeller peripheral Ctip} speed and its discharge area. 

The calculation of pumping capacity for impellers wlth radial 

flow is anaiogous ta that of centrifugaI pumps (Azbel and 

Cheremisinoff, 1983). 

QI 
2 2 5.32 = li: .N.b.D 

where N: impeller speed, rps 
0: impeller diameter, m 
b: impeller thlckness, m 

The superficial fluid pumping rate (J ). 1.e. the 11quid flow 
1 

per unit cell area, depends on the Impeller aspect ratlo (DIT) for 

square cells: 

J 
1 

2 2 = rr. N. b. (D/T) 

where T: cell lenght, m 
J : superflclal fluid pumping rate, mis 

1 

5.33 

The flowrate per unit cell volume (V) 1s based on bath the 

Impeller aspect ratio and inverse of cell height: 
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Q 2 
l 

v 

where H: cell height, m 

5.34 

Q /V ls also defined as a tank turnover rate i.e. the number 
l 

of turnovers per unit time. The mechanical entralnment component 

of gangue recovery can be lessened by decreaslng superftclal fluid 

pumping rate (i.e decreasing impeller diameter or increaslng cell 

length) . For a given volume, an increase in the impeller aspect 

ratio (D/T) will significantly increase mechanical entrainment. 

For a constant cell cross-sectional area, an increase ln the cell 

helght (1. e. deep cell) leads ta l'educed mechanical entrainment. 

The use of baffles and different impeller types has sorne effect on 

mechanical entl'ainment. 

The pumping capaci ty of the Impeller entrains considel'ably 

more fluld as it passes out into the tank (Figure 5.4) (Oldshue. 

1979) . There Is a nearly constant D/L rat la for the 

dlfferent-sized members of the same fami 1y (desii.ll Most of the 

industrial fami lies are gi ven ratios fall lng in the range of 0.3 

ta 0.5 (Denver, Wemco, Fagergren, Soviet, and Agitair flotation 

machines) . As the DIT ratio approaches 0.6, there ls a l1ttle 

l'oom for' mechanical entrainment ta take place. For the present 

laboratol'Y study, the D/L ratio was 0.47. 
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Figure 5.4: Efrect of DIT ratio on mechan1cal entralnment due to 
impeller flow. 

(from Oldshue. lS791. 
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• 5.2.3 Froth Sampling Techniques and Gangue Holdup Profiles 

There are varlous methods of obtaining known volumes of froth 

sample (slurry and air) ln the flotation literature: sl1clng, 

ports and muItl-point sampllng lance. 

The most accurate method of obtaining the varlations of froth 

properties with height would be that of Watson and Grainger-Allen 

(1914) 1. e. uslng horizontal sildes ta part 1 t 10n the froth phase 

lnto a number of segments and removing the samples by sucklng. In 

our experimental set-up, slicing the froth phase is impossible 

because of the Impeller shaft. 

In the port method, a stopper from a hole on the side of the 

cell 1s removed to allow a sample to flow into a beaker. S1nce 

a sample of large volume rernoved from a hole would not necessary 

be characteristic of the froth at that levei (in the limit. aIl 

the froth above any hole could removed through it). Small samples 

are usually taken and this process 1s repeated at Intervals long 

enough ta allow the froth ta reestablish itself until a suffic1ent 

amount of sample was obtalned at each level. If there 1s a 

horlzontal concentration gradient, this technique may give 

unrealistic results. 

A muItl-point sampllng lance was used to extract froth 

samples for pulp densi ty and grade analys15 by Cutt lng et al. 

(1981). A slmllar technique was used to suck samples 

simuitaneously at different froth leveis by vacuum (Yl.anatos et 

al., 1987). This sampler 15 more convenient for sampling thick 

froths as ln column fiotation. 
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None of the above sampllng methods were found adequate for 

our experimental set-up 1,.11 th FTs up to 5 cm, and eventually a 

small sampler was deslgned and constructed to det~rmlne the 

average solid, liquid, and gas holdups ln the froth phase. Figure 

5.5 shows the froth sampiero wh1ch 15 made of plexlg1ass (1.8, 

1.8, 1.6 cm). Two slldlng stal.nless steel plates can open and 

close the sampler box at the top and bottom. Two a-rings assist 

clos1ng. The sampler in open posi tion is pl unged Into the froth 

phase as soon as i t Is full of froth, the 51 iding plates are 

closed. It i5 then removed from the cell, washed, weighed, drled. 

and weighed again. 

5.2.3.1 Test Work 

501 id, 1iquid, and gas content of the froth phase were 

determined at two different aerat ion rates (0.4 and 0.6 cm/s) 

without wash water and at a constant gas rate (0.6 cm/s) with two 

different wash water addition rates (0 and 0.076 cm/sl. For each 

test, t'Wo samples in the froth and another one 1 cm be10w the 

slurry-froth interface were taken (this sample ls assumed to 

represent the gangue concentration at the interface). At the end 

of each test, the cell content was also measured to est1mate 

average solid holdup in the slurry phase. 

5.2.3.2 Calculation Procedure 

In order to slmulate gangue holdup profile ln the froth: 

a. input 

b. input 

J, .J, J, A, H, C , and C from three phase tests 
9 w ces l 

d and a from two phase tests. The average bubble 
b 
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• diameter ln the slurry phase was assumed not to be affected by 

wash water. 

c. input parabollc gas holdup profile in the froth phase from tWQ 

phase measurements as a funetton of distance from the slurry-froth 

interface (Hl. 

d. input d . Particle settllng veloclty can be calculated for a 10 
p 

jJlII partlcle sinee the gangue particles entrained are finer than 

thls size. (Settl1ng velocity, at dp=10 J-lm, has a negliglble 

effect) . 

e. input.:: at the interface level from pulp sampllng. 
s 

A prlntout of the computer program can be found in Appendix 

5.1. 

5.2.4 HydrophI1Ic Particle ReJectlon ln the Froth Phase 

Gangue particle settl1ng veloclty ln the froth phase were 

calculated using free settling in the Stoke's range and hindered 

settling equatlons (5.17). In this ealculations, C, e , J , J, 
9 • c 9 

and J were taken rroll the froth sampllng tests. 
'of 

Slze-by-slze 

classifIcation coefficients were calculated using Eq. 6.31. 

5.3 Results and Discuss10n 

5.3.1 Cangue Concentration Profiles in the Slurry Phase 

Gangue concentrat 10n profiles ln the slurry zone were f1rst 

deterllined in the absence of aerat 10n ln order to characterlze 

mecha.nIcal entralruaent and then wlth a1r. ta assess 

mechanlcal and hydraul1c entralnment together. 



, 
Mechanical Entrainment: Figure 5.6 shows s1l1ca concentration 

profile and sampl1ng locations ln the laboratory flotation cell. 

Samples taken from the front (F) and bacl< (8) parts of the 

flotation cell sI ightly deviate from the ideal mixing Une ln the 

absence of aerat ion. The recycle flow around the lmpeller-stator 

aS5embly can account for the observed deviatlons from ldeal mlx1ng 

(Harris et al, 1915). The average solld concentration in the 

upper-most pulp layer (close to the lnterface) 15 h1gher than 

average, which 1.5 undesirable. 

Ideal mixlng of gangue particles provides no selectivity. It 

Implles complete particle suspension and dispersion throughout the 

slurry volume. It 1.5 one factor responslble for gangue 

contamination of the concentrate. 

Slnce there ls no aerat ion in these tests, aIl of the sl11ca 

partlcles should practically be carrled by mechanlcal entrainment 

rather than hydraul ic entrainment. 

Table 5.2 shows the particle 51ze dlstrl butlon of the feed 

and at dlfferent depths in the slurry phase. Samples taken at 

levels 10 and 25 cm from the cell bottom have the flnest size 

distribution. At 15 and 20 cm from the bot tom. the particles are 

much coarser. In the upper levels. coarse partlcles are more 

dlfflcul t to suspend. At the lower level, they are centrlfuged 

out by the recycle action. Here, the flotation cell works llke an 

Inverted hydrocyclone ln whlch fine partlcles are pushed towards 
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underflow (upward) ln the centre of the cell due to a hlgh 

centrifugaI force. 

Table 5.2: Particle size distribution of samples extracted at 
different levels. (Cumulative mass percent finer than the 
specif1\~d partlcle s1ze). 

Sampllng Depth (cm) 

Particle size (~m) Feed la 15 20 25 

70 95 99 97 95 98 
60 92 97 94 92 96 
50 90 95 90 89 93 
40 83 87 80 80 83 
30 69 70 60 61 70 
20 46 52 41 41 47 
10 17 24 18 17 24 

8 13 17 12 12 16 
6 6 la 5 4 8 

Harris et al. (1983) also observed departures from the Ideal 

mlxlng ln unaerated pulps ln a laboratory Denver flotation 

machine. They found that increaslng 1mpeller speed and 

impeller-stator clearance caused less departures from Ideal 

mixing. 

Hydraullc and Mechanical Entralnment: Figure 5. 7a shows the 

average s11ica concentration in the slurry zone in the presence of 

air, but without wash wateI' addi tion. The gangue concentration 

appears to be maximum at 15 cm from the cell bot tom. In the upper 

part of the cel l, gangue concentration ls very close to Ideal 

mixing, a serlous problem from an entralnment point of view. 
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Arbl ter et al. (1969) showed that the degree of partlcle 

suspenslOll and dispersion depends directly on Impeller speed and 

Inversely on alr rate and partlcle slze. 

Figures 5.7b and 5.7c show the gangue profiles throughout 

the slurry phase at J 's of 0.061 and 0.123 cm/s, respectlvely. 
w 

In the presence of wash water addition, the gangue concentration 

decreases towards the sI urry-froth interface. The deviatlon from 

the ideai mixing line 1s more slgnificant at the Intermedlate than 

hlgh wash water rate. 

Decl"eased gangue concentrat lon at the top of the 51 urry 

asslsts in decreasing the entry of fine free gangue Into the 

froth. The effect) however. 15 small. 

5.3.2 So11d. Liquid, and Gas Contents of the Froth Phase 

Table 5.3 shows experlmentai so11d. liqu1d. and gas holdups 

at :ferent leveis in the froth phase along with average values. 

In the absence of wash water, Incl"easing J wi Il increase the 
Cl 

average solld and l1quid content of the froth phase. Addlng wash 

water decreases the hydrophi 1 lc sol id content and increases the 

llquld content of the froth. 

Figure 5.8 shows predicted and measured volumetrlc gangue 

holdup as a functlon of froth depth wlth and wlthout wash water. 

The gangue content of the froth slgnlficantly decreases 

from the slurry-froth interface to the top of the froth phase. 

Gangue holdup 15 higher ln the absence of wash water and there ls 
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1 

a good agreement between measured and predlcted gangue holdups ln 

the froth phase. Dropback rate constants (k ) are 0.34 and 0.86 
l 

wlthout wash water at J of 0.4 and 0.6 cm/s and 0.55 wlth wash 
r; 

water. 

Table 5.3: Sol id, l1quld, and gas holdups of the froth phase uslng 
the froth sampler. (FT = 4 cm) 

Holdups in the Froth 
J (cm/s) J (cnVs) c (Y.) c (Y.) c (Y.) 

w g s 1 q 

pulp 0 0.4 3.70 
interface 3.97 12.03 84.00 
H=1. 5 cm 2.25 4.50 93.00 
H=2.5 cm 1. 84 2.25 96.00 

average 2.37 10.63 87.00 

pulp 0 0.6 3.90 
interface 4.94 13.06 82.00 
H=1. 5 cm 2.81 6.19 91. 00 
H=2.5 cm 2.21 3.79 94.00 

average 2.91 12.09 85.00 

pulp 0.076 0.6 3.55 

interface 3.18 20.22 76.00 
H=1.5 cm 2.72 13.28 84.00 
H=2.S cm 1. 80 6.20 92.00 

average 2.51 19.49 78.00 

3.5.3 Hydrophillc Partlcle ReJection in the Froth Phase 

Figure 5.9 shows classification coefficients calculated for 

free settllng in the Stoke's regime and hindered settling uslng 

Masliyah's equation (5.17) as a functlon of particle slze wlth and 

wlthout wash water. If free settllng domlnates, partlcles 
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coarser than 20 ~ should he reJected back to the pul p phase. If 

hlndered settl lng domlnates, partlcles flner than 40 and 70 ~m 

should be entralned and the rest of them should be classlfled ln 

the presence and absence of wash water, respectively. However, 

experlmentally determined classiflcat Ion coefficient values do no 

fit to free or hlndered settling conditions very weIl. \Hth wash 

water, the fit of data to free settllng calculatlons at the fine 

end and to hlndered settl1ng calculations at the coarse end ls 

good. At the Intermedlate size range, bath settling equations do 

not represent the experlmental data. Without wash water, hlndered 

settllng represents the experlmental data better than free 

settllng. 

Partlcle settl1ng ln the froth phase ls very complex, 

and hlndered settllng conditlons are more real1stlc than free 

settl1ng ln the presence of wash water. Therefore, It was declded 

to use the Masl1yah's equation for partlcle settllng. 

Frolll these results, 1t can be concluded that fine partlcles 

(> 10 IJ.ID) follow water and freely fall ln the Plateau borders and 

water films wlthQut bridging. However. well drained froths hinder 

the settl1ng of coarse partlcles. 

The effect of superflc1al wash water and gas rates on the 

Insterst1tlal partlcle settllng veloclty ln the froth was 

calculated uslng equatlon 5.11 and plotted as a functlon of 

partlcle size ln FIgure 5. la. Partlcle settl1ng veloclty 
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Increases wl th Increasing both gas and wash water rates. The 

effect of ~~h water ls more signlflcant than gas rate. 

Figure 5.11 shows the calculated classification coefficients 

versus part1cle slze at different depths ln the froth phase wlth 

and wi thout wash water. Partlcle classification in the froth 1s 

mueh sharper wi th wash W'd.ter than wi thout 1 t. The sharpest 

classification oceurs at the interface and its sharpness decreases 

towards the froth sUr'face, which makes i t possible ta reJect fine 

particles. Particles not reject.ed near or within 1. 5 cm of the 

surface have a hlgh probability of being entrained into the 

concentrate. because the froth at this level 1s weIl drained and 

the settling of interstitial particles is strongly hindered. 

These flndings conflrm that the main cleaning act10n takes 

very close to the interface. Mal.nly, the fine hydrophll1c 

part1cles « lO,.,.m) , whlch have Insignificant settllng velocltle5 

and follow water, are entrained. The only way of reJecting them 15 

to replace slurry water comlng from the pulp wi th wash water 

us1ng a suffielently hlgh blas rate (J - J ). 
w c 

Hoys (1978) found that the gangue grade decreased markedly at 

the base of trp, froth due to settl1ng of the larger particles in 

the slurry enterlng the froth phase. Above a certain helght the 

concentrat ion rema1ns constant. 
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• 5 • 4 SWlllllary 

Following conclusions can be stated from this chapter: 

a. Gangue concentrat ion ls not homogeneous ln the slurry phase. 

Wash water sllghtly di lutes the pulp phase and decreases gangue 

content near the interface. The effect, however, 1s small. 

b. Gangue content in the froth phase decreases wl th Increaslng 

wash water rate or decreasing gas rate. The location of 

cleanlng action 15 near the interface. Estimation of gangue 

contp.nt is possible using the froth model presented ln this 

chapter. 

c. A crlterlon was developed to calculate the classification 

coefficient for hydrophilic particle reJection. It was found that 

partlcle settling velocity ls negllgible for fine particles. 

Therefore, the only way to reJect them is to provide a suffic1ent 

downward water flowrate, which can te only achieved 

water. 

.. 

by wash 
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CHAPT ER 6 

THE EFFECT OF WASH WA TER ADDITION AND FROTH VBRATION 

ON 

GANGUE ENTRAINMENT AT LABORATORY SCALE 

1 
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• Introduction 

The appl\.cabll1ty of froth washing and vibration ln 

mechanlcally agitated flotatlon celis to lessen gangue entralnment 

was studied at laboratory scale. In this chapter, the main 

objective Is to explore how, where, and how much wash water should 

be added ln mechanical flotation celis. The effect of superficial 

air rate, froth thlckness. impeller speed. wash water superficiai 

rate, dlstrlbutor design (geometry), and froth vibration generated 

mechanically and ul trasonlcally on gangue entrainment was 

Investlgated. At the end of thls chapter. there is a comparl.son 

between a laboratory cell and column with respect to entrainment. 

6.1 Hodelling the Entrainment Process 

There 1s a strong correlation between the recovery of water 

to the concentrate and that of hydrophilic particles. The 

description of entr-alnment mechanisms by a classification matrix 

has been postulated by Johnson et al. (1974), This diagonal 

matrlx 1s made of 2
1 

elements such that for the l th size 

fraction. 

z· 
1 

(mass of free gangue per unit welght of waterl 
conc. 

(mass of free gangue per unit welght of water) 
pulp 

6.,1 
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Cangue recavery 15 related ta particle size and water 

recavery. Laplante (1980) derived a model for the entrainment of 

gangue particles ln continuous flotation based on water recovery 

and classification coefficient. ln the present work, his model 

was 511ghtly modifled to take into account wash water addition. 

At steady-state, assuming perfectly mlxed slurry zone, the 

following mass balance can be used: 

o .. F -
1 

X 
1 

T 

--- Z.O 
1 Ile 

x 
w 

6.2 

where X : mass of the gangue mineraI of size 1 ln the slurry phase 
1 

(kg) 
F: what flows ln the slurry in the feed stream , 

residence time of the slurry in the cell, sec 
total welght of water in the ~ell. kg 

T: 
x: 

If 

kg/s 

Z: classification coefficient, 1. e. welght fraction of the 
t 

gangue particles of size 1 enterlng the froth. whlch 15 
recovered in the concentrate. 

Q slurry water flowrate at the concentrate, kgls 
IIC 

Cangue recovery 15 given by: 

(x lx ) Z Q 
l " 1 sc 

.. 
[ ( x lx ) Z 0 ] + (x IT) 

1 Il 1 Ile 1 

6.3 
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Slml1arly for water: 

a Il F -
w 

[ 

X

T

,,] 
-0 +F -Q 

sc MW wc 

where F : feed water rate. gis 
N 

6.4 

Q : wash water mass flaw rate going ta the concentrate. gis 
NC 

F : wash water addl t ion rate. gis 
MW 

Water recovery can he expressed as: 

o +Q (Q +0 lIx 
sc wc sc NC N 

R = ----------------- = 
N 

(Q +Q )+(x IT) 
sc IIC W [ < Q +0 ) lx ] + ( liT) 

sc wc loi 

Rearrangi ng: 

o +Q <R IT) 
sc wc w 

6.5 

= 6.6 

x 1 - R 
loi Il 

Let us assume that the fraction of water ln concentrate from 

the slurry is 13: 

o 
sc 

f3 = 6.7 
o + Q_ 

sc .... 

rearranging: 

(R IT).I3. X 
loi If 

Ose = --------------
1 - R 

6.8 

" 
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1 

R may be expressed as a funct 10n of water recovery &5: 
1 

(Zi' Rt/T)/( t - R ) ~. Z . R 
w 1 If 

• 

[ 1 

1 +R (~2 -1) 
Z . RIT 1 " 1 1 If 

+ 

t-R" T 

• 

6,9 

,." . 
.::. Il 

If we assume that ZI ls equai to tJ. Z, the slope of gangue 
1 

• recovery versus W"citer recovery curve 15 roughly equal to Z • 
1 

whlch 15 a good parameter to compare dlfferent operatlng 

• conditions. If Z 15 close ta one, there 15 no classification ln 
1 

the froth (1.. e, gangue partlcles entral.ned to the concentrate) . 

• The lower the ZI' the better the gangue reJectlon. 

The cumulative recovery obtained from a d1strlbutlon of RI 

over the entlre slze range: 

n 

R == E \l R 
t 1 1 

6.10 

1"'\ 

where RI: total gangue reeovery 

\l' welght of gangue partleles ln size cl ... 1. 1 • 



6.2 Experimental 

6.2. 1 Set-up 

Most of the experiments were performed contlnuously using the 

modlfled and Denver 5L original cells. A plexlglass laboratory 

notation column was aIso used. Operating detalls are glven in 

Table 6.1. 

The design of wash water distrlbutor for homogeneous 

addi tians was a serlous problem. Different materials Ce. g. clotho 

sponge. sparger, screen mesh. perforated funnel etc.) wer'e tested 

ta create water droplets for gentle ,and even water addition. At 

hlgh flow rates. commercial garden sprlnkles (e.g. Malnor), which 

May be used for pilot-plant and plant applications, can he used 

ta create mists. A perforated copper pipe (2 mm, 100er diameter 

and 4 mm, outer dlameter) with hales 1 mm in diameter at 1 cm 

intervals was found to be the best distrl butor for low flowrates. 

F1gure 6.1 shows the wash water distributor designs developed 

and evaluated for thls study. First, aU-type distributor with 

one water entrance port was used. Since water spraying was not 

homogeneous, square and circle geometry wl th two water entrance 

ports were developed. However. these designs dld not cover the 

whole froth surface. A spiral shape with two entrance ports (one 

from the outer circle and another from the iooer circle) was 

then designed. However, lo~s of pressure throughout the pipe 
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caused uneven water flow. Ta solve thls problem, the dlstrlbutor 

was wrapped wlth electrlcal wlre; water then falls between 

adjacent wlres l1ke droplets (Figure 6.2). The whole froth 

surface can be covered uslng the splral and square dlstrlbutors 

together. The number of holes, hale dlameter, and spaclng are 

important to minlmlze pressure drop in the pipe. The U and 

square dlstrlbutors have another dlsadvantage, whlch 15 the 

significant pressure drop due to sharp corners. 

A llnear wash water distributor, not shown in Figure G. l, was 

used to prevent short-clrcultlng from the front (overflow) side of 

the cel1. It Is a 14 cm long stainless steel pipe fed at one end, 

0.5 cm in dlameter, wlth 10 manifolds, each 1 cm long wl th 1 mm 

1nner d1ameter. Since the front part of the froth I.s drler than 

the back part, water addition wlth a linear distrlbutor ma~ 

increase the wetness of froth and remove gangue partlcles. 

6.2.2 Methodology 

Effect of Celi Slze on Entralnment: The effect of cell dimensions 

on gangue entralnment was determlned at constant feed flowrate, 

feed denslty, FT, J , J, Impeller speed, Impeller dlameter. and 
If q 

celi cross-sectlonal area. 

Determination of Water and Gangue Recoverles: Pure s1l1ca and 

Niobec tails were cont Inuousl~ floated wl th only frother at a J 
9 

of 0.6 cmls and an Impeller speed of 1500 rpm, unless otherwlse 
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t speclf1ed. Feed flowrate wa.s alwa.ys kept constant while lails 

flowrate was adJusted to achleve the deslred F'T. Tl med samp 1 es 

from the concentrate and tai1 streams were collected at dt ffenmt 

operat ing condi tians At the' end of each experiment, the samples 

were welghed, filtered, drled, and welghed again ta determine the 

amount of gangue and waler. For most runs, the content of the 

cell was also collected and treated as above. For sorne 

• experiments. slze-by-slze classIfication coefficlents (2 
1 

were 

determlned fram the size distribut 10ns and flowrates of 

concentrate and tal.ling. Table 6.1 summarlzes the experlmental 

conditions for aIL tests. 

Entralnment Rate Constant Determinatlon: In contlnuous flotatlon, 

entralnment rate cO:lstants in the slurry phase were determlned 

The experi mental 

and caicuiation procedure ls from Kaya and Laplante (1986). Final 

° pulp temperature wlth warm wash water was 3G C (Test 14), 

The effect of pulp water quallty on entralnment was also 

o 
determlned by seml-batch tests, the pulp water was cold (24 Cl, 

warm (42°C) or son1fled (L e ultrasonlcally treated ln a 

ultrasonlc bath for 10 mInutes). Water flowrate ta ellmlnate 

froth formation was 0.061 cm/s (Test 15). 

J') , 
...... ..! 



Effect of Superftclal Wash Water and Gas Rates and Froth Thlckness 

on Gangue Entralnment: Tests 1 and 2 were carried out to 

determlne the effect of FT and J as a function of J on gangue 
9 w 

recovery using sll1ca. First, IT and slurry helght (SH) were 

malntained constant by adJustlng tal1ings flowrate at c~nstant J . 
9 

Second, feed and tal11ngs flowrates were kept constant at two 

dlfferent J , and at a higher initial pulp density. 
'} 

Slurry water and gangue recoverles were determlned uslng 

° (36°C) cold (22 C) and warm wash water (Test 3) . Initial pulp 

temperat ure for bath tests was 22°C and the final pulp 

temperature with warm water addItion was 32°C. 10 grams of 

dissolved LiCI were added to the feed tank. Samples from the tai1 

and concentrate streams were collected, weighed, filtered, dried, 

and weighed again. The flltrate was analyzed for Li. Gangue 

recovery and slurry water reporting to the concentrate, whlch 1s 

the main cause of entrainment, were determlned. 

The effect of impeller speed (rpm) on gangue and water 

recoverles was determlned at constant J, J, FT, and SH uslng 
9 '" 

sll1ca (Test 4). 

Effect of the Water Distrlbutor Geometry on Gangue Entralnment: 

In these tests, three dlfferent distributors were used: spiral, 

square, and llnear. Dlstrlbutors were flxed 4 cm above the froth 

surface and/or 1 cm below the slurry-froth interface. 
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t 

The effect of the distributor mechanlsm on gangue recovery 

was determined using the spiral and spiral-square dlstrlbutors 

combinatlons (Test 5). J. J • and FT were kept constant. 
q lof 

The effect of J on gangue recol/er'y was also determlned dur'lng 
w 

two different dlslri butors above the froth. Spiral and linear 

dlstributors were used for above and front addl t 10ns. The tube 

o 
distrlbutor was placed at the interface directed 45 towards the 

ce 11 bot tom (Test 6). 

Dlstrl butor Location: The dffect of wash water addl tion location 

on wash water and gangue f'ecovery was determined at a constant 

J , J, and FT (Test 7). The spiral dlstrlbutor was placed helow 
9 If 

the interface or above the froth surface. 2 grams of dlssolved 

Liel was added to the wash w~ter close to the distributor entrance 

3 wlth a 50 cm syringe. Tlmed concentrate and tai1 stream samples 

were collected. Cell content was also collected. Gangue and 

water recoverles; concentrate and tai1 flowrates; X solids for 

concentrate, ta1l1ng, and eell content; and residence Ume ln the 

slurry phase were determlned. 

The effect of wash water addl t Ion locat ion was also 

determlned uslng spiral and spiral-square distrlbutor 

comblnatlons at a constant J. J. and FT (Test 8). 
9 .. 

Three 

dlfferent types of addl Uon were tested: below the interface with 

the spiral distrlbutor; he low the interface wlth sp1ral 

dlstrlbutor and above the froth wlth the square dlstrlbutor; and 

225 



above the froth wlth the spiral-square distrlbutors. 

Effect of Froth Vibration on Gangue Entralnment 

Mechanieal Vlbrat Ion: Gangue and water drainlng from the froth 

may be regulated by vibrat lng a flow modifier or a sereen mesh. 

In this study, two different types of vibrators and vibrat lng 

assembl1es were used. Both vlbrators were electromagnetic The 

flrst has a constant speed (Frantz Isodynam1e Magnetie Separator 

Type) and the other is a variable speed Syntron (FMC) Madel 4. 

The Syntron vibrator has a rectifled control 1er and operates at 

frequeneles up to 3600 vibrations per minute (vpm). 

A plexlg1ass flow modification mechanlsm was deslgned to 

prevent short cireuiting near the concentrate weil" and to 

facllltate froth horizontal transport towards the ce 11 lip for 

partlcles entering the froth at the back part (Moys, 1984). The 

objective 1s to minimlze gangue recovery by Increasing particle 

residence tlme ln the froth fOI· the front part and by decreaslng 

travel distance for the back part of the froth. 

Two paraI leI flow modiflers fur the front part and one froth 

crowder for the baek part were mounted in a plexiglas:.! frame 

(Figure 6.3). The flow modlf1ers force aIl bubbles to l'Ise ln 

the centre of the cell by dlvertlng the flow patterns (see Figure 

6.4) . The froth formed then flows across the cell towards the 

froth 1 ip. The crowder mounted at the back part of the flow 
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, 
lIIOdlfleat1on Jllechan 1 sm forces the froth towards the froth IIp, 

tacl!l tates horizontal froth 1Il0vel'llent and prevents froth 

accumulat 10n at the back part of the cell (subductlon ). Therefore. 

all froth ls subJected to a more unlform resldence Ume and 1s 

better dralned. The meehanlslII does not slgnlf1cant ly reduce froth 

volume. 

A screw type shaft was used to conneet the 'Il brat Ion source 

and froth mechanlsm. Very gent le vlbrat 10ns were applled to 

fac!l! tale gangue drainage and 1 ncresse resldence t lme 1 n the 

froth. The effeet of '11 braUon wlth and wl thout wash water 

addition was determlned al a constant J , J , and FT (Test 9), 
'3 '" 

A sereen mesh (0.5 em) placed at the slurry-froth Interface 

'4S also vlbr~ted uslng the variable speed 'Il bralor at a constant 

J , J, and Fi 1 n the absence and presence of wash waler (n gure 
'3 " 

6.5, Test la), The a1m here 15 to deccelerate the fast rls1ng 

bubbles before enterlng the froth to 1 ncrease parUe le res Idencp. 

Ume ln the froth. 

Ul trasonlc Vlbrat Ion: The effect of ultrasonlc vibration on 

gangue recovery was flrst determlned uslng Niohee tails (5X sol Ids 

by welght) at constant FT and J 
Q 

An ul trasonlc transducer 

(Vernltron cyl1ndrlcal type lead-zlrconate-t 1 tanate piezoelectrlc 

crystal, dlameter: 5 08 cm, thlekness 0 5 cm, and Intensity Q.4 

W/CII2
) was placed ln a waterproof plexlg1ass box. UI trasonlc 
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J waves dlss1pate through the front face of the box where the 

crystal was fixed (Figure 6.6). The power supply of a Brunsonlc 

12 ul trasonlc bath was used. The lntensl ty of the ul trasonlc 

f1eld ln the froth phase was not measured. 

The u1 trasonlc transducer transforms 10w frequency AC vol tage 

into h1gh frequency sound wa\les (40-60 Khz. beyond the audible 

range) . '.laves are set ln motion by the process of cavitation 

(1. e. dlsruptlon of the 1nner 11quld cohesion and the formation of 

cav1 t les). These u1 trasonlc waves create and \110 lent Iy co Ilapse 

millions of minute bubbles ln the cleanlng soluUon, gently 

scrubb1ng every surface the soluUon touches by the cap! llary 

action. The use of ultrasonlcs seems to he promls1ng \n reduc\ng 

entralnment and select 1 vi ty. 

The ultrasonlc transducer was placed under the overfiow 11p 

ln the froth phase. The front slde of the cell was chosen due ta 

presence of short-ch'culling of some mater'lai ln thls area. 

UI trasonlc waves propagate from the crystal surface towards the 

centre of the cell. The effect of ul trasonlc vi brat Ion was 

Investigated at two dlfferent J s, a thlcker Fi was used ln order 
w 

to dlss1pate aIl v1brat 10ns lnto the froth phase Low percent 

sol Ids and J were \Ised because at 
" 

hlgh percent sollds the 

d1ssipation of vibration may be dlfflcult. 



1 
Second. two ultl"a5on1.c tl"ansducers were mounted on both slde 

of the flotation cell at froth level (Figure 6.71. A Bransonic 

220 power supply was used. The effect of ul tl"asonic vibration 

generated by the two transducers and wash water was determined at 

J of 0.016 cm/s. For these tests. 10 grams of LiCl was added into 
loi 

the feed tank to determine the feed watel" recovel"y (Test 12). 

Effect of Wash Water Temperature and Depressant Addl t 1.on: The 

effect of wash water temperature and depressant (sodium silicate 

and t.annlc acid) addition ln the wash water on gangue and water 

recoverles were determined at constant J, J, and FT. Inl t laI 
q loi 

" " pulp temperature was 12 ; 2 C for these tests. 

Comparlson Between Hodlfled Cell and Labol"atory Column: Flotatlon 

columns are known to he entralnment free. Comparison of 

laboratory cell wi th wash water and labaratory column helps to 

understand the entrainment problem in detaI1. Cont1nuous tests 

were performed at Ideal operatlng conditions for bath units. Pulp 

resldence t lme was changed by tal11ng flowrate for both unI ts, 

wh1le slur-ry level 15 controlled by feed flowrate at constant wash 

water superflclal rate. S1ze-by-slze class1fIcation coefficIents 

were aiso determined . 

• 
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Figure 6.7: Two ul t,'asonlc lrarmducors moulllcd on tho flotution 
ccli walls ulld pow(;r bIlJ,ply. 
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6.3 Results and Discussion 

6.3.1 Effect of Celi Dimenslons on Entralnment 

Figure 6.8 shows the effect of celi slze en gangue 

entrainment uslng the modlfled and 5L Denver cells. Gangue 

partlcies stay ln the deep modlfled celi at a longer time (3.85 

min) than the original cell (2.32 min). Slgnlflcantly hlgher 

gangue and water recoveries were obtalned ln the modifled celi due 

to the increased residence time and decreased turbulence The net 

downward bias rate 1s lower in the modified cell (0.027) than the 

original cell lO.054 cmls). A h1gher blas rate reduces 

entralnment and dllutes the pulp ln the cell. Modlfled celi was 

chosen for the followlng tests to study gangue entralnment. 

6.3.2 Vlsual Evidence of Cleanlng Action in the froth Phase 

Nlobec tai 15 have a brown coler, yieldlng a brown Iooklng 

froth. The froth overflowlng on the celi I1p has white and brown 

color strips depending on how uniformly water 15 d1strihuted. The 

cleaning action taking place in the froth can be vlsually seen 

from Figure 6.9. Here, black froth 15 contaminated; white frath 

is gangue free. In Figure 6.9a, there 1s no wash water addl t ton 

and the froth phase 15 completely dark; entralnment 15 severe. 

Figure 6.9b shows the froth shortly aiter wash water was turned 

on; 1t 1s possible ta see local clean1ng yield1ng a white froth, 

almost free of g?~lgue, Just above the interface. In Figure 6.9c, 

the cleaning &ctton ts progresslng. Figure 6.9d and 6.ge show the 
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Figur-e 6.9 Cleaning action in the froth phase wi th wash water 
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a. without wash wate! addition 
b. start of wash ·.ater- addition 
c. progression of cleanlng action in the froth 
d. side view of c leaned froth wi th wash water 
e. front view of cleaned froth with wash water 
f. overflow of cleaned froth (Black froth means contaminated 

froth, white froth means deaned froth or gangue free froth). 
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aide and front vlews of the cl eaned froth. Finally, 1t 15 

possible to see the whlteness of overflowing froth from Figure 

6.9f. 

6.3.3 Effect of Wash Water Superficlal Rate and Froth Thickness on 
Cangue Recovery 

Figure 6. la shows the effect of J on s111ca recovery at 
If 

three Fis. Gangue recovery first decreases with increasing J 
Il 

after reachlng a minimum between a 06 and a 08 cm/s, 1 t Increases 

agaln. There ls also a decrease ln stlica recovery wlth increaslng 

FT. The location of the minimum shlfts towards a hlgher J wlth 
If 

Increaslng FT, making it possible to aC::d more water to thlcker 

froths. 

At constant tai lings dlscharge rate (i. e. FT and SH vary 

with J ), gangue recovftry signiflcantly Increases wi th Increaslng 
" 

J and J (Figure 6.1ll. From these results, 1t cao be concluded 
" 9 

that level control ln the flotation cell 1s necessary Otherwise, 

wash water cannat decrease gangue entrainment. Comparlson of 

Figure 6. la wlth 6.11 shows that the initial pulp denslty aiso has 

a dramatlc effect on gangue recovery. 

6.3.4 Effect of Feed Size 

Figure 6.12 shows the gangue recovery as a function of 

superfictal wash water rate for Niobee taiis and pure s111ca 

flour. There 15 a minimum ln gangue recovery at an intermedlate 
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J for both cases. Due to the flneness of the Niobee taUs (see 
III 

Figure 5.3), the cleanlng action in the freth ls sharper and more 

distinct than for pure silica. 

6.3.5 feed Water and Gangue Recovery 

Figure 6.13 shows gangue recovery versus feed water recovery 

using cold and warm wash water. Gangue recovery drastlcally 

increases wlth Increaslng feed water recovery. The effect of wash 

water temperature on gangue entrairunent ls dlscussed ln detail ln 

Section 6.3.11. At zero feed water recovery, the gangue recevery 

1s nct zero because of entrapment. The contribution of entrapment 

could be constant for both tests since the impeller and cell 

dlameters, cell height, and impeller speed are constant. further 

test 'olork ls needed to clarify this point. 

Figure 6.14 shows feed water recovery versus J. Blas ratio 
w 

(1. e. talls flowrate/feed flowrate) 15 also indlcated. A simllar 

minimum was round at intermedlate J. 
w 

The same type of 

relationship was also obtained ln the t'olo-phase system (Figure 

3.5). At the same J , feed water recovery ls 2-3~ hlgher ln the 
w 

three-phase system than the two-phase system. 

Schemat le flow patterns are shown ln Figure 6.15 at 10'01, 

intermediate, and hlgh J. 
w 

Wl thout wash water addi t lon, the 

upward water flowrate ls sign1flcantly higher than the 

downward flowrate, yleldlng a hlgh entralnment. Th1s condition ls 
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caU.d negaUve blas. At low J, there 15 a. negat 1 ve, zero or 
" 

very small positive blas. Under thls condi t 10n entrainment 15 

lower than wlthout water add1t ion. 

In the Intermedlate J 's. the downward water flowrate exceeds 
w 

the upward water flowrate (poslt ive bias), A slgnlflcant ly lower 

feed water penetration into the froth yields minimum gangue 

ent raI nment. As J Incre~ses, 
w 

water recovery increases and 

mlxing 15 induced in the froth. Material 15 short c1rculted from 

the bottom of the froth into the concentrate; gangue recovery 

increases. Slurry sarnpling close to the interface a1so supports 

this finding (Figure 5.7). Liquld holdup, bubble rise veloc1ty. 

partiele settllng velocity. and superfieial concentrate rate 

slgnlficantly Increase. and bubble residence time ln the fl'oth 

decreases wl th increaslng J . 
w 

6.3.6 Effect of Impeller Speed 

Table 6.4 shows the effect of impeller speed. Gangue and 

water recoverles Increase wlth increaslng lmpeller speed from 1500 

to 1700 rpm. Finer bubbles wi th higher Interfacial area are 

produced at hlgher impeller speeds. which Increases hydraullc 

entralnment. 

.. , 
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Table 6.4: Effect of impeller speed on ganaue entralnment (Test 4). 

J 
q 

(Cm/5) 

0.6 
0.6 

n 
(cm) 

3 
3 

SH 

(cm) 

30 
30 

6.3.7 Effect of Dtstrtbutor Geometry 

N 

(rpm) 

1500 
1700 

R R 
9 w 

(% ) (% ) 

4.95 13.73 
6.10 19.25 

Table 6.5 summarizes results obtained with two dtfferent 

dlstributor designs (spiral and spiral-square). Gangue recovery Is 

slightly higher with the spiral dlstributor at a signlficantly 

hlgher water recovery. A comblnatlon of spiral-square 

dlstri butors, which eovers the whole froth surface, does not 

suppress gangue. Thus, the effect of distributor geometry on 

gangue entrainment and washing efficieney is small 

Table 6.5: Effect of water dlstrlbutor mechanlsm on gangue and 
total water recoverles (Test 6), 

Spiral Dlstrlbutor 
Re Rw 

8.56 33.36 

Spiral-Square 01strlbutors 
Re Rw 

1.72 25.76 



! 
6.3.8 Effect of Distrlbutor Location 

Table 6.6 shows that water recoverl' is strongly affected bl' 

distri butor locat Ion: 1 t Increases from 14.8 to 27. 3Yo w1 th water 

addition above the froth. Adding water above the froth stabilizes 

it and increases water flowrate lnto the concentrate, whose 

densl ty 1s decreased. Conversely, slurrl' and tai1 ing densi ty 15 

Increased, compared to that obtained wi th addItIon OOlow the 

interface. Water added below the interface mostll' reports to the 

tal1ing and decreases residence time more. 

Table 6.6: Effect of wash water addition location on water and 
gangue recovery using Niobec tai1s (Test 7). 

Be 10w the froth 

Conc. Flowrate (l/mln) 
Tailing flowrate (l/min) 
Watel" to Cone. (Yo) 
Water to talling (Yo) 
Yo Solid ln taillng 
y. Sc I1d in Conc. 
y. Solld ln Cell 
Residence time ln slurry 
(min) 

0.24 
1.89 

14.83 
85.17 

6.50 
1.66 
6.50 
3.46 

Above the froth 

0.53 
1. 58 

27.31 
72.69 
7.00 
1. 29 
7.00 
4. 12 

(J : 0.6 cm/s, J : 0.072 cm./s, FT: 3 cm, uslng spiral dlstrlbutorl 
9 w 

FIgure 6.16 shows gangue recoverl' versus water recoverl' for 

three different water addl. tion locations: below the froth phase 

with the spiral distributor. be10w and above the froth with the 
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t 

spIral and square dIstrlbutors, and above the froth with a 

comblnatlon of spIral-square distributors. Each point represents 

the average of a number of samples, wi th 95% confidence Intervals 

for gangue and water recoverles. 

The format of Figure 6.16 w1ll be used extensi vely from now 

on to compare different water addition schemes and deserves more 

attention. For a given scheme, it is expected that gangue 

recovery will he proportional to water recovery. Thus, each scheme 

will yleld a Ilne approximately stra1ght (1. e. Eq. 6.9 for low 

R ), which goes through the orig1n. 
w 

A superior scheme 1s one 

whlch y1elds, at constant water recovery, the lowest gangue 

recovery possible. 1 t follows that If we draw a 11ne between any 

point on the graph and the or1g1n, the 11ne wlth the lowest slope 

identifies the best operating point 1. e. the lowest value of the 

Minimum gangue recovery 1s obtalned wlth wash water addition 

above and below the froth using the spiral and square 

distrlbutors, respect! vely. Wash water- below th<: froth wlth the 

spiral distri butor g1 ves less gangue entralnment than above the 

froth wlth the spiral-square distrlbutors. However-, water 

recovery is sign1flcantly lower- lf wash water 1s added below the 

interface. Wash water addition elther above the froth or below the 

interface uslng any distrlbutor- reduced entralnment slgnlflcantly 
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dlstrlbutor. 
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as compared to no wash water addl t ion. l t appears that above 

• addlt lons decrease Z while below addit 10ns affect water recovery 
1 

and dl1ute the pulp phase. There was a plugglng problem with wash 

water addition below the interface. Valuable particle recovery 

(1. e. production rate) and concentrate grade increase 

directions are also shown on the Game flgure. Addition of wash 

water both above and below and only above 15 best due to a lower 

gangue recovery at a higher throughput rate (recovery). 

Table 6.7 shows the result of two dlfferent types of 

additions at three J. Generally, water recovery 1s higher when 
\1 

wash water 1s added above the froth wl th bath dlstri butors. At 

low and intermedlate J s, gangue recovery with the above addition 
" 

1s lower than with the two additions. The llnear distributor was 

not working sufflclently (i.e. wash water cannot create water Jets 

to wash bubble wakes) . At h1gh wash water superficlal rate, 

there 15 very good water Jetting from tube manifolds, which can 

reach half of the celi length and hash bubble wakes, whlch carry 

gangue partlcles to the froth. 
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Table 6.7: Effect of superflclal wash water rate on gangue recovery 
uslng spiral and sptral-llnear dlstributors (Test 6). 

J (cm/s) R R 
If G w 

Above Above-Front Above Above-Front 

0.050 2.50 4.84 33.30 33.27 
0.093 3.67 9.08 33.46 32.61 

4.80 8.36 33.93 29.40 
2.88 8.92 36.49 33.27 

O. 136 8.71 6.06 37.90 29.06 
7.11 6.81 37.78 30.63 

(J : 0.6 cm/s, FT: 5 cm, above with spiral dlstrl butor and front 
<1 

wlth I1near distr1butor) 

Addition of wash water above the froth 15 simple and has sorne 

advantages. FI rst. there 1s an addit 10nal froth expansion 

capabllity, wh1ch 1s heneflclal to Increase valuables recovery. 

Second, the water dlstrlbutor is malntalnance free (l.e. no 

plugging problem). Third. pOOl" distribution can be readily 

detected and corl~ected. One possi ble disadvantage may be the kinetic 

energy of water due to gravitatlonal acceleratlon, whlch may 

Induce sorne m1xlng in froth, since water drops sorne distance above 

the froth. This problem cao he mlnlmized wi th locat ion. One of 

the side effect of addlng the wash water above the froth 15 

short-clrcu1 t ing to the concentrate stream, which May be 

considered advantageous or dlsadvantageous . 
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In column flotat ion praetiee, the wash water dlstributor 15 

generally placcd a few centimeters belaw the overflow l ip level 

(i.e. ln the froth) This type of addition minlmlzes 'wash water 

short-circuiting. However. it should be borne in mind that 

flotation co l umns have at least a 1-2 m froth. whereas mechanical 

cells have a maximum 10-40 cm froth 

6.3.9 Effect of Froth Vibration on Gangue Entrainment 

Mechanical Vibration. Figure 6.17 shows that without wash water 

addi t ion and vibrat ion, entrainment 1s 12.4%. 'oJi th froth 

vibration but no wash water, entralnment 1s reduced to 10.4%. 

However, with wash water addition and without vibration, 

entralnment 15 almost halved to 6 5Y.. 80th w1t.h wash water and 

vibration, the minimum entralnment, 4.9%, was achieved (a 60.5% 

reduelion) . Wash water has a more pronounced effect to lessen 

entrainment than vibrat 10ns, which can he used as an aux! l iary 

method to aehleve 15-20% more l'eduetlon in gangue recovery. There 

15 an increase in water recovery with wash water' 

addition. VibratIons slightly reduee water recovery. 

The results of froth vibration using the sereen mechan15m are 

given in Figure 6.18. Percent reduction in entrainment for each 

point i5 given on the right vertical axis. Gangue recovery is 

13.3% in the absence of wash water and vibration. With only wash 

water addition, 8% gangue recovery was obtained. Vibrations alone 
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t 
at two dlfferent frequencles reduced entralnment down to 10. 4~. 

Comb1nlng of wash water and vibration yields slightly better 

gangue reJect ion. From the three vibration frequenc1es tested. 

the hlghest one has the lowest gangue recovery. with a 56Y. 

reduetion ln entrainment Wash water signlflcantly 1ncreases ~ter 

recovery while vibration has a litt le effect on water recovery. 

The effect of wash water and vibration 1s approximately 

addi t1 'le. The flow modir ler clppears to reduce gangue reeovery 

bet ter than the screen '1lesh and provldes a constant water 

recovery. 

The cleaning action with vibration is related to wave motIon, 

whlch 1s the means by which vibration energy 1s propogated from 

one sereen bar to another. Although the waves travel. water whlch 

makes up the waves does not move in the direct 10n of the wave 

motion. 'When the screen mechanism was vibrated on the water 

surface. rlpples were observed. These ripples are the comblnatlon 

of 10ng1 tudinal and transvel se waves. Between each square 

openings, circular ripples spin very fast and create a new rough 

surface wlth waves (see Figure 6.4). This means that wave 

Interference 15 destl"uct ive (1. e. the peaks and valleys of each 

wave coincide and the amplitudes of the waves are added togethel" 

and the combined wave has largel" peaks and valleys) rather than 

constructive (1.e. the peak of one wave arrives at the same tlme 

as the valley of the other, result 15 cancellatlon or constructive 
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Interference) . It 15 expected that the destructive Interference 

creates a klnd of Jlgg1ng action to remove hydrophll1c gangue 

partlcles from bubble wak~s near the interface. 

The partlcle size distribution of the washed and vlbrated 

gangue partlcles recovered ln the concentrate stream 15 g1 ven in 

Table. 6.8. Particle size becomes eoarser w1th Increaslng 

vibration from 1080 to 3600 vpm. Vibrations reject f1ner particles 

(-10~) more effectively. whleh 15 des1rable to reduce entrainment. 

Table 6.8: Effeet of vibration on partlcle slze of recovered 
gangue partie les uslng the screen mesh mechanlsm. 

Size No WW Wlth W With WW With WW 
(~m) No Vlb. 1080 vpm 2520 vpm 3600 vpm 

10 100 100 100 98 
60 100 100 100 98 
50 100 100 100 98 
40 100 99 99 91 
30 98 98 98 96 
20 95 95 95 94 
10 81 86 86 84 
8 84 83 81 79 
6 76 74 70 69 
5 69 65 63 61 
4 60 56 53 53 
3 48 46 42 41 
2 35 33 30 30 
1 18 16 12 10 
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The ef'f'ect of wash water and vi brat ion on gangue and water 

recoverles ls summarlzed ln .-lgure 6.19 . Wi thout wash water and 

vibratlon. • Z values are hetween 0.4 
1 

wash water. vibrat ions alone do 

and 0.6. In the absence of' 

nct 'mprove the overall 

classificat ion coefficient slgnlf1cant ly. In the presence of wash 

• water. there 1s a significant reduction in Zl' A further decrease 

• ln Zl can be achleved by combination of' wash water and vibrations. 

6.3.10 Ultrasonic Vibration 

Figure 6.20 shows that in the absence of wash water addition, 

uitrasonic froth vibration with a single piezo-electric transducer 

alone reduces gangue entralnment about 29%. A small amount wash 

water addition (0.05 cm/s) 104111 reduce entrainment more 

signlflcant ly than ultl-asonic vibration. Beth ultrasonic 

vibration and W"d.'3h water addition will reduce enlralnment by 

about 53% at a wash water recovery rate of 14X. lt should be 

noted that wash water addi tlon i ncreased the total throughput at a 

lower gangue recovery. 

Setter cleaning was achleved al a reduced wash water addition 

rate (0.024 cm/s) along wlth ul trasonlc vibration. The opt imum 

water flowrate and vibration intenslty must he Jointly determined. 

UI trasonic vibration may he used to reduce J to a mechanical 

celi. 
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F'lgure 6.21 shows the classification coefficient ver-sus 

• partlcle slze. Z 
1 

decreases wl th increasing partlcie slze. 

\011 thout wash waterJ ultrasonic vibrations can reduce 

• Z sl1ghtl y. Was,h water slgnlf1cantly lower the classification 

func~lon values, whlch shows that the most effective factor to 

red\,ce entralnment is wash watel" Ultrasonic vibrations with wash 

VeLter shows the lowest classification co-efficient 

Figure 6,22 shows the effect of ultrasonlc vibration uslng 

double tra.~ducer and wash wate" addition at 10% sol1ds. Without 

wash water addl t Ion, gangue recovery 15 12. 7'Y. at 17.:J'Y. total water 

recovery. VI trason1c vibrations 3.1one reduce entrainmentby about 

23% and wash water alone by 3a'Y.. The comblned effect of wash 

water and ul trasonlc vlbrat ions 15 lIOst effect 1 ve. Feed water 

recoveries, ln parant heses , show slgnlflcant decrease wl th wash 

water and ultr-asonlc vibration. 

6.3.11 Effects of Wash Water Temperature and Depressant Addition 

The warmer the wash water the bet ter the gangue reJect 10n 

and the lower the water recovery. (Figure 6.23). A sllght 

telllperature dlfference behl'een pulp and wash water- appears to he 

beneflclal to enhance froth washlng efflc1ency slgniflcant ly. 

Depressants are not effect 1 ve ln both co Id and warm water 

because of very short resldence times ln the froth phase. Bath 

deprassants (1. e. tannic acid and sodium s 111cate) incr-ease water 
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Figure 6.23: Effect of wash water temperature on gangue and water 
recover1es. 

Wacer 1 Air 

Kin ema tic Kinematic 
Temperature Viscosi'cy, IJ. Visccsicy, Il Viscosiry, }J. Viscosicy, 1.1 

OC , N'sec/m z mZjsec N'sec/m 2 m 2/sec 

0 1.781 x 10-1 1. 785 X 10'" 1.711 x 10-' 1.329 x 10~' 
S I..5U1 X 10-J 1..519 x la'" 1.741 x 10-' 1.311 x 10-5 

10 1.301 X 10-1 1.306 X 10'" 1.16i x 10-' 1.411 X 10-' 
15 1.139 x 10-) .1.139 x 10'" 1.193 x 10-' 1.463 x 10-' 
20 1.002 X 10-1 1.003 x 10'" 1.811 x 10-' i.509 x 10-' 
25 0.890 X 10-) 0.893 x la'" 1.840 x 10-' 1.555 x 10-' 
30 0.798 X 10-) 0.800 x 10'" 1.364 x 10-' 1.601 x 10-' 
40 0.653 X 10-1 0.658 X la'" 1.910 x 10-' 1.695 x lO-s 

50 0.547 X 10-) .0.553 x 10'" 1.954 x 10-' 1.794 X 10-5 

60 0.466 X 10-5 0.474 x 10-4 2.001 x lO-s 1.886 x lO-s 

70 0.404 X 10-1 0.413 x 10'" 2.044 X 10-' 1.986 x 10-' 
80 0.35"- X 10-) 0.364 x 10'" 2.088 x 10~ 2.087 x 10--s 
90 0.315 X 10-) 0.316 x la'" 2.131 x 10-5 2.193 x 10-' 

100 0.182 X 10-] 0.294 x 10'" 2.174 :... 10-' 2.302 x 10-' 

Table 6.9: Vlscoslty of water and gas at dlfferent temperatures. 
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t 
recovery with cold and warm wash water. Tannic acld seems to 

have more frothlng characteristics than sodium 511 icate in bath 

co1d and warm water. 

The effect of wash water temperature on gangue and water 

recoverles can he explalned by viscosity effect and gas 

expansion. The viscos! t les of water and ai r (froth) at 

atmospheric pres5ure slgn}f 1cantly depend on temperature. Table 

6.9 shows the water and air ~lSco51tles as a functlon of 

temperat ure. Note that for gases at low density, vlscosity 

slightly Increases with Increaslng temperature, wher'eas for water 

1t slgniflcant 1y decreases. \JI th warm wash water, the vlscosity 

of the Inter-bubble water slgnlflcantly decreases, wh1ch 1ncreases 

the downward mobillty of interstltlal water. 

Warm wash water aiso Increases gas holdup in the froth phase 

(this wi Il he verlfied in Chapter 7), whlch leads to a higher 

coalescence probability and water drainage through Plateau 

borders. Smel ter steam or any other source of waste heat can be 

o 
used to elevate wash water temperature to 30-40 C. 

6.3.12 Comparison Between Mechanical Celi and Flotation Column 

Figure 6.24 compares the modified cell and laboratory column. 

Gangue recovery, in bath systems, Increases wlth Increaslng 

resldence Ume ln the recovery zone due to Increase in water 

1 
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1 
recovery shown ln brackets for each data polnts. Gangue and water 

recoverles are lower for the column . 

• Slze-by-s1ze Z for Iaboratory cell and column 1s shown ln 
1 

Figure 6.25 at diffe:--ent pulp resldence Umes. For the fiotat ion 

• column, Z sharply decreases with Increaslng size up ta 20 ~m and 
1 

then leveis off. For the mechanical cell with a 4 cm froth, the 

• decrease in Z 15 not nearly as sharp as in flotatlon column with 
1 

• a 30 cm froth thlckness. 2
1 

slgnlflcantly decreases with 

decreaslng pulp resldence time. 

6.3.13 Testing the Proposed Entrainment Model 

The proposed gangue recoV(,ry model (Eq. 6.9) was tested wlth 

data from the present system, Laplante (1980), Lynch et al. (1974), 

and Engelbrecht and Woodburn (1975). The objective 1s first ta 

• evaluate the range of 2 obtalned, and then assess the effect of 
1 

scale and wash water. 

Data from Present System: Gangue recovery was plotted as a 

• functlon of water recovery at different Z values from 0.2 to 0.6 
1 

(Figure 6.26). Most of the data obtalned from the present system 

• fall between 2 values of 0.1 and 0.3. Water recovery changes from 
1 

10X ta 50X while sll1ca recovery varies from 2% ta 25%. 
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Data from Kaya (1985): An artlflclal mixture of sphalerite and 

sillca flour was floated contlnuously ln the S.5L laboratory cell 

• of the present study. Z values vary between 0.4 and 0.6 (Figure 
1 

6.26) . 

Data from Laplantd (1980): He used 2L shallow laboratory cell with 

froth paddles. Sphalerlte and quartz were contlnuously floated at 

• different gas rate and froth thlckness. The ZI values &re between 

0.6 and 0.7. 

Data from Lynch et al. (1974): They determlned the relationshlp 

between recovery rates of non-sulfide gangue and water ln 

several chalcopyrite and galena flotation stages in Austral1a. 

The data from Ht Isa Rougher, Peko Rougher-Scavenger and North 

Broken Hill Rougher sections are gi ven in Figure 6.26. These 

sections are flotation banks rather than a single cell operated 

• without wash water. Most plant data fall between ZI = 0.2 and 0.4. 

In plant study, water recùvery varies from 0 to 30X whlle gangue 

recovery changes from 1 to 13Ye. 

Data From Engelbrecht and Woodburn (1975): They studled the 

effect of froth height, aeratlon rate, and gas precipitation on 

flotatlon. They determlned the gangue recovery at dlfferent water 

recoveries in a contlnuous pilot-plant flotatlon cell wlthout wash 

water. Maximum water' recovery was around 32Ye at laYe gangue 

recovery. • These data aIl show a Z very close to 0.4. 
1 
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• 
2

1 
varies between 0.1 and 0.7, dependlng on celi 51ze, and 

geometry, use of wash water or paddles. At one extreme, very 

small cells wlth froth paddles May yleld a very small residence 

time ln the froth wlth vlrtually no cleanlng and • Z values are ln 
l 

• excess of 0.6. Slmllar full scale operat 10ns yle Id 2 equai to 
l 

about 0.3; Engelbrecht and Woodburn' 5 30L cell yielded 

Intermedlate values, close to 0.4, and Kaya (1985), wlth a 

sllghtly smaller cell. ylelded values around 0.4 to 0.6. The 

• effect of wash water ln the Saine systelll was to reduce 2 values 
1 

down to O. l to 0.3. equal to or better than full scale results. 

Full scale testlng 15 requlred to assess the appllcabtl1ty of wash 

• water when 2 values are already below 0.4. 
l 

The suggested model can represent weIl laboratory. pllot-

plant, and plant scale results, prov1ded that an approprlate value 

• of 2, ls selected. It varies between 0.1 and 0.7 for wlde 

• operat 1 ng range. 2, ln the plant 15 sharper than at laboratory 

scale. FIgure 6.27 show'S the comparlson of classification 

coefficient of laboratory and plant scales. • Z, decreases 

sl1ghtly with lncreaslng particle size both for the present study 

and for the data of Johnson et al. (1974). However, it decreases 

more sharply for plant tests. • This dlfference ln Z at coarse 
1 

particle slzes could be related to the different partlcle 

resldence time ln the froth phase, usually much hlgher ln 

Industrial cells due to longer horizontal travel dIstances. 
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Figure 6.28 shows a good agreement between the predlcted 

gangue recovery from Eq. 6.9, uslng measured feed wate~ recovery, 

• and an overall 2
1 

determlned for a 10~m partlcle and 

experlmentally measured gangue recovery (T,t~st 3) . Proposed 

entl"alnment model CM be used to estlmate ga~tigue recovery by 

• knowlng the overall 2
1 

and feed water recovery. 

6.4 Summary 

1. The cleaning action taklng place in the froth l'oIaS vlsually 

observed and verlfled using a colored sample. ';rhe re 1 s an 

optimum wash wate~ addition rate, at whlch the gangue r-ecovery Is 

minimum. between O. 06 and O. 08 cmls in the present syste'i!I'" 

2. One of the most important requirements of an effect 1 ve wash 

water distribution Is that it must ensure uniform water 

distribution throughout the distributor. Uneven distribution or 

channelling of flow will lead to excessIve water bypasslng ln sorne 

parts of the froth phase and poOl" cleanlng in others. Unifùrm 

froth washlng was achleved uslng the spiral dlstrl butor and 

ylelded the better gangue rejectlon at hlgher production rates. 

3. Addlng wash water above and below the froth Is as effective as 

only above. However, below the interface addition requlres 

additlonal plplng and maintalnance, i5 dlfficul t to monitor, and 

does not contrlbute to froth stabl1ity . 

• 
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4. The most effective way to reduce gangue entra1nment 1s froth 

washlng. Wash water can reduce entralnment around 50~. Mechanical 

and ultrasonic froth vibrations in conjuction w!th wash water can 

be used as an auxlliary method to further lessen entrainment 

(around 15-30Yo). Ultrasonlc vibrations do not requ1re any type of 

obstacle ln the froth. The use of froth vibrat 10n ln plant scale 

seems to he dlfficult. 

5. A sllght temperature difference between pulp water and wash 

water affects the entralnment mechanism slgnlflcantly. Warm wash 

water can be used to mlnlmize water addition requ1rement. 

Depressant additlon ln the wash water does not affect 

sign! flcant ly gangue recovery because of short resldence t Imes in 

froth. 

6. The proposed entrainment model was used and tested wlth 

laboratory, pilot plant. and plant scale data available. It was 

• found that the overall 2
1 

values fall heti.#een 0.2 and 0.1\ ln most 

• cases. For laboratory scale. the average 2. 1s 0.2, for 

• pilot-plant and plant scale 0.3. Thus, by knowlng overall 2
1

, and 

total water recovery. the gangue recovery (entrainment) CM he 

estlmated uslng the suggested Eq 6.9. 
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CHAPTER 7 

EVALUATION OF WASH WATER ADDITION 

IN A PlOT-SCALE FLOTATION CELL 

USING TRACER TECHNIQUES IN A TWO-PHASE SYSTEM 
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Introduct ion 

The main objective of this chapter is to evaluate the effect 

of wash water addition on a pilot-plant scale flotation cell using 

tracer techniques. Tracers were added into the wash water to 

determl.ne wash water split, into the cell to determine slurry 

water reJect Ion, and into the feed tank ta determine feed water 

suppression using cont inuous conducti vit y measurement and sample 

co llection. 

Two dlfferent electrode assemblles were designed te monitor 

horizontal and vertical conducti vlty varlat ions. Perforated 

pipes and spray nozzles were used to distribute wash water on the 

froth surface. 

AlI tracer tests confirmed that there was a minimum gangue 

recovery at intermedlate wash water addl tion rate. It was round 

that continuous conductivity measurements are a powerful technique 

to monl tor the washlng efficiency ln the froth phase. 

7.1 Theoretlcal Background 

Wash water is divlded into three streams when it is added 

above the froth phase (Figure 1.1). A very small fraction of wash 

water directly short-circuits ta the concentrate (a). depending on 

wash water dlstributor location and design. A major fraction of 

wash water (b) suppresses slurry water coming from the pulp and 

then goes to the concentrate and the rest of the wash water (c) 

goes ta the pulp phase diluting the sI urry ln the cell. The main 

objective of wash water 1.5 to maximize (b) at minimum (a) and (c). 
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Figure 7.1: Water split ln a flotation cell. 

Figure 7.2: Overal vlew of pilot-plant scale set-up. 



• At steady state. feed water (d) and wash water dralnlng to 

the slurry (c) called slurry water from now on. mix perfectl:,'. 

Some Is swept lnto the froth by hydraullc and/or mechanlcal 

entrainment (f). If there ls no wash watel' (b) addItion, all of 

water ln the concentrate Is from the feed. Wl th wash water 

additlon, then some of the feed water that would he l'ecovered is 

dlsplaced wlth wash water and dralns back to the slurl'Y phase (h) 

whlle the l'est goes ta the cancentl'ate (j). Thus, the fl'oth 

cleanlng efficiency Is detel'mined by the exchange between (g) and 

(b) . 

7.2 Experimental 

7.2.1 Set-up 

The dimensions and operatlng ranges of the pllot-plant 

scale flotatlon machine and cell used in this study are glven ln 

Table 7.1. The maIn experimentai set-up consists of a Denver 08 

flotation machine. a 65 L plexlgiass flotation eell, a 200 L 

plastic feed tank wlth a variable speed Llghtnin mixer (1 HP). a 

Ramoy pl'ogresslng cavl ty pump wl th a Brooke motor (1.1 HP) for 

feed, two SOL pIast le wash water tanks, one Ramoy progresslng 

cavity pump and one Masterflex perlstaltlc pump for wash water 

addition, and one 200 L plastic drum as a thickener (Figure 7.2). 

AlI experiments were performed cont Inuol.lsly . 

.. 
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Table 7.1: Dimensions of the pilot-plant flotation machine and 
operation variable ranges. 

Denver OS Flotatlon Machine 
Impeller 
Stator 

Stalnless stee l, 20.23 cm ln dlameter 
Stalnless steel 

Ce II 
Effect 1 ve Area 
Nominal Volume 
Mator Drive 
Impeller Speed 
Froth Removal 
Frother 
J9 
Jw 
FT 
T 
H 

Plexlg1~ss (40, 40, 45 cm) 
1600 cm 
65 L 
1. 5 HP 
600 rpm 
free flow 
Dowfroth 250, la ppm 
0.005 - 0.01 mis (30 psi) 
0.0004 - 0.0009 mis 
O. la - O. 15 m 
0.08 m 
0.025 - 0.07 m 

Wash Water Distributors: Two dlfferent water distributors were 

used in thls study: perforated pIpe and spray nozzle. 

Perforated pipe distributor (PPD) was made of four 50 cm long 

coppel" pipes (dia: 1. 27 cm). with 1 mm dlameter holes 1 cm 

apart. Both sides of the copper pipes were closed with removeable 

rubber caps. T-fittings were connected ln the middle of pipes for 

water entrance. Two of the pipes were at the back and the other 

two ln front (Figure 7.3). Pipes were f1xed together by a frame. 

which was placed on top of the cell. Pipes can easlly he cleaned 

by removing rubber caps. 

A four-way copper pipe splitter divldes the wash water 

equally to each perforated pipe, via plastic hoses. A Ralnoy 

progressing cavity pump was used to dellver wash water whose flow 

rate was adJusted uslng a by-pass pipe and two manual valves. 
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Figure 7.3: Wash water distri but ion system for pilot-plant 
scale flotatlon cell (dimensions are in cm). 

1. wash water tank 
2. agltator 
3. cavity pump 
4. by-pass pipe 
S. valves 
6. wash water splitter 
7. hoses 
8. perforated copper pipes 
9. stator 

10. flotation cell 
11. plexiglass cell 
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A Malnor plast le garden water spray nozzle (SN) was used as 

an addltlonal wash water source for some experlments. Wash water 

de Il vered by a Mast erf 1 ex pump can be sprayed over al mos t the 

whole froth surface wlth a single nozzle. The spray nozzle 

creates a round full cene spray pattern and was flxed 15 cm above 

the froth surface. Covel'age dlameter can be adJusted by changlng 

the distance between froth surface and spray nozzle level. 

For sorne tests. the perforated pipe and spray nozzle were 

Jolntly used to Increase wash water superflclal rate. 80th 

dIstrlbutor mechanlsms have separate pumps and wash water tanks. 

MaxImum superflclal wash water rates wlth the perforated pipes 

and spray nozzle are 0.066 and 0.023 cm/s, respectlvely. 

Electrode Assemblles: Two dlfferent electrude assemblles were 

deslgned to measure the froth conductivlty vertlcally and 

horlzontally. Each electrode assembly has four electrode paIrs. 

The horizontal electrode assembly (HEA) was used to me as ure 

froth conductl vi ty at four different locations on the same level. 

Stalnless steel electrodes are square 0-1 cm) and f1xed ln 

plexlg1ass cublc prism cages (1.5-1.5-1.5 cm) open at the top and 

botto. to allow vertical l1quld flow. These four electrode cages 

are f1xed at the corners of a larie plexlglass frame 04-12-1. 5 

cm). Two 30 cm screws were connected to the frame to adJust the 

assembly locatIon shown ln Figure 7.4a and 7.4b. 
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Figure 7.4: Vertical and horizontal el~ctrode assemblles for 
conductlvlty measurement in the pilot-plant scale flotat ion 
celle 
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Another quadruple electrode assembly was designed and 

constructed to measure the vert ical conductl vlty profile in the 

froth, in the slurry, and at the Interface. Copper electrodes 

(1.5-2-2.5 cm) were fIxed in plexlg1ass boxes open at the bottom 

and top to allow slurry flow. ~our electrode boxes were connected 

vertically by two 30 rom screws on both sides (Figure 7.4). 

Electrodes can thus be set at any level. This assembly was placed 

on the rlght hand side of the cell. The use of the left hand side 

was not possible due to the presence of the air entrance inlet to 

the standpipe and feed pipe entrance into the celi. 

Conductivity Measurements: Slurry and froth conductlvitles were 

measured wlth the data acquislt ion system descri bed above. 

Conductl vit y measurements were transformed into gas holdups. Gas 

holdup at the interface ls assumed to he the average of gas holdup 

in the slurry and froth phases. 

In this study. KCl and LiCl were used as electrolytes to 

Increase the conductlvity of the l1quld. The conductlvlty of an 

electrolyte Increases with increasing concentration. The Increase 

in lonic concentration May be the resuit of an increase in the 

electrolyte concentration or changes in the extent of ionization 

of the electrolyte. There are two groups of electrolytes: strong 

and weal<. Salts of all<al1 metals are strong electrolytes, which are 

completely lonized. In 1.,rater, lons become hydrated and the 

hydrated Ions disperse ln the medium. The conductance of 

electrolyte solutions .1ncreases by more than 2% per degree. thus 

279 



1 

close tempereture control ls esse nt laI. KCI Is a stronger 

electrolyte than LiCl. For conductivity measurements ICI Is 

better; however, its analysls with AA 19 more dlfficult due to 

part ial ionization in the flame. 

1.2.2 Methodology 

Three dlfferent types of tracer tests were performed to 

evaluate the wash water distribution and determine the effect of 

wash water and air flowrates on wash water split, slurry water 

reJections uslng the pi lot-plant cell at a constant feed rate. 

Tracers were added into: 

a. the wash water tank to determine wash water sp11 t, 
b. the flotat ion ceU to determine sI urry water recovery, 
c. the feed tank to determine feed water recovery. 

Slurry helght (SH) was maintained constant at 37 cm from the 

cell bottom by adJusting tailing flowrate. Experimental conditions 

are summarized in Table 2. 

Electrode Calibration: The effect of water height above the 

e lectrode cage and container slze used on conductivlty was 

determlned using an electrode box. 

The effect of water he i ght above the e lectrode cage was 

determlned ln a 500 cm3 graduated cyllnder. It was fllled with tap 

water and the electrode cage was lmmersed in the cyl inder at 

dlfferent depths from 1 cm to 30 cm from the top of water surface. 
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Conductlvlty wu also measured uslng another electrode ln 

100, 250, 500. and 1000 c.3 beakers filled 'oll th tap water, the 

electrode cage always lmmersed ln the center of beaker at half-

depth. Once conductl vitI' was measured ln each beaker. then repeat 

measurements from each beaker were taken for reproduclbl11ty. This 

tlme. location of the electrode ln the beaker changed on the same 

horlzantal plane at half-depth. 

Ef'fect of Wash Water Flowrate and Temperature on Froth 

Conductlvlty: Before startlng tracer tests, the effect of a step 

change of wash water flowrate on conduct lvlty was determlned 'oll th 

HEA ln the absence of any tracer at a Jg of 1. 03 cm/s. Cold and 

warm wash water temperatures were 12°C and 45°C (Test series a). 

Effect of Wash Water and Air Flow Rates on Wash Water Distribution 

Uslng Horizantal Electrode Assembly: 40 grams LiCl dlss01ved ln 

water were added ln the wash water tank ln order ta evaluate the 

wash water dlstrl but Ion ln the froth phase of the pllot-plant 

scale cell (Test series 1). 

F1rst three dlfferent wash water add1 t 10n flo'ol rates were 

tested (0 046, 0.066 and 0.089 cm/s) at J of 0.78 cm/s. 
9 

Conducti vi ty of the froth phase was measured uslng the HEA ln the 

m1ddle of froth. For low and Intermedlate addl t 10n rates, the 

perforated pipe dlstrlbutor was used. At hlgh addl" .. on rate, the 

perforated pipe and spray no%zle were used together. Samples from 

conc:entrate. ta1l1ng. and wash water were taken for l1thlUII 

analys1s and f'lowrate _asure_nts. 



, 

Second, the effect of air flowrate on wash water distribution 

was evaluated at two dlfferent air rates (0.78. and 1.03 Cm/5) by 

contlnuous froth conductivlty measurements with the REA (Test 

series 2). 

Effect of Wash Water and Air Flow Rates on Wash Water Split: Wash 

water spI! t was determined by adding 40 gram 1CCl into the wash 

water tank in ord\}r to create a sharp conductlvlty dlfference 

bet ween wash water and water comlng from slurry phase (Test 

series 3). Conductlvities were measured using the vertical 

electrode assembly (VEA). The fir5t electrode was 7 c'" below the 

interface. the second at the interface (8 cm below the cell l1p 

leveI) , the third 2 cm below the cell Hp level, and the fourth 

at the top of the froth. The effects of wash water flow rate and 

air flow rate were Investlgated by contlnuous conduct1vlty 

measurements. Samples from concentrate, ta1l1ng, and wash water 

were taken to determ1ne flow rates and 1C content in each stream. 

Wash water (tracer) split (R ) was determined by taking a -
sample from concentrate at the beginnlng of each experiment (1. e. 

first 30 second artel'" wash water 15 introduced): 

R = Q .C IQ . C _ c c __ 

3 
where Q : concentrate flowrate (cm 15) 

c 

then, 

C : tracer concentration in concentrate (g/cm3
) 

c 
Q : wash water flowrate (cm

3
/s) -C : tracer concentration in wash water (g/cm3

) -

7.1 
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Cl = Cl .R 7.2 
wc ..,.. -0 == Q - Q 7.3 
WII ww wc 

0 = Q - Q 7.4 
sc c w; 

where Cl : wash water flo,.,rate golng to concentrate (cm
3
/s) 

wc 
3 o : wash water flow'rate golng to slurry (cm /s) 

loiS 
3 

Q : slurry w.J.ter flowrate going to concentrate (cm Is) 
sc 

Figure 7.5 shows diagrammatically the notatl.on for flowra,tes, 

and concentrations. The transient mass balance of tracer ln the 

s 1 urry phase: 

Q . C - (Q + 0 ). C = V . (dC 1 cl t ) 
WII loi sc t. t. 2 t. 

t c V
2

• dCt. 

Jdt= J_t --
o 0 Qws ,Cw - (Qsc + q, Let 

V 
2 

t = ------

-(Q +Q) 
sc t. 

ln ( Q • C - { Q +0 }. C ) 1 
ws loi sc t. t 

f 

o 

-(Q +Q ). t 
sc t. 

[

Cl. C - ( Q +Q). C ] 
l1li loi sc t. t 

Qw •. Cw 
------= ln 

Q .C - (Q ... Q ).C = Q .C .exp(-t/T) 
ws loi sc t. t WII W 

and C can he calculated from 
t. 

(Q .C (l-exp(-t/T» 
- » 

C = -------------------t. 
Q + Q 

sc t. 

7.5 

7.6 

7.7 

7.8 

7.9 

7.10 
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Figure 1.5: Defini t ion of concentrations and flowrates for 
calculations. 
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where T = (V /(0 + Q » 
2 sc t 

7.11 

then. C 15 given by 
c 

Q .C + Q .C 
Ife .. .c t 

e = 7.12 
c 

Q + Q 
sc wc 

Effect of Wash Water Flowrate on Slurry Water Suppression: The 

effect of wash water flowrate on slurry water suppression was 

determined by impulse tracer tests (Test serIes 4). 10 grams of 

KCl were Introduced Into the flotation cell near the Impeller by 

an incllned plexlglass pipe. The verltcal electrode assembly was 

used to measure conductl vlty profiles and samples were taken 

From taillng and concentrate streams at known tlme Intervals for K 

anal~lsis. 

Conductivlty measurements were corrected for tracer: 

K(t.z) = (K(t.z,c) - K(t,z,&) ) 7.14 
9 .. 1 t.h tracer 9 .. 1 thout t.racer 

In order to quant Ify and compare resul ts at different 

operation conditions. tracer recovery, whlch corresponds to slurry 

water recovery, was deflned as follows: 

J K (t. z) . Q . dt ) . 100 
c c 

R = a .. 

J K (t,z).Q .dt) + J K (t,z>.Q .dt) 
c c t t 

where K (t,z): measured conductlvlty by electrode number 3 
c 

Kt(t,z): measured conductlvlty by electrode number 1 

7.15 
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Slurry water recovertes were calculated using electrodes 1 

and 3, which are in the slurry and froth, re5pectlvely. The 

conductivity in the slurry phase assumed to be equal to the 

conductivity ln the ta1l1ng stream considering a perfectly mlxed 

liquid phase. Due to reading variations from electrode number 4, 

electrode 3 i5 used as a representatlve of the froth phase. 

Experiments started wlth conductlv1ty l18asurements without tracer 

addition in the presence of wash water. 

Effect of Wash Water and Air Flow Rates on Feed Water ReJe~tlonl 

lS gram KCl was added into the feed tank (200 Ll at the beginning 

of the test and weIl mlxed wi th the agi tator (Test series 5 and 

61. The cell was fllled with thls water. Conductlvl.tl.es were 

measured cont 1. nuous 1 y wi th the VEA. Samp 1 es were taken from 

ta11l.ng and concentrate to determlne flow rates and K+ content. 

Flrst. the effect of J (0.045, 
w 

0.066, and 0.089 cm/s) was 

determined at J of 1. 03 cm/s. Second, J was kept constant at 
9 w 

0.066 cm/s at three different Jgs (1.03, 0.78, and 0.65 cm/s). 

Feed water recovery was calculated as follows: 

+ 
At taO , Ct • Ct. and 1. t can be assumed that 

C • (0 /O).C c ac c t. 
7.16 

O.C can be calculated fro. the samples collected fro. the first 

30 second. 

o a ° -0 Ne C ac 
7.17 

0.,. • 0" - ONe 7.18 

Translent mass balance for the slurry phase: 



• 

t 

o c 

-v 
2 

f 

t = ------------ In(Q.C -(Q +Q).C) 
f f sc t t 

C 
t 

[ 

Q • e - ( 0 +Q ). C (t) ] r r sc t t 
-=1n--

0 .. e - (0 + Q ). C r r Be t r 

-t 

(V /(0 + 0 ) 
2 sc t 

- t l't' 

= In[ 

_ _ Q __ ·e ___ -_(_Q ___ +_Q __ >_.c ___ f r sc t t 

(a -Q -Q ).C 
r t s f 1 

e 

( Q _ (Q _ Q _ Q ). e -t/T 
f f t. sc 

c = C 
t f 

Q + Q 
sc t. 

and 

Q C 
8C t 

7.19 

7.20 

7.21 

7.22 

7.23 

7.24 

e = 7.25 
c 

Q + Q 
wc sc 

Feed water recovery (R
t

) 1s calculated from: 

l Q .C . dt 
c c 

R = ---------------------- 1.26 
f 

J Q • e . dt + JO. C . dt 
cet t. . 
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Estimation of the Water Flowrate Going to the Concentrate (0 ): 
c 

Some of the tests done were used to determine the amount of 

water going to the concentrate (0). 
e 

Continuous conductlvlty 

measurements were converted into average gas holdups ln the froth 

phase. The distance between the interface and the cell l1p (T) 

and between the cell IIp level and the froth surface (H) were 

measured. Tlmed samples from concentrate and talling were 

collected. For these calculations, slurry height (SH) in the cell 

was al ways kept constant (37 cm) (i.e. T 15 constant). The 

dlscharge coefficient (Kc) (Eq. 3.14). was evaluated using the 

procedure outlined in section ~ depends mainly on H and T. 

7.3 Results and DiscussIon 

7.3.1 Electrode Calibration 

AS can he seen from Figure 7.6, there 15 almost no effect of 

water height above the electrode from 1 cm up to 30 cm on 

conductivity measured. The 10n path between electrodes ls almost 

horizontal due to short dIstance between electrode plates. 

Conductl vlty measurements in different beakers. which 

contains different amount and height of water, are almost 

identlcal as shawn in Figure 7.7. 

7.3.2 Effect of Wash Water Flowrate and Temperature on Conductlvlty 

The effect of wash water on gas holdup and water balance is 

shown ln Table 7.2. Liquld content ln the froth Increases 

slgnlf1cantly with wash water addition. There ls aiso a sl1ght 
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TI" •• min 

Figure 7.6: Effect of water he1ght above the electrode box on 
conductlvlty measurements (Numbers represent water helght above 
the electrode box ln cm). 

3001r---------------------------------------------------~ 

TI. •• min 

f1gure 1.1: Effect of container slze on conductivlty 
measurements. 

a) 100 cm3 beaker 

3 
b) 250 cm 

cl 500 
3 cm 

3 
dl 10QO cm 
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1 

Increase in the l1quld content of the slurry phase with wash 

water. In the presence of wash water, upward and downward water 

superficial rates are hlgher. Wlthout wash water. there is a 

significant negatlve bias; with wash water. there is a small 

pos1ti ve bias. 

Figure 7.8 shows the conduct 1 vi ty versus t ime response curve 

for a step change in wash water addition. At the beginnlng. there 

15 no wash water addition; therefore, conductivlty 1s lowest 

(1. e. l1quid holdup 1s low). With wash water. conduct1vlty 

increases (1. e. liquid content increases). A step increa,se in 

wash water during operation leads to an additlonal increase in 

conductlvlty. The warmer the wash water, the Iower the froth 

conductlvlty. Water drainage between bubbles 1s hlgher with warm 

wash water because of decI"eased inter-bubble water viscosi ty. 

Bubble expansion (gas holdup increase) due to warm wash water also 

reduces the liquid content ln the froth (i.e. lower conductlvity). 

Correctlng conductlvlty for temperature would further Increase the 

difference between cold and warm wash water. 
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- Cold wash water 

_._. Warm wash water 

o 100 200 300 400 500 600 
TI ME (sec) 

Figure 7,8: Effect of wash water flowrate and temperature on froth 
conductlvlty (REA. average of four electrodes), 

(lines are average responses from four electrodes) 
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TABLE 7.2: Ecrect or wash water on gas hOldup and water balance. 

Ave. Reading 
c (Yo) 

0 
J (cmls) 

u 

J
d 

(cmls) 

J (cmls) 
c 

Ave. Reading 
f: (Yo) 

Q 

J (cmls) 
u 

J (cmls) 
d 

Ave. Reading 
c C%) 

9 
J (cmls) 

u 

J (cmls) 
d 

Ave. Read1ng 
f: (X) 

9 
J

t 
(cmls) 

J r (cmls) 

J =0.066 cmls J =0 c:mls 
w \If 

FT=14 cm FT=12 cmls 
SH=37 cm SH=37 cm 

ELECTRODE 4 (at the cell l1p levell 
6,48 4.25 

75.56 82.56 

0.357 0.218 

0.366 0.177 

0.057 0.041 

ELECTRODE 3 (ln the Croth phase) 
12.90 9.50 
59.39 68.91 

0.684 0.451 

0.693 0.410 

ELECTRODE 2 (at the interface) 
31.48 
45.31 

1.243 

1.252 

ELECTRODE 1 
48.03 
31.70 

0.132 

0.123 

29.00 
50.31 

1.017 

0.976 

(ln the sI urry phase) 
47.00 
31.23 

0.12 

0.123 
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- 7.3.3 Evaluation of Wash Water Distributor for Homogeneous Addition 

Effect of Wash Water Addit Ion Rate: Figure 7.9 shows conduct i vi ty 

versus time at three different wash water addition rates. 

Electrolyte was added to the wash water. The increase in 

conductivity with wash water stems both rrom the Increased liquid 

holdup and liquid conductivity ,due ta the electrolyte. Thus, the 

effect of wash water on froth conductivity Is extremely striklng. 

Conductlvity in the froth Is low and measurements rrom the four 

electrodes are quite close in the absence of wash water. When the 

wash water was introduced. froth conductlvlty slgnlClcantly 

Increased due to presence of salt ln the wash water (Test series 

1). The maximum Increase ln co nductl vit Y vas achleved at the 

highest wash water addl t Ion rate. Wlth the Intermedlate and lov 

wash water addition rates, froth conductlvlty ls lower and 

measurements spread wldely. The higher the Croth conductivlty. the 

hlgher the llquld content of Croth phase. 

The wider the conductivity measurements from four electrode •• 

the less homogeneous the water distribution ln Croth. The smoother 

the conductlvlty readlngs Crom one electrode. the more gentle the 

addition (I.e. less Croth mlxlng) and the more stable the Croth 

phase (I.e. less froth dlsturbance). 

Table 7.3 sUIIUII8J'lzes of flowrates and tracer concentrations. 

At constant reed rate and slurry helght. concentrate and tal11ng 

flowrates Increase wUh Increaslng wash water rate. 
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Figure 7.9: Effect of wash water flowrate on water distribution ln 
Denver OS cell uslng the HIA. 
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• TABLE 7.3: Errect of wash water flowrate on water distribution. 

Q 3 
(Cil /Ili n) J (cllls ) 

IN " 4378(0.046) 6378(0.066) 8636(0.089) 

Or (J t) 11420 (0.119 ) 11420 (0.119) 11420 ( O. 119) 

Oc (J ) 4941 (0.051> 6245 (0.06S) 6477 (0.067) 
c 

0t, (Jt,) 10857 (O. 112) 11553 (0.120) 13571 (0.141) 

~ -563 +133 +2159 

R (Cil) s 6 6 
T (cm) 8 8 8 
SR (cm) 37 37 37 

° 10 IN t 
0.38 0.58 0.73 

T (mln) 4.42 4.15 3.54 

Li (pplIl) 
Concentrate 107.40 114.82 
Tal11ng 27.49 33.32 
Wash water 141. 52 141. 52 

Concentrate and tal1lng Ilthlua assa~ show that the 

translent llthlW1l content of the concentrate 15 much closer ta 

that of wash water than that of talllngs. As wash water flowrate 

Increases. the l1thlU11l content ln bath the concentrate and 

tal11ng lncreases. An increase ln wash water addition rate results 

ln a decrease ln sas holdup and bubble resldenee tlme ln the 

frottl. Therefore, bubbles l'Ise auch faster ln the froth and carry 

IDOre lnter-bubble water Into the concentrate. Feed water recovery 

may then decrease or Increase dependlng on wash water. 

Errect of Alr Flowrate on Wash Water Distribution: The effect of 

air flowrate on wash water dIstrlbutlon can De seen rrOIl F1gure 

7.10 where froth conduetivlty la plotted as a funetion of UM. 

There la a. slgnlflcant Increase in conductivl ty wlth wash water 
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Figure 7.10: Effect of alr flowrate on wash water dlstrlbut 10n ln 
Denver D8 cell uslng REA located ln the mlddle of the froth (Li 
tracer ls added to wash water). 
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addition due to presence of tracer ln wash water (Test serles 2>' 

An Increase ln J from 0.78 to 1. 03 cm/s causes slgniflcant 
CJ 

variation (1. e. spreadl ln conductl vity. The h1gher the aeratlon 

rate, the less homogeneous the wash water d1strlbut 10n ln the 

froth phase. The conducti vi ty of the froth ?hase decreases because 

more slurry water 15 carried Into the froth. Slurry water 19 

combInat Ion of feed water, whlch does not contain any salt tracer, 

and sorne of the wa5h water, whlch trlckled down to the slurry. 

Thu5, slurry water penetration into froth increases wlth 

Increasing aerat ion rate, which leads to an Increased liquld 

holdup in the froth. Variations ln conductlvlty on the sarne 

horizontal plane confirm that wash water distr1bution 15 less 

homogeneous at higher J . 
w 

It appears that aerat 10n Increases 

froth mixing more than wash water. 

Average Ll concentrations of these tests are glven ln Table 

7.4. 

TABLE 7.4: Average Li assays at dlfferent air and wash water 
flowrates. 

Stream J (cm/s) J (cmls) U.(ppm) 
9 " 

Wash water 0.78 0.089 159.55 
Concentrate 0.78 0.089 129.41 
Talllng 0.78 0.089 25.29 

Wash water 1. 03 0.089 159.55 
Concentrate 1. 03 0.089 121. 53 
Talling 1. 03 0.089 31. 12 

Wash water 0.78 0.066 159.55 
Concentrate 0.78 0.066 112.87 
Talllng 0.78 0.066 24.83 

298 



1 

The tracer content of the concentrate ls much closer to wash 

water than that of ta1l1ngs. Therefore, most of" the water going 

to the concentrate should come from wash water. At constant wash 

water addition rate, an Increase in aeration rate causes an 

increased penetrat ion of slurry water into the froth. 

'7.3.4 Comparison of Wash Water Dlstrlbutors 

Water distributors can be compared by measurlng the 

conductivity as a function of time using the HEA (Test series b). 

Figure 7.11 shows the conductivlty vs tlme curves for the PPD and 

the SN at a J of 0.023 cm/s. Wlth the PPD, froth conduct 1 v1ties 
if 

are smoothly changing w!th t1me. However, the SN gives very noisy 

data due to pulsating nature of spraying operation. 

Conduct 1 vlty readings from the four electrodes are sl1ghtly 

spreaded wlth SN because of more unlform wash water addition. The 

SN can cover almost whole froth surface whl1e the PPD cannot. 

It can he concluded that addit ion of wash water by the PPD ls 

more gentle but less homogeneous than the SN, which May disturb 

the froth. The use of PPDs for thin and brittle frolhs and SNs 

for thick and persistant froths 15 advlsable. Il should be borne 

in mlnd that SNs May be easily pl ugged with rccycled water. 
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Figure 7.11: Conductl vit y versus tlme response curves ",lth HEA 
for perforated pipe dlstr1butor and spray nozzle (Li tracer ln 
wash water). 
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7.3.5 Wash Water Split 

Figure 7.12 shows typlcal translent conductivity versus time 

response curves uslng the VEA at a J of 0.045 cm/s. At the 
w 

beglnnlng of the experlments, there 1s no wash water addit Ion; 

therefore, conductivlt1es are low for electrodes 3 and 4, whlch 

are in froth. As soon as wash water wlth KCl 15 added, 

COnd\lct 1 vit y measured by electrodes 3 and 4 Increases drastically, 

while conduct 1 vi ty measured by electrode 1 ln the slurry 

Increases exponentially. The sharp conduct 1 vit Y Increase ln the 

froth ls related to suppression of slurry water, whlch does not 

contaln any KCl. The exponential Increase ln the slurry 15 due to 

the slow accumulat Ion of KCl in the slurry, whlch follows first 

order kinetlcs (time constant: MRT in the slurry). 

It also corresponds to pulp dilution ln actual flotation 

operat Ion after wash water ls 1 ntroduced. The r'esponse of 

electrode 2 could he used to control interface level. If there ls 

a sllght change in the slurry level, conductivlty changes 

Immediately in the response curve. There ls a good potential to 

monitor slurry level by th1s type of conductivlty measurements ln 

two phase systems. Sudden conductlvlty increases for elecrodes 3 

and 4 ylelds important Information regarding froth cleaning. It 

appears that conductlvlty measured by electrode 3 increases 

exponentially wlth Ume, since KCl concentration in the pulp 

Increases. Conductlvlty measured by electrode number 4 seems to be 

remaln constant w1th time, which means that the cleaning action ls 

largely taklng place below thls electrode level. 
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Wash water split at two different alr flowrates ls shawn ln 

Table 7.5. At both air flowrates. tailing and concentrate 

flowrates increase with Increaslng wash water addition rates. 

Slurry residence time decreases sllghtly with increaslng J. 
" 

Net bias flowrate (Ob) and blas ratio (Br = Qt/Qr) Increase 

wlth Increasing wash water superflclal rate. Upward water flow is 

consldered as a negatlve bias and downward water flow as a 

peslt ive bias. 

In the absence of wash water. tailing and concentrate 

flowrates are minimum and feed water penetrat ion into the froth 

and then Into the concentrate ls maximum. Minimum feed water 

penetrat lon was achieved at the intermedlate wash water rate. 

Therefore, the effect of wash water 15 conflrmed. 

Even If percent wash water recovery (R ) to the concentrate -
decreases wl th Increasing J, the amount of wash water going to 

If 

the concentrate increases. Wash water flowrate going to the slurry 

phase also Increases wlth Increaslng J. Interest Ingly, slurry 
If 

water penetration to the concentrate ls mInimum at the 

Intermediate J at both aIr flowrates. This ls why maximum gangue 
If 

reJection 15 achleved at the intermediate J's. 
If 
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Table 7.5: Effect of wash water flowrate and gas rate on wash 
water split and water balance. 

Q (J ) - loi 

cm3/mln (cm/s) 0 4359 (0.045) 6379 (Q. 066 ) 9636 (0.089) 

JQ: 0.79 cm/s 

Q (J ) 
f f 

13390 0.139 13390 0.139 13390 O. 139 13390 0.139 

Qt. (Jt.) 11286 0.118 12490 0.130 14205 0.148 15503 0.161 

Q{j) 2104 0.022 5250 0.055 5563 0.058 6523 0.068 
c c 

R 75.77 73.39 65.23 
ww 

Q (J ) 3302 0.034 4681 0.049 5175 0.054 
wc wc 

Q (J ) 1056 0.011 1697 0.018 3461 0.036 
ws ws 

Q (J ) 2104 0.022 1949 0.020 882 0.092 1348 C.014 
sc sc 

Qb(Jb) -2104 -o. 022 -892 -0.009 +815 0.008 +3661 0.038 

Br 0.84 0.93 1. 06 1. 16 
T (min) 4.25 3.84 3.38 3. la 
Q IQ 

w r 0.32 0.48 0.66 

FT (min) 12 14 14 14 
T (cm) 1 1 7 7 

3 (cm Imin) (cm/s) 4389 (0.046) 6378 (0.066) 8636 (0.099) 

Jg: 1. 03 cm/s 

Qf<Jfl 16501 0.172 16501 0.112 16501 0.172 

Q (J ) 
t t. 15437 0.161 16919 0.176 19226 0.190 

a (J ) 5453 0.057 5960 0.062 6911 0.072 
c: c: 

R 65.32 60.19 53.96 
".. 

a (J ) 2867 0.030 3839 0.040 4660 0.049 
wc wc 

a (J ) 1522 0.016 2539 0.026 3976 0.041 
ws Wfi 

a (J ) 2586 0.027 2121 0.022 2251 0.023 
sc sc 

ab(Jb ) -1064 -o. 011 +418 0.004 +1725 0.019 

Br 0.94 1. 06 1. 10 
T (m1n) 3.11 2.76 2.63 
a la w f 

0.27 0.34 0.47 

FT (cm) 14 14 14 
T (cm) 7 7 7 



1 

304 

Concentrate and ta111ng flowrates increase wl th increaslng 

air flowrate at constant T and fi. The hlgher the aerat ion rate, 

the lower the amount of wash water golng to the concentrate and 

the hlgher the wash water g01ng to the slurry. Thus. the amount of 

slurry water going to the concentrate ls hlghei' at hlgh alr 

flowrates for a constant J. Lower Q at lower aeratlon rate 15 
If Ile 

related to a hlgher Cl IQ ratl0 and a hlgher net blas flowrate _ t 

(Q ). Bias rat 10 appears ta be slllilar for bath feed flowrates. 
b 

+ Figure 7. 13 shows K concentration versus Ume at three 

different wash water addit ion rates. K+ content of concentrate and 

taillng incr~ases with increasing wash water addit10n rate at the 

beginnlng of experl.ments (1. e. transient response). The tracer 

concentration of the concentrate 19 much Mgher than that of 

ta1l1ng. T1o,ere ls a very good agreell8nt between predlcted tracer 

contents froll Eqs. 7.10 and 7. 12 and experlmentally measured 

tracer contents for all water flowrates. 

Calculated fractlonal tracer or wash water recoverles versus 

tl .. are shown ln Figure 7.14. The lower the wash water add1tion 

rate, the hlgher the wash wahl' recovery. As tlme Increases. wash 

wahl' recovery approaches a constant value (1. e. system reaches to 

a steady-state condition).. which Is the actual wash water recovery 

ln the concentrate. In plant operation, this corresponds to 

dilution of cell content wlth wash water. Artel' a certain tlme, 

whlch depends on operatlng cond1tions, dllutlon becomes negllglble 

and the syste. reaches steady-state. In pl lot-plant scale tests. 
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1 t wu impossible to reach actual steady-state condit 10n even "'1 th 

the 200 L feed tank used ln thls study. Therefore, resui ts 81 ven 

here are the translent responses of the system. 

7.3.8 Effect of Wash Water on Slurry Water ReJectlon Uslng the VEA 

A typlc90l conductlvity versus tilDe response curve ls shown ln 

Flgure 1.15, for an impulse tracer addition ln the slurry phase. 

The response of el ectl'ode 1 shows a perfectl y mlxed sI urry phase 

wl th respect to l1quid phase. Electrode 2 shows a sim! \ar 

response. Electrodes 3 and 4 are in the middle and top of the 

froth phase, and show on1y a very sllght Increase ln conductlvity 

artel' tracer introduction (Test series 5). Slurry water 

penetration Into the froth Is very s1Da11. 

Figures 1.1690 and 16b show conductlvlty versus time responses 

for foW" dlfferent J s for the concentrate and tall1ng streus. 
w 

For these tests, Wlfortunately, the sens1tlvlty wu very 

poor, as the mass of tracer added was insufficient ta yield 

large conductivity increases. Tailing conductivity decreases 

exponent 19011y wl th t ime. W\ thout wash water addl t 10n, the 

conductlvlty decreases slowly due to a hlgh resldence tlme (l.e. 

talllna flowrate ls lower). The fastest decrease ln conductlvlty 

(Le. fastest reJectlon of s1urry water) was achleved wlth the 

lntermediate wash water addl t lon rate. As can be se~n rrom FIgure 

7.l6b. maximUJII conductlvlty was achleved wlthout wash water 

addl Uan ln the concentr9ote. The ma.xlaua tracer (s1urry water) 

recovery ls oDt9olned ln the absence of wash water. The lowest 

conductlvlty values were measured at the Intermedlate J . At lov 
w 
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Figure 7.15: Conductivl ty versus t lme with the KEA ln the impulse 
test. 
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and hlgh J s, the conducti vi ty 19 sllghtly hlgher than the 
w 

lntermedlate J , but slgnlflcant ly lower than wl thout wash water. 
w 

7.3.7 Effect of Wash Water and Air Flowrates on Feed Water 
ReJectlon 

A plot of feed water recovery versus J at three dlfferent 
III 

J 's ls glven ln Figure 7.11 (Test series 6). Feed water recovery 
9 

decreases with increaslng J . , 
w 

artel' reaching a minimum, it 

lncreases agaln wlth lncreaslng J . Gangue recovery 15 minimum at 
w 

the intermedlate J. The lower the J, the lower the feed water 
w 9 

recovery to the concentrate. In the absence of wash water, the 

feed water penetration ls always hlgher. 

Table 7.6 shows the average conductl vit y readlngs for sorne 

experlments: 

Table 7.6: Conductlvlty readings usl.ng the VEA at dlfferent wash 
water and gas rates. 

Electrode 
J J 1 2 3 4 

If Q 

0.045 1. 03 64.00 20.13 14.54 S. 13 
0.066 1. 03 62.52 19.16 12.25 4.82 
0.089 1. 03 59.80 18.00 14.55 5.63 
0.066 0.18 63.16 11.71 11. 81 3.62 
0.066 0.65 64.96 16.06 10.94 2.35 

At c~nstant J , the conductlvlty measured by electrodes 1 and 
Q 

2 decreases wlth Increasing J, whlch dllutes the pulp tracer 
w 

content. The minimum conductlvlty, which corresponds to the lowest 

feed water penetratIon. was measured ln the froth at the 

lntermediate J . 
If 
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At constant J , the hlgher the J , the lower the conductlvlty 
If 9 

in the slurry phase because of lncreased gas holdup. However, the 

appas! te was observed ln the froth, due ta Increased feed water 

entralnment with increasing J s: at the 1nterface, the same effect 
9 

i5 felt, but to a lesser extent. 

Figure 7. 18 shows concentrate and tal11 ng K+ concentration 

as a funct 10n of tlme at three dlfferent J 's. Full Unes were 
If 

calculated from Eqs. 7.24 and 7.26. Slurry water dilution by wash 

water occurs very fast at the beginning of the experlment and 15 

then more progressl ve. The hlgher the J. the lower the tracer 
w 

concentrat ion ln the concentrate and taili ng. The agreement 

between calculated and experlmentally measured tracer 

concentrations ts very good. 

7.3.8 Estimation of Water Recovery (0 ) in the Pilot-Plant Cell 
c 

At constant SH and T. K ls constant 
c 

and J can be 
c 

determlned from the weir equation (3.14) by measuring H and rI' 

obtalned from conductlvlty measurements. 

For the pilot-plant scale cell. K determlned from the slope 
c 

of Oc versus WH1.s. r l was 0.0125. Figure 7.19 shows experlmentally 

measured versus predlcted J s. There ls aga!n a reasonably good 
c 

agreement between experlmental and predlcted J s wi thln a ;15% 
c 

error 11mlt. A similar agreement was obtalned for the laboratory 

cell in Chapter 3. 
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4. Conclusions 

a. Wash water slgnificantly Increases liquld content of the Croth 

phase. The warmer the wash water. the hlgher the l1quid drainage 

in the froth phase. Warm wash water decreases gangue entrairunent 

more than cold wash water due to increased inter-bubble water 

mobill. ty. 

b. Measurements with the REA revealed that froth co nducti vi ty 

increases wlth increaslng J due to an Increased l1quld content in 
If 

the froth phase and more homogeneous wash water distributIon. 

c. At constant J, Increasing J Increases 1Iquid content ln the 
If 9 

froth and yields a less homogeneous wash water distribution. 

d. The HEA can be used t 0 compare on-line wash water 

dlstrlbutors and monitor froth washing efflclency. NoIse ln 

conductivlty readlngs are due to froth disturbances. 

e. Slurry water penetration Into the froth and then into the 

concentrate is minimum at the intermedlate J. The hlgher the J • 
If If 

the higher the amount of wash water going ta the concentrate and 

slurry. Increaslng J at constant FT and J leads to significantly 
9 If 

higher feed water recovery ln the concentrate. 

C. Impulse tracer tests verifled that slurry watel' reJectlon ls 

maximum at intermediate J (0.05-0.07 cm/sl and minimum in the 
If 

absence of wash water. 
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g. Translent tracer concentrations ln the tal11ng and concentrate 

can be predicted by Eqs. 7-10 and 1-12, and 7-24 and 1-25 for 

tracer tests. 

1. Water l"ecovery ln the pilot-plant cells can be predlcted 

reasonably well wi th the weil" Eq. 3.14. 

c ) must be determlned exper1mentally. 
9 

Two parameters (K and 
c 
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CHAPTER 8 

LABORATORY AND PILOT -SC ALE FLOTATION TESTS 

WITH THE STRATHCONA Cu-Ni ORE TO ASSESS THE POTENTIAL 

OF WASH WATER ADDITION IN MECHANICAL FLOTATION CELLS 
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• Introduction 

In previous chapters. laboratory scale results uslng pure 

gangue were reported. Successful cleanlng of froth by wash water 

addl tion improved the flotatlon process and reduced gangue 

entrainment up to SOX. 

This chapter assesses the potentlal of wash water addition ln 

laboratory and pilot-plant scale mechanlcal flotatlon cells uslng 

the Stl"athcona Cu-Ni Ol"e. Results will be used ta select the 

plant stream Most llkely to respond ta froth washlng. 

a.1. Deflnlng the Problem 

One of the major problems for the 5trathcona concentrator 

appears to be the separation efflclency between CU/Po, Nl/Po, and 

Ni/Cu. It is expected that even small Improvements ln separatIon 

efflclencles would generate signlflcant savlngs. 

Concern for the envil'onment as a resul t of damage caused by 

ac1d rain has focussed a lot of attention on the 50 emlssions; 
2 

governmental regulatlons are Increaslngly stl"l.cter. Reduction of 

502 emlss10ns from the smelter can be prlmarlly achleved by 

reJecting more pyrrhotite (Po) to the mill tal11ngs. Non-sulflde 

gangue reductlon 1s aiso important. The cost of addltlonal nickel 

losses 1s then partially offset by savings ln smelting costs. 
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8.1.1 Geology of the Ore Body 

The Cu-Ni deposi ts of the Sudbury basin ln north-eastern 

Ontario represent the largest single source of NI ln the world as 

well as being one of the richest complex suifide ore bodies. 

Besides Cu and Ni, the ore also contains slgniflcant amounts of 

cobalt and precious metals and Is the largest source of platinum 

in the Western hemisphere outside of South Africa. The Cu and Ni 

sulfides represent only one quarter of the total sulfides present; 

the balance consists of nickelliferrous Po, whlch contains 12r. of 

the total Ni and about 75% of the total sulfur in the ore. 

8.1.2 Falconbridge's Nickel Operations in Sudbury 

Ore extracted from fi ve mines in the Sudbury area contains 

between 1 and 2% Ni and 0.8 and l.lr. Cu. The Strathcona mi Il 

processes a Cu-Ni sulfide ore whose major mineraI constituents are 

glven below. 

Prlmary MineraIs: 

PentlandHe 

Chalcopyrl te 

Nlckelilferrous Pyrrhotlte 

contains 0.2 to 1.2r. Ni 

(Fe, NUs,Sa 
CuFeS

2 
(Fe

7
Sa) 

monoclinic pyrrhotite (magnetlc)-------magnetic separation 
hexagonal pyrrhotlte (non magnetic)----floats weIl in natural pH 

Pyrite FeS
2 

Secondary MineraIs: 

Cobalt, selenium, s11ver, platlnum. palladium, rhodlum, iridium. 
and ruthenlum. 

Cangue MineraIs: 

Feldspar, quartz, mlca. talc, and chlorlte. 
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Al! these may occur as dlssemlnations ln the host rock. as 

strlngers, or as massive sulfldes wlth varylng amounts of rock 

inclus10ns. 

8.1.3 Strathcona M111 

The Strathcona mill flowsheet 1s shown in Figure 8.1. 

It consists of three separate grinding circuits. feedlng two 

flotat1on c ircui ts. Each flotat 10n circuit treats approximate ly 

4100 ton per day. The crushlng, concentrator. and ta1l1ng f11l 

plants are operated from one central control room maklng use of 

numerous sensors and actuators. an X-ray fluorescence analyzer, 

and an on-11ne digital computer. 

Ore 1s ground to 60% -74 Ilm (200 mesh) to achleve 

l1beration. A simpl1fied flotation flowsheet ls shawn in Figure 

8.2. In thls operation, a buik Cu-NI concentrate is obtalned from 

the primary rougher circui t using 14 g/t (0.031 Ibs/t) Dowfroth 

250 and 25 g/t (0.056 Ibs/t) NaIPX at a pH of 9.2 adJusted wl th 

lime. The main objective ls to recover a good bulk Cu-NI 

concentrate, and 1eave as much Po behtnd as possible. 

The Cu-NI concentrate is separated into Cu and Nl 

concentrates by floating the Cu mineraIs. whlle depressing Ni and 

Iron sulfides with lime at a pH of 12 and small amounts of 

cyanlde. The Cu cleaner circuit produces a final Cu concentrate 

at 29-30% Cu. The NI content should be less than 0.6%. and there 

should be virtual1y no Po. 
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t The primary rougher tails are floated for Nl ln the secondary 

rougher clrcul t at a pH of 9.2, Its concentrate, whlch should 

contaln Ilttle Cu and Po, ls combined wlth the Cu rougher taUs 

and shlpped to the Falconbridge smelter by truck, &fter thickenlng. 

The secondary rougher tai 1 s are 5cavenged for nlcke 111 ferrous 

Po at a pH of B,2 adjusted by H
2
SO., In th1s circuit Po is 

act 1 vated by CuSO. 
4 

banks. each wlth 

The scavenger concentrate 15 fed to two 

1000 gauss Eriez magnetic separators 

(o. 9m·1. 8m), The magnetic product 15 reground to 80Y. -45J,Lm (325 

mesh) and then floated in the mag circuit. The concentrate 15 

combined with the Cu-Ni concentrate and the talls are discarded. 

The non-magnetic fraction ls first thlckened and then 

floated ta recover nlckelliferrous Po at a pH of 8.2 using NaIPX; 

the taU s are sent to the backflll plant. The non-magnetlc 

circuit contains large amounts of easily floatlng gangue 

part icles, some of which are recovered into the non-magnet lc 

concentrate, 

8.2 Experimental 

8.2. 1 Set-up 

In thls study. a laboratory scale flotat ion cell (6.5 L), 

a flotatlon column (2.3 L). and a pilot-plant scale flotatlon celi 

(65 L) were used to evaluate the potentlal of wash water addition 

for the Strathcona mill. Experimental conditions are summarized ln 

Table 8.1. 
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1 
TABLE 8.1: Operating conditions of the flotatlon cells, and column. 

LABORATORY FLOTATION MACHINE 

Mactllne 
Cell 
FT 
SH 
RPM 
J 

9 
J 

If 

Distrlbutor 

Modlfled Denver Dl 
Plexlglass, (15*15*32 cm) 
4 cm 
30 cm 
1500 
0.6 cm/s 

a - 0.11 cm/s 

Spiral 

LABORATORY FLOT AT ION COLUMN 

Column 
FT 
SH 
J 

9 
J 

If 

Sparger 
Dlstrl butor 

Plexiglass, (dia: 3.81 cm; helght: 200 cm) 
30 cm 
170 cm 
1. 2 cm/s 

0.8 cm/s 

Ceramlc 
C!.rcular copper pIpe 

PILOT-PLANT SC ALE FLOT AT ION MACHINE 

Machine 
Cell 
FT 
SH 
RPM 
J 

9 
J 

If 

Di str l butor 

8.2.2 Samples 

Denver 08 
Plexiglass, (40*40*45 cm) 
9 - 15 cm 
37 cm 
600 rpm 
1. 03 cm/s 

o - 0.089 cm/s 

Perforated pipe and/or srray nozzle 

For thls study, four dlfferent samples were provlded by 

Falconbrldge's Strathcona mil! (see Figure 8.2). 

a. Prlmary rougher concentrate (PRe) 
(comblned concentrate from first 2 banks A, B, C, and 0 r~ws at 
#5 surge tank) 

b. Comblned (final) Ni concentrate (CNC of FNC) 
(14 thlckener VIF going to '13 tank) 

c. Final tails (FT) 
(cyclone O/F) 
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d. Cu rougher concentrate (CRe) 

Samples were recelved from the Strathcona concentrator ln 

palls. Wet samples were kept ln closed double-plastic bags to 

mlnimize the oxldat ion of Pe, whlch happens easlly oxldlze ln air. 

Before each laboratory test, the requlred mass of feed was drled 

ln the aven and then repulped ta the deslred densi ty. For the 

p1lot-plant scale tests, the copper rougher concentrate sample as 

recelved was well agitated and then split in two, ta be used for 

two test ::,eries; before each series. percent soUds was adJusted 

ln the feed tank. 

Samples were assayed by the Metallurglcal Technology Centre 

(M'rC) of Falconbridge. Ni, Cu, S, and Gn assays of' the feed 

samples are given in Table 8.2. 

Elemental grades were converted into mineral grades using the 

f0110w1ng empirlcal equatlons developed at Falconbrldge: 

= 2.8·N1(~) - 0.045 (S(X) - Cu(X» Pentlandi te 
Pyrrhotite 
Chalcopyrite 
Nonsulfide Gangue 

= 2.55*S(Yo) - 2.58·Cu(X) - 2. 33·Nl 00 
= 2.9·Cu(Yo) 
= 100 - (pent. + chalco. + pyrrho.) 

The partlcle size distributions and sample densltles used ln 

thls study were determined uslng a cycloslzer and a null 

picnometer. respect i vely; they are shawn ln Table 8.3. 
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TABLE 8.2: Nl, Cu, and S assays of feed sampl.s. 

Nl (Yo) Cu(Yo) S(Y.) Gn(Yo) 

Prlmary Rougher Conc. (PRe) 12.3 10.4 31. 2 12.3 
12.1 10.4 30.1 15.1 

Comblned Ni Cone. 6.9 1.2 25.0 33.7 
(CNC of FNC) 6.5 0.8 26.6 30.1 

Cu Rougher Cone. 3.0 22.8 29.4 16.6 
(CRC) 3.0 22.6 29.1 17.4 

Final Tails (FT) 0.2 0.1 0.6 98.4 

Artiflelal Mixture (cale.) 10.1 8.5 25.6 27.9 
Artlfleial Mixture (exp. ) 11. 4 8.7 25.5 27.6 

(PRC + FT) 

Artlfleial Mixture (exp. ) 10.4 8.8 23.3 28.6 
(PRC + FT) 
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TABLE 8.3: Partlcle size distributIon and denslty of the samples 
used. 

Size (~m) r. retalned r. finer 

Pl"lmary Rougher Concentrate (PRe) 

+ 34.7 
- 34.7 + 21.5 
- 21. 5 + 14.9 
- 14.9 + 10.1 
- 10. 1 + 7.3 
- 7.3 

17.42 
27.40 
12.98 
9.68 
6.28 

26.24 

Comblned Ni 

+ 37.1 
- 37. 1 ... 22.9 
- 22.9 ... 16.1 
- 16. 1 + 10.8 
-10.7+ 7.8 
- 7.5 

+ 39.6 
- 39.6 + 24.5 
- 24.5 + 17.1 
- 17.1'" 11.5 
- 11.5'" 8.4 
- 8.4 

8.2.3 Test Procedure 

19.74 
26.40 
10.68 
8.02 
5.40 

29.76 

Final 

2.88 
3.83 

10.83 
17.03 
13.53 
51. 90 

8.2.3. 1 Laboratory Scale Tests 

82.58 
55.18 
42.20 
32.52 
26.24 

Concentl"ate (CNC) 

80.26 
53.86 
43.18 
35.16 
29.76 

tails (FT) 

97.12 
93.29 
82.46 
65.43 
51. 90 

4.18 

3.87 

3.50 

Two different types of experlments were performed using six 

dlfferent samples: 

a. determlne the effect of superflclal wash water rate on overall 
metallurglcal performance at constant feed rate; the talls 
flowrate was used to keep slurry level constant. 

b. generate grade-I"ecovery curves by changlng res Idence t Ime at 
constant wash watel" rate; slurry level was controlled by feed 
rate. 
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Table 8.4 shows the experlmental cand1 t 10ns for test 1 to 4. 

In test 1. the effect of wash water superflclal rate and wash 

water temperature on overall metallurg1cal perf\Jrmance was 

determ1ned us1ng the art 1f1c1al mixture of prlmary rougher 

concentrate and final talls with the laboratory flotation cell. 

The main obJect ive was ta understand better the effect of 

wash water on the notation behaviour of each individual mineral. 

Experiments were started wl thout wash water addl t 10n. then wash 

water flow rate increased to the desired level. Tlmed 

concentrate and talling samples were collected to determlne 

grade and recovery of each mineraI. None of the mineraIs were 

depressed in these tests. as the main objective of the 

corresponding plant stage i5 to achieve a good bulk Cu-Ni 

flotation. 

In test 2, grade-recover'y curves were determlned wl th and 

wlthout wash water ln the laboratory cell and compared with the 

Iabaratary flotation column us1ng the artlflc1al mlxture. The main 

obJecti ve of th!s compar ison 15 to evaluate the performance of 

units ln parallel for dlfferent mineraIs. For each uni t. the best 

operatlng conditions were used (1. e. J , J , 
Q loi 

FT, etc). 

Ume can be Increased by decreaslng talling flowrate. 

Residence 

Slnce the 

slurry levei was kept constant and adJusted by feed flowrate, an 

Increase ln residence tlme requlred a reductlon ln feed flowrate. 

SoUd and water recoverles Increase wlth Increaslng resldence 

lime ln the cell. 
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TABLE 8.4: Experimental conditions for laboratory tests (1-4). 

Sample 
Percent Sol id 
pH 
J 

9 
FT 
Frother 
Collecter 
T 

pulp 

Tww 

Sample 
Percent SoUd 
pH 
J 

9 
J 

w 
fT 
Collector 
Frother 

Sample 
Percent Sol id 
pH 
J 

9 
J 

w 
fT 
SH 
Collector 
Frnther 

S2\mple 
Percent So11d 
pH 
J 

(J 

J 
w 

fT 
SH 
Collector 
Frother 

TEST 1 

4.5 kg PRC + 1 kS FNC 
10X 
9.2 wlth lime 
0.6 cm/s 

4 cm 
14 s/t Dowfroth 250 
25 s/t NaIPX. 

23°C 
o 0 

: 23 C and 45 C 

TEST 2 

2.25 kg PRC + 0.5 kg FNC 
5.2X 
9.2 
0.6 cm/s 

0.04 cm/s 

4 cm 
25 g/t NaIPX 
14 S/t Dowfroth 250 

FNC 
5X 
9 - 9.2 
0.6 cm/s 

o - 0.076 cmls 

4 cm 
30 cm 
25 S/t NaIPX 

TEST 3 

14 g/t Dowfroth 250 

FNC 
5X 
9 - 9.2 
0.6 cm/s 

0.05 cm/s 

4 cm 
30 cm 
25 g/t NaIPX 

TEST 4 

14 g/t Dowfroth 250 
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The effect of J on final Nl concentrate flotatlon W8.S 
w 

Invest Igated at constant feed flowrate (Test 3). pH was 9.2 to 

favour Pe flotation. In test 4, The grade-recovery curve was 

determined using the fInal Ni concentrate as feed. 

8.2.3.2 Pilot-Plant Scale Tests 

The effect of wash water was Investlgated using PRe, CRe, and 

FNC as feed. Experimental conditlons are summarlzed for test 

series 5 to 8 ln Table 8.5. Percent sollds were much lower than 

the correspond1ng plant operat 10n. In test 9, the effect of 

superficlai wash water rate on gangue recovery was determlned 

uslng sillca flour. 
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TABLE 8.5: CondItIons for pilot-plant test serIes 5 to 9. 

Sample 
Percent Sol1d: 
pH 
J 

q 

FT 
Collector 
Frother 
Depressant 

28.5 kg PRe 
7.2% 

TEST 5 

12.19 wlth lime (sample as received 7.2) 
1.03 cmls 

9 cm 
25 g/t NaIPX 
14 g/t Dowfroth 250 
350 g/t NaCN 

TEST 6 
CRe Sample 

Percent 
pH 

Solid: 8. 9~ 
11. 8 

J 
9 

FT 
Frother 

Sarnple 
Percent SoUd: 
pH 
J 

9 

FT 

1.03 cmls 

15 cm 
14 g/t Dowfroth 250 

CRe 
14.68Y. 
11. 8 
1.03 cmls 

15 cm 

TEST 7 

Frother no 

TEST 8 
FNC Sample 

Percent 
pH 

Solld: 5Y. 

J 
q 

FT 
Collector 
Frother 

9.2 with lime (sample as received 8.3) 
1.03 cmls 

12 cm 
25 g/t NaIPX 
28 g/t Dowfroth 250 

TEST 9 
s1l1ca flour Sample 

Percent 
J 

sol id: 10~ 

q 

J 
w 

FT 
Frothel" 

1.03 cmls 

o - 0.09 cmls 

9 cm 
10 ppm Dowfroth 250 
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8.3 Results and Discussion 

8.3.1 Laboratory Scale Tests 

Table 8.6 shows the effect of wash water on metallurglcal 

performance for test 1. Without wash water addH Ion, Ni and Cu 

recoveries are very low. The concentrate NI grade ls lower than 

the feed; however, the Cu grade ls almost doubled. Wash water 

slgnlficantly inerease5 NI, Cu, and Po recoverles, whleh 

Indicates that all sulfides are hydrophobie, but gangue 15 not. 

Despl te a decrease in residence t ime wl th Inereaslng wash water, 

recovery increases due to froth stabll1zatlon. The overall effect 

ls an increase in Ni and Po grade, a sllght decrease ln Cu grade 

and a signiflcant drop in non-sulfide gangue content. The gangue 

prof! le confirms the previous ro;c;ults. In these tests, the main 

obJectlve ls to achleve good bulk Ni-Cu flotatlon --1.e. good Ni 

and Cu recovery. 8ulk NI-Cu recovery slgnlflcantly increases wlth 

wash water additIon. 

Table 8.7 shows the effect of superficial wash water rate 

and temperature. In the absence of wash water, Ni and Cu 

recoveries are agaln very low; Cu grade ls maximum and NI grade 

minimum. The recovery of pentlandite almost triples wlth wash 

water addition; that of chalcopyrite more than doubles. The net 

effect ls a slight increase in the concentrate Ni grade and a 

sllght decrease ln Cu grade. Gangue recovery ls halved wlth wash 

waler. The effect of wash water flowr~le 15 small between 0.076 

and O. 110 cm/s; the hlgher rate would not he at tracti ve, because 

of the increased water requlrement and slurry dilution. The 
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.creot oC wash water temperature 15 aiso small: warm water 

slightly increases the recovery of all hydrophobie speeles. 

Heatlng wash water i5 not attractive for thls feed. 

TABLE 8.6: Effect of wash water addition on metallurgleal 
performance. (Po: pyrrhot lte, Gn: non-sul Ci de gangue). 

GRADE RECOVERY 
J Ni Cu Po Pe Ch Po Gn 

w 

cm/s 00 (X) (X) (X) (X) ( ~) (X) 

FEED (cale) 10.1 8.5 19.9 

Conc. 0 9.9 11.4 17.8 24.0 44.0 21. 0 5.1 
Conc. 0.061 12.0 15.3 19 5 35.5 59.0 32.5 2.7 
Conc. 0.076 12.9 14.5 20.2 49.0 68.5 46.0 2.5 
Cone. 0.110 13.2 13.6 20.8 51.0 69.0 47.0 4.1 

TABLE 8.7: Effect of wash water addition rate and temperature on 
(c: 

0 

metallurgical performance. co ld wash water 23 C, '01: warm wash 
0 

water 45 C, Tpulp: 23 oC). 

GRADE RECOVERY 
J Ni Cu Po Pe Ch Po Gn 

w 

cmls (~) (X) (X) (X) (X) (X) (X) 

FEED (exp) 11. 4 8. 7 16.0 

Cone. 0 9.5 18.5 16.8 15.0 30.5 14.0 5.0 
Conc. 0.076e 12.9 15.1 16.9 41.0 57.0 34.5 2.1 
Cone. 0.076'01 11. 5 16.6 17.7 42.0 61. 0 38.5 2.1 
Cone. O.llOe 13. 1 14.8 18.7 43.0 62.0 38.5 1.9 

The 10'01 Cu and Ni )'ecoveries are due to a 10'01 resldence Ume 

in a single flotation cel! --1. e. w!th much short-circui t Ing. The 

amount of soUd and water going to the concentrate increases with .. 
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lncreasing wash water addition rate, which leacls to an 1ncreased 

recovery, despite the lower resldence time. Percent solids ln the 

concentrate and talllng are lower with wash water (Table 8.8). 

Figure 8.3 shows Ni and Cu grade-recovery curves aiong with 

Pe and Po/Gn recoveries with and without wash water. Wash water 

increased bath the Ni and Cu recoverles at a higher Ni and lower 

Cu grade. In the Insert recovery-recovery graph, the diagonal 

11ne shows no separat ion between species. Slnce the Po data 

points show little separation, either there 19 a locklng or 

select 1 vlty problem. Gn ls malnly free due ta the presence of 

artlflclally mlxed final tails. 

TABLE 8.8: Effect of wash water on slurry resldence Ume (T), % 
solld and solld and water recoverles. 

CONCENTRA TE 
J T % sollds rec. water rec. 

w 

cmls min Cone. Ta il (Yo) (Yo) 

Feed 10 

0.000 2.86 39.5 8.0 15.0 4.0 
0.061 2.60 25.0 6.0 31. 5 11. 5 
0.076c 2.58 18.8 5.5 41. 0 16.3 
0.076w 2.38 15.5 4.5 38.5 9.5 
0.110c 2.37 15.5 4.5 42.7 17.0 
0.110w 2.28 12.0 3.7 39.5 12.0 

Figures 8.4a and 4b show grade-recovery curves for the 

laboratory column and cell with and wlthout wash water addition 

for test 3. Cu and Ni grade-recoveI'Y curves are gl ven ln Figure 

8.4a. The best Cu grac!e-recovery curve was abtalned wl th the 
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laboratory cell ln the absence of wash water addition. With wash 

water, perf'ormance wa.s sllght ly poorer because wash water floats 

Pe-Po and lowers Cu grade. Column flotation ylelded the worst 

perf'ormance for Cu in these particular tests. However, a better 

grade-recovery curve was obtalned w1 th the column for Ni. The 

laboratory cell without wash water gave the ",orst grade-recClvery 

curve for Ni. Addl t ion of wash water improved Ni grade and 

recovery at the expense of the Cu grade. It ls qulte possible 

that differences in hydrodynamies cause the column to be less 

selective: better froth reeovery or lower detachment from bubbles 

for weakly hydrophobie particles (I.e. pyrrhotlte). The net 

result is that the eolumn yields much faster flotatlon rates, but 

with decreased select ivity. The performance of the cell wlth 

washed froth ls intermedlate between that of the cell wlthout wash 

water and the column. This suggests that the main dlfferences 

are ln the froth, rather than the slurry phase. 

In flotatlon, grade and recovery are slgnlflcantly dependent 

on resldence time in the cell. Residence times were varied from 

3.9 to 9.1 min wlthout wash water, from 2.8 to 10.2 min with wash 

water, and 1. 3 to 2.8 min for column flotation (hlgher resldence 

times could not be achleved due ta the column height). Figures 

a.Sa, b, c, and d show the effect of pulp resldence time in the 

cell and column on mineraI recoveries. All data points were 

plotted and stralght llnes were drawn using l1near regresslon. 

Cu, Ni, and Po do not behave much dlfferent ly ln the three 

systems: gangue does. 

336 



t 

--------------------................. ...... 
lœ'~--------~----__ --____________ ~ 

ai III 
-'lU 

>-l1li 
~~ • • 

0'" ./ o Il .tif. 

• ..IiIII"ftrJ .1 ... 

• lÂII'Wt.rf .11 '1 UI ft 

CI ,~ ail '1tNu\ ft 

20'" ;' .~........., Clii olU'l ft ~ Ztlwt . 
O:::J j' CI ~~ ciii oltftaut ft .. 

10 l " ID 

....... 

1 1 

O--------------------------~------ O~~--~,----~------~,-------------o 5 9 12 0 3 5 9 

RESIDENCE Th1E (mil) 

• 
RESIDENCE TNE (nil) 

b 

,2 

lœ~--------~--------------------~ m~------------------~--------__ ~ 
iD 

al III -
.1.......,.1_ 

• • LaIIrftry ail .IUI ft 

a ......., ail 'Iu..t ft 

O~----_r----~~----~----~----~ a~----_r----~------~----~----~ a 8 _ • 12 

RESŒNCE TM: (m) 
o 

o :1 • • IZ 

RESŒNCE TM: (m) 
d 

Ftaure 8. 8: Rtcove~ ve ... ua re.ldene. U .. for Cu. Nl. Po. and en 
ua1na artlflclal alxture ... ple for laborator~ cell and coluan. 



1 

Flotatlon coiumn recoverles for Cu, Nl, and Po sharply 

lncrease with Increaslng resldence Ume. In the mechanlcal cell, 

Increases ln recovery are more graduai. because of slower 

flotat1on klnettcs. 

Figure 8.5d clearly shows that cleanlng (t. e. gangue 

reJection) 15 more effect! ve ln the cell wlth wash water than ln 

the column. This result ls surprlslng. as the column would be 

expected to outperform the mechanlcal cell. even wlth wash water. 

This suggests that elther gangue has sorne resldual hydrophoblclty, 

or that the qUiescent environment of the column does not achieve 

full dispersion. 

The effect of resldence time on Ni and Cu grades 15 given in 

Figures 8.6a and b. It 15 most important ln the flotatlon 

column: Ni grade Increases and copper grade decreases sharply wlth 

lncreasing residence Ume. In the ceil. resldence tlme has llttle 

effect on nickel grades. Higher Nt grades were obtained with wash 

water. Coppel' grades decrease wlth tncreaslng resldence time. but 

to a lesser extent than in the co 1 urnn. This ls largely due to an 

increase ln Po recovery. 

Figure 8.7a shows the Cu recovery versus Ni recovery for the 

laboratory ceIl and column. The laboratory cell performs a 

better Cu-Ni separatlon than the laboratory column. The best 

Cu-Ni separation (1.e. selectlvlty) occurred wlthout water 

addition ln the laboratory cell. 
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A plot of Cu recovery vs. Po recovery 19 gl ven ln Figure 

8.7b. At lower recoverles « 50X). the worst Cu-Po separation was 

obtained with the flotation column and the best wl th the 

laboratory cell in the absence of wash water. Figure 8.7e shows 

there ls almost no NI-Po separation. The performance of the three 

units appears nearly Indlstlnguishable. 

Effect of Wash Water on Final Ni Concentrate Flotatlon: Table 8.9 

shows Ni grade and recovery inerease wlth increaslng J from 0 to 
loi 

0.076 cmls (Test 4), The Cu content of Ni concentrate ls lower 

wlth wash water than without 1t. Ch, Po, and Gn concentrate 

contaminat 10n Increases wl th Increaslng Ni grade and reeovery. 

Here the dominant effect of wash water ls to stabllize froth and 

increase recovery of aIl specles. In these test series, gangue 

recovery Is very hlgh. presumably due to Pe-Gn locklng. Final Nt 

concentrate should not contain much free gangue. ReJect ion of 

locked gangue seems to be dlfficul t. Ch recovery ls lower than 

that of other specles, possibly because lt ls partlally 

deact 1 vated. 

TABLE 8.9: Effect of wash water addltion rate on Final Ni 
concentrate flotation (Test 4). 

GRADE 
cane, 

J Ni Cu 
loi 

(cm/s) (X) (X) 

FEED 6.69 1. 22 

a 7.01 1. 01 
0.050 7.72 0.85 
0.061 8.03 0.89 
0.076 8.05 0.94 

Pe 

(Y. ) 

35.2 
46.7 
50.0 
52.7 

R ECO VER Y 
concentrate 

Ch Po 

(X) 00 

25.4 
23.6 
27.2 
31.5 

32.3 
3f.:.7 
40.4 
47, '8 

Gn 

(X) 

36.5 
45.1 
49.3 
58.6 
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Figure 8.8 compares the grade-recovery curves w1th and 

wlthout wash water us1ng the final Ni concentrate (Test 5). It ls 

possible to achleve a better grade-recovery curve wlth wash water. 

Cu contaminat ion of the Ni concentrate ls lower wi th wash water. 

As can be seen from the bottom graph, Gn and Po behave l1ke Pe, 

suggesting that it 19 not fully llberated. However, the behaviour 

of Ch ls dlfferent maybe largely due to a good liberatlon and pH 

effect. 

8.3.2 Pilot-Plant Scale Tests 

The effect of J on gangue recovery was determlned at four 
w 

dlfferent J using si l1ea flour (Test 9). Figure 8.9 shows that 
w 

gangue recovery is minimum at an intermediate J; il 15 higher 
w 

wlthout water or high J . The optimum wash water addition rate 15 
w 

around 0.07 cm/s, slmilar to the optimum J round for laboratory 
w 

scale flotatlon cell. 

Effect of Wash Water Addition Rate on the Primary Rougher 

Concentrate Fletatlen: The primary roughers produce a bulk Cu-Ni 

concentrate. This product was floated w!th and without wash 

water addit ion te characterlze the Cu Rougher circuit where the 

main objective is Cu and Ni separation. Ni and Po are depressed 

with NaCN at a pH of 12 while Cu is select i vely floated. Slnce 

the Cu rougher talls 15 sent directly to the smelter as a Cu-Ni 

coneentrate. Pe recovery must be mlnlmlzed ln the bulk 

eoncentrate. The Cu rougher concentrate 15 cleaned ln the Cu 

cleaner circuit to produce a final Cu concentrate at 29~ Cu. less 
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final Ni concentrate flotat ion wl th and wl thout wash water 
addition ln laboratory cell. 
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than O.Sr. Ni and vlrtually no Po. Therefore, Cu recovery ls not 

crucial. 

Figure 8.10 compares of metallurgical performance wlth and 

without wash water. Feed grades were 12.7r. NI and 14% Cu. 

Average pulp residence t imes are 3.5 and 4.9 minutes wlth and 

wlthout wash water, respect! vely. Average water' recovery ls 24. Sr. 

without water addition, and 27.2% with wash water. The followlng 

conclusions can be drawn: 

- wash water slgniflcantly decreases pentlandite recovery (from 
14.3r. ta S.6%) 

- the concentrate Cu grade ls 2.7r. hlgher at a reduced 
chalcopyrite recovery with wash water addition. 

- wash water slgnlficantly reJects Po and Gn ta the tallings. 
Non-suIfide gangue reJectlon by wash water is more slgnlflcant 
than Po reJectlon. 

gangue recovery Is hlgh. 

Effect of Wash 'Water Addl t ion on the Cu Rougher Concentrate 

Flotation: The Cu rougher concentrate is cleaned ln the Cu 

cleaner celis to produce a Cu final concentrate at low Ni, Po, and 

Gn content. A hlgh Ch recovery 15 not crucial. The tail s are 

returned back to the Cu rougher circuit for Cu-Ni separation. Feed 

grades were 3.0% Ni and 22.6% Cu. 

Figure S.lla shows the effect of wash water addition on Cu 

grade-recovery. Higher Cu grades can he achleved at Iower Ch 

recovery ln the presence of wash water addition. Wash water 

improves the 
.. 

grade-recovery curve by about 3% at Iow Cu recovery, 
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and 2X at hllh recovery. Pe reJ_ct ion to the taUs can be seen 

from the Inserted Iraph. Cu concentrate Nl contamination ls lower 

in the presence of wash water. Recovery-recovery curves for Ch-Po 

and Pe-en show that wash water reJects en and Pe qulte 

significantly, but llttle Po. This suggests a natural Po/Ch and 

en/Pe associations. 

Effect of Wash Water on Final Nl Concentrate Flotation 

The metallurgical objective for thts stream is to reduce its 

Po content as much as possible. The final Ni concentrate ls the 

comb1nat ion of four different streams: the secondary rougher 

concentrat~ (SRC) the coppel' rougher taUs (CR!), the ma,s 

flotat ion concentl"ate (HFC), and the non-mais flatat ion 

concentrate (NMFC). Table 8.10 shows their contribution to final 

Ni concelltrate (provlded by mill staff). Po content was not 

available, but must he different for aIl streams. 

TABLE 8. 10: Contribution of dlfferent streams to the flnal nickel 
concent rate. 

Stream WtY. % Ni r. Cu 

SRC 46 5.5 1.9 
CRT 30 13.4 3.0 
MFC 10 3.0 1.8 

NHFC 14 4.7 4.4 

Froth formation was difficultj therefore, the usual frother 

dosage was doubled to achieve good froth recovery over the ceU 

IIp. Flotatlon operation was dlfflcult, due to poOl' froth 

348 



349 

1 
stabl11ty; thus. only two samples ln the presence and absence oC 

wash water were taken. Feed grades were 6.5% NI and O. B% Cu. 

Average resldence tlmes were 3.0 and 4.2 min wlth and wlthout wash 

water. respectively. 

Concentrat.e NI grade 15 9.5% wl thout and 12.2% wl th wash 

water. Pe recovery decreases from 22.7% to 17.2% with wash water 

(Table 8.11). Po and gangue recoverles decrease even more, from 

about 13% to about 6%. Wash water achieves slgnlf1cant Nl 

uPiradln~ at the expense of sorne Pe recovery. 

TABLE B. 11: Efrect of wash water addition on flnal Ni concentrate 
flotation. 

GRADE RECOVERY 
conc. talls concentrate 

Nl Cu Pe Ch Po Gn 
(r.) (X) <%) O.) <%) (Yo) 

6.5 0.8 FEED 

WITHOUT WASH WATER ADDITION 

9.7 O.B 20.2 20.6 12.6 13.4 
9.3 0.6 25.3 30.3 13.9 13.2 

9.5 0.7 22.7 25.4 13.2 13.3 

WITH WASH WATER ADDITION 

12.1 0.1 16.7 15.9 5.9 6.1 
12.2 0.6 17.1 17.0 6.0 6.0 

12.2 0.6 17.2 16.5 6.0 6.1 
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8.4 Summary 

8.4. 1 Laboratory Scale resta 

Primary Rougher Flotat ion: 

- Ni, Cu, and Po recovery slgnlficantly Increases wl th increasing 

wash water rate. There 15 a higher gangue reJect Ion wl th wsh 

water. The effect of wa5h water 15 clearly to stabll1ze froth. 

Thus, wash water can be uti lized in the prlmary rougher circuit to 

increase bulk Cu-Ni flotatlon. 

- In the concentrate, Ni and Po grades Increase wi th Increasing 

wash water flowrate; however, Cu grade decreases, because recovery 

Increases are more substantlal for Ni and Po than for Cu. 

- The effects of wash water flowrate and temperature are small. 

- Better Cu-Ni separation is obtained with the laboratory cell 

wl thout wash water addi t ion. 

Final Ni Concentrate Flotation: 

- Wash water can be used to increase concentrate Ni grade at a 

Iower Ch, Po, and gangue content. The higher the Ni grade. the 

lower the Ni recovery. Here, gangue and Po are not free and could 

be locked with Pe. 

8.4.2 Pilot-Plant Scale Tests 

Prlmary Rougher Flotatlon: 

- Wash water 5lgnific~tly increases the reJectton of Pet Po. and 

gangue to the talls at a higher Cu grade, but a lower Ch recovery. 
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Cu Rougher Flotation: 

- Wash water reJecta Pe, Po, and gangue to the talls and 

Increases Cu grade by 2-3~, at a reduced recovery. 

Flnal Nickel Flotatlon: 

- Ni can be upgraded at a redueed recovery wlth wash water. 80th 

Po and gangue are then signiflcantly reJected. 

In most cases, wash water slgnlflcant ly decreases gangue 

entralnment and increases concentrat'e grade. In sorne cases, wash 

water can also stabl1lze the froth and lncrease recovery. Free 

gangue can easl1y he reJected by wash water, but locked and/or 

hydrophobie gangue reJectlon ls difficult. This study showed that 

the effect of wash water should be evaluated size-by-slze. For 

the Strathcona Cu-Ni ore, a 1 iberatlon study and mineralogleal 

examlnation of the eoncentrate and tall products Hl th and wlthout 

wash water are strongly recommended. 
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CHAPTER 9 

PLANT -SC ALE WASH WA TER AMENABILITY TESTS 

AT 

THE STRATHCONA MILL OF FALCO~IOGE 



J 

Introduction 

Wash water amenabl11 ty tests carrled out at the Strathcona 

mill Involved plant-scale bank tests ln the Non-magnetic cIrcuit. 

Cumulative grade-recovery and recovery-recovery curves were 

generated and compared wi th and wl thout wash water. 

Eleven tests were performed to determlne the effect of wash 

water rate and distributor design on metallurglcal performance. 

Grade pranles of nickel (Nil, copper (Cu), pyhrrotlte (Pol, and 

insoluble gangue (Gn) were determlned. 

9.1. Previous Investigations on the Non-magnettc Circuit: 

Fllnt and Dobby (1986) performed laboratory-scale column 

tests uslng the Non-mag cIrcuit feed to compare the clrcul t and 

column performance. The multiple pass method was used to 

increase resldence time and generate grade-recovery curves. The 

Non-mag circui t performance was determlned by a sampllng campalgn. 

They concluded that the column operatr.d under present circuit 

condi t ions dld not orfer any advantage over the conventional ce Ils 

used in the Non-mag circuit. They claimed that the gangue was 

naturally floatable (1. e. hydrophobie) due to presence of talc ln 

the ore. Incomplete gangue/sulphide l1beration (locking), sUme 

coatlng, and CUSO activation, whlch 15 added in the scavengers, • 
were the other reasons suggested. Thelr col umn tests showed about 

30r. gangue recovery. 
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1 Recently, deI Villar (1989) conducted column flotation tests, 

using a 5 cm diameter and 10 m high column, te determine the 

amenability of flotation columns for the Non-mag circuit. Column 

and mechanical cell (SL) grade-recovery curves were compared. He 

concluded that laboratory cells outperformed the column both ln 

upgrading and Po reJect Ion. 

Figure 9.1 shows one of the most recent mill sampl1ng 

campaign resui ts performed by the Falconbridge personel (Dec. 

1987). Ni, Cu. Po, and Gn grades are 1.2r., 0.5%, 72.1r., and 23.6Y.. 

respec t1 ve 1 y. NIL s upgraded t 0 3. sr. and Po and Gn grades 

decreased to 44.9r. and 40.2r., respectlvely' at the primary stage. 

There are two ident ical rows (1. e. N-J and P-L) and two 

stages ln the Non-mag circuit. The rirst stage inciudes ten 2.8 

m3 
(100 ft3) cells in series (N19-28 or P19-28) and the second 

stage has eighteen 1.4 m3 (50 ft3) cells in series. All cells are 

separated from each other by dlvlders (i.e. cell-to-cell type). 

Since the Non-mag circuit has a hlgh gangue content, It may 

be a good candidate for testlng the effect of froth washlng. For 

thls test worlc, row N (cells number 19 to 24) ws used. Feed ls 

purnped from thickener #3 underflow lnto the feed box adjacent to 

the first cell. In the Non-mag circuit, slurry levei 15 

mahltained by the helght of the overflow pipe (1. e. ring riser 

system) ln the taiIlng box. 
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NON-MAGNETIC FLOTATION CACUIT BALANCE 

28.10 
18.01 
1.20 
O.eo 
23.&8 
72.07 

Residence tme: 36 mn 

... ... 

7.29 
.,47 
3.80 
2.00 

44.85 
40.21 

Priary 

3 
10. •. Sm 

" 

18.81 
11.64 
0.27 
0.13 
3.17 
95.77 

" 

3 
1&.1.4 m 

3.60 
2.11 
0.82 
0.48 
7.92 

88.57 

H5.21 
9.33 
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0.07 
1.18 

98.26 

.. .. 

Flgur'. 9.1: Non-uanetlc flotatlon circuit balance. 

(tpd soUd, ~ I118.SS with respect to feed, % Nl. % Cu. X Po. and X Gn). .. 
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9.2. Wasn Water Olstrlbutor Deslln Considerations 

The followlng criteria \lere used to deslln plant scale wash 

water dlstr1butor: 

- unlfol"m and gentle water dlstr\but Ion throughout the froth 
surface. POOl" d1stribut1on wUl lead to local excess of wash 
water (causing channelllng> and wUl leave some sections of the 
froth poorly cleaned. 

- the distrlbutor should be maintenance free. Bllndlng of holes 
due to use of recycled water or precipitation of dlsso1ved salts 
should be prevented. 

- the wash water dlstrlbutor should not prevent normal maintenance 
such as lmpeller replacement. cell cleanlng etc., and should 
eully be cleaned. 

- the d!strlbutor materlal should be durable, Inexpenslve, l1ght, 
easlly machlned (for threadlng and drllling holes), and resistant 
to circuit reagents. 

To obtaln unlform water dlstrlbution. proper consIderation 

must be glven to the flow behavlor ln the distrlbutor. The 

criterion used for unlform dlstrlbut Ion was to achleve 60% of 

pressure loss at the hole, even for holes furthest away from the 

water source. 

A BASIC computer pro gram was wrltten to evaluate the effect 

of the main operating parameters on the total pressure head 1055 

ln the wash water dlstrlbutor deslgned for a banlc. The 

prograa calculates the necessary pressure head at the beglnning of 

the _ln pipe to malntaln equal wa.ter flowrate. The computer 

pro gram takes Into account pressure lasses across a.Il holes 

(nozzles) and frlctional losses ln the pipe between nozzles. It 

negl.ets ~ressure losses due to flttlngs and valves. 
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The pro gram requlres the input of the superflcial wash water 

rate, washed cell cross-sectlonal area, perforated and main pipe 

dlameters, hole dlameter and interval, number of perforated plpes 

in each cell and distance between perforated pipes, number of 

cells in each bank and distance between cells (1. e. cell length). 

The program 15 capable of calculat ing water velocl t ies in the 

pipes, pressure drops, and determlne the necessary head to 

maintain a target wash water rate for the bank. 

Table 9.1 shows the effect of the main operatlng variables on 

the pressure drop and wash water flow rates. Wash Water flowrate 

can only be reduced by decreasing superficial wash water rate. 

The pressure he ad requlred to maintain homogeneous water 

distrlbut ion strongly depends on hole diameter and the number of 

holes on each perferated pipe (1. e. hole tnterval). The bigger 

the holes and the hlgher the number, the lower the pressure head 

required te malntaln homogeneous water distribution. Increasing 

perforated pipe dlameter and main pipe dlameter leads to a reduced 

pressure head requirement, but the effect 15 smaller. 
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Table 9.1: Effect of opera.tlng variables on pressure drop ar,d wash 
water flowrate for a bank. 

Operatlng varia.ble P~SSURE FLOWRATE 
(kg/cm) (PSI) CL/min} (USGPM) 

Superficial wash water rate (cm/s) 

0.050 6 85 204 54 
0.075 13 191 302 80 
0.100 23 340 404 107 

Perforated pipe dlameter (m) 

0.0127 28 403 404 107 
0.0191 24 347 404 107 
0.0254 23 339 404 107 

Hole diameter (m) 

0.001 120 1700 404 107 
0.0015 23 339 404 107 
0.002 8 110 404 107 
0.003 2 26 404 107 

Number of perforated pipes in each cell 

3 31 448 404 107 
4 23 339 404 107 

Number of holes on each perforated pipe 

280 12 172 404 107 
140 23 3:;9 404 107 
70 45 637 404 107 

Main pipe diameter (m) 

0.0254 38 542 404 107 
0.0381 24 342 404 107 
0.0508 23 339 404 107 
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Table 9.2 shows operat ing variables chosen for the plant 

dlstrlbutor design. 

Table 9.2: Operating variables chosen for the plant wash water 
dlstributor. 

main pipe diameter 
perforated-branch pipes 
diameter 
hole diameter 
hole Interval 
superficial wash water rate· 
number of perforated pipes 
ln each cell 
number of cells in each bank 
cell length 
distributor helght from froth 
surface 

3.81 ~m (1 1/2 Inchesl 
1.905 cm (3/4 inch) 

0.3 cm 
1 cm 
0.075 cm/s 
4 

6 
150 cm 
30 cm 

·optlaum for laboratory and pllot-plant scale tests 

For a 6-cell Denver 030 (100 ft 3
) bank, the total wash water 

flowrate is 302 L/mln (80 USCPM) and the total pressure requlred 

2 to malntain homogeneous water distribution Is 1.5 kg/cm (21 PSI). 

Under these condi t lons more than 60X of the pressure Is lost at 

the nozzles rather than in the pipes. 

For a given distrlbutor, there exists a minimum superflcial 

water veloc1ty at which aU holes become active. However, in a 

start-up situation it is necessary to exceed the minimum velocity 

ln order to Initiate complete operatIon of aIl holes. At low J s, 
\of 

water droplets detach from the ho les when the gravi ty forces 

overcome the interfaclal forces. At hlgh J s, a Jet Is formed, 
w 

whlch breaks up Into drops. Jet height depends on distrlbutor 

height, orifice spaclng, etc. 
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The height of the distrlbutor network from the froth surface 

aise has a very slgniflcant effect on the impact energy upon 

hlttlng the top of the froth. Water droplets dlscharged from the 

perforations fa Il wl th a constant acceleration. The distance (5) 

travelled is glven by: 

1 
S( t) = g.t 2

• V t 
o' 9.1 

where t: 
g: 

v : 
o 

2 

t 1 me in seconds 
gravit y acceleratlon (980 cm/sec 2

) 
initial water dlscharge velocity from the perforated 
pipe hole (cm/s) 

S: the distance between the distributor network and the 
froth surface (cm) 

The collision (impact) veloclty of water droplet wlth the 

froth surface (v ) Is gl ven by: 
c 

v = r,.t + v 
c 0 

9.2 

Table 9.3 shows the calculated impact veloclties for varylng 

J and distanceR between the distrlbutor and the froth surface. 
w 

80th increase impact veloclty. but helght has clearly the most 

important effect. 

The collision velocity can be reduced by 42X by lowerlng 

the distrlbutor from 30 cm to 10 cm above the froth surface. 

Since excessive impact velocities can reduce froth stabillty. the 

height should he as small as possible. 

.. 
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Table 9.3: Effect of dlstrlbutor helght and superflclal wash water 
rate on water droplet discharge and collision rates. 

S J v t g.t v N 
w 0 c p 

(cm) (cm/s) (cm/s) (sec) (cm/s) (cm/s) 

30 O. 016 1. 52 0.2459 241 242.5 4 
30 0.033 3.13 0.2443 239 242.1 4 
30 0.043 4.08 0.2433 238 242.1 4 
30 0.051 4.83 0.2426 238 242.8 4 
30 0.037 3.51 0.2439 239 242.5 2 
30 O.CSS 5.21 0.2422 237 242.2 2 
30 0.070 6.63 0.2408 236 242.6 2 
30 0.085 8.06 0.2393 235 243.1 2 
la 0.016 1. 52 0.1413 138 139.5 4 
la 0.033 3.13 0.1397. 137 140.1 4 
la 0.043 4.08 0.1388 136 140.1 4 
10 0.051 4.83 0.1380 135 139.8 4 
la 0.037 3.51 0.1393 137 140.5 2 
la 0.055 5.21 O. 1376 135 140.2 2 
10 0.070 6.63 0.1363 134 140.6 2 
la 0.085 8.06 0.1349 132 140.1 2 

9.3 Experimental Procedure 

Bank tests were perfarmed using a plastic and portable wash 

water distri butor network. The following tests were carried out 

to determlne the amenability of wash water for the Non-mag 

circuit: 

- determine the effect of wash water on metallurgical performance 
at dlfferent wash water rates. 

- determine the effect of wash \.I!lter distrlbutor geometry on 
metallurgical performance (1. e. n1Jmber of perforated pipes in each 
cell ). 

- sample the froth by a suction tyue devlce (Figure 9.2), Two 
samples in the froth, one sample at the interface, and another one 
in the slurry phase were taken ta €·valuate grade profiles. The 
effect of wash water on selectlvity was determlned. 

- measure size-by-slze metallurglcal performance ln the presence 
and absence of wash water. 
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9.3.1 Test Program: Eleven successful tests were performed on 

the prlmary Non-mag bank wlth and without wash water ta evaluate 

the effect of wash water on metallurglcal performance: three 

tests wi thout wash water and four tests wl!oh wash water using 

four and two of the perforated pipes in each cell. For the two 

pipe tests, the 1ntermedlate valves were turned off and therefore 

only the two front pipes were in operation. 

Froth samples were sucked using a 1. 2 cm ln diameter pipe 

connected lo a per'istaltlc Masterflex pump by a flexible tublng. 

The samples were collected in Erlenmayer flasks. The sampling 

probes were located ln the centre of the cell and 40 cm apart from 

t he ce 11 li p (Fi gure g. 2 ) . 

The effect of particle slze on grade and recovery was 

determined for two test series; one wlth wash water and the other 

wlthout. Feed, concentrate, and tailing samples were dry and wet 

screened for 10 and 15 minutes, respectively, using 147, 74, and 

37 ~m screens. The Ni, Cu, and S content of each size fraction was 

determined. 

9.3.2 Installation of the Wash Water Dlstributor Network: The 

PVC portable wash water distrlbutor was made at McGill and 

transported to the mill. Threaded pipes and flttings wel'e combined 

together near the flotation bank and the network was then fixed no 

the existlng metall1c supports, whlch are 30 cm above the froth 

surface. Installation and dismantllng of the distributor network 

were easy and dld not cause circuit disturbance. The flrst cell 
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had only three perforated pipes, due ta space llmitation, and the 

remalnder four (A, B. C. and Dl. 

A water- outlet near the ba.nX was used as a wash water 

source. This water 1s recycled and normally used to wash froths ln 

launders. Flgures 9.3a and 3b show the overall view of the 

assembled distrlbutor on the supports. 

9.3.3 Wash Water Flowrate Calibration: At the beglnnlng of the 

tests, wash water from each perforated pipe was separately 

collected at known lime Intervals to determlne flowrates and check 

distri but Ion homogene ity. Figures 9.4a and 9.4b show the wash 

water flowrate from each perforated pipe for each cell number. 

Wash water flowrate ln cell one 1s sllghtly hlgher because lt has 

three perforated pipe. Pipe B ln cell number four was poorly 

punctured and has less wash water. However. as a ",ho le. the 

dlstrlbutor network worked as designed for a large range of J s. 
w 

Figures 9.5a and 9.5b show that water distribution 1s homogeneous 

and droplets, rather than Jets, are formed. Jw was calculated on 

the hasis of the froth surface sprayed: 1.5 Dl - 1 m '011 th four 

pipes and 1.5 m· 0.5 la wlth t'olo pipes. 

9.3.4 Sampllng Procedure: Three types of samples were 

collected. Feed samples were taken from the pipe flowlng ln the 

feed box us1ng a diversion pipe. Tlmed concentrate samples were 

collected from the cell l1ps us1ng l1p samplers. Cell llps were 

J cleaned before sample collection. A bank tall1ng sample was also 

talten uslng a. plunger type bottle sampler (figure 9.6). The 
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Figure 9.3: Overall view of the plant wash waler dlstrlbutor 
network al the non-magnelic bank. 
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Figure 9.5: Water addition homogenlty and droplet generatlon. 
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sampler ln a closed position was immersed in the talling pipe; the 

bottle l1d was opened from the handle ta nll 1t wlth slurry 

sample, and then closed when full. 

After each change. the clrcui t was allowed 30-40 minutes to 

stabll1ze. Before sampllng, stabillty was checked from the control 

room. The sampllng campalgn was started by taklng feed and tal1ing 

samples and then concentrate samples from cell lips were collected 

startlng from cell number 1 ta 6 Slnce the first cell length 15 

sllghtly shorter than the rest of the cells, a smaller 11p sampler 

was used for H. Another sampler was used for the other cells. 

The ll.p sampler was cleaned wlth one litre of water after each 

celi sampllng. Three cuts were taken from each stream over a 40 

minute period. 

9.3.5 Sample Preparation: Wet samples were first weighed, vacuum 

fil tered, and dried on a low heat hot plate. Dried samples were 

weighed, screened wlth a 595 lJJ1l (30 mesh) screen and splHted 

using a riffle. 40 to 50 gram samples were taken for Nt, Cu, and 

5 assays. Feed and tal11ng samples were pulverlzed for 20 

seconds. Sorne reJects were aiso kept for slze analyses. Samples 

were analyzed at the Metall urgical Technology Center of 

Falconbridge. 

9.3.6 Calculatlon Procedure: A schemat lc top vlew of the 

distributor network 1s shown in Figure 9.1 along wlth the 

variables used in calculat Ions performed wl th LOTUS 123. 

Cumulative (bank) and stage (lndlvidual cell) recoveries were 

calculated uslng the followlng equations. 



c C +c C + ............. +C C 
c = 1 1 2 2 8 8 

C +C +C +C +C +C 
1 2 3 • S 6 

Overall bank recovery: 

c(f - t) 

f(c - t) 

Bank feed and tall1ng flowrates: 

c.C 
F = -----

R .f 
b 

and T = F - C 

Cumulative recovery depends on the bank feed: 

R = 
f.F 

c C + c C 
1 1 2 2 

f.F 

c C + c C + c C 
1 1 2 2 3 3 

f.F 

+ c C + c C + ....... +c C 
R 

Ct Ct 2 2 3 3 6 6 = 6 
f.F 

Stage recovery depends on the lndlvldual 

T :: F = F - C 
1 2 1 

T = F = F - C and 50 on 
2 3 2 2 

Stage recovery for each ce 11 : 

c C 
1 1 

fF 

cell feeds: 
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Mass balane ng the total feed concentrate and tai1 data was 

aiso completed ~o verlfy that the above procedure dld not 

\ntroduce slgnlflcant crrors. 

9.4 Results and Discussion 

9.4.1 Washing the Entire Froth Surface wlth Four Perforated Pipes 
ln Each Cell 

Figures 9.8a. b. c. and d show the cumula.t1ve concentrate 

grade and recovery curves at dlfferent supel'flclai wash water 

rates for Ni, Cu, Po, and insoluble Gn. The same figures also show 

the results of laboratory c'Jlumn flotation and mechanical cell 

tests performed by deI Villar 0988) at the Strathcona mill llslng 

the non-magnetlc feed. Cumulative concentrate grade decreases with 

increasing recovery. In the absence of wash water addl t ion, Ni 

and Cu grade-recovery curves are lower (Figures 9.8a and 9. Sb). 

Wash water addition at a superficial rate of 0.033 cm/s Improves 

the concentrate Ni grade slightly, others do not. Cu grades are 

higher wlth wash water addi tion. It appears that conventional 

flotation even without wash water addition outperforms column 

flotation for the non-magnet ic circuit. Tests with a laboratory 
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cel! at 16Y. and 28Y. sol Ids seem to underest 1 mate the real clrcul t 

performance. 

As can be seen from Figure 9. Be, the Po grade remains almost 

constant in the absence of wash water addition. Wash water 

signlficantly decreases both Po grade and recovery. The decrease 

in Po recovery 1s important because the concentrate of thls bank 

directly goes to the smelter. 

Cumulative gangue grade-recovery curves are shown in Figure 

9.8d at different wash water addition rates. Gangue recovery 1s 

around 21% without wash water, and 1s reduced down to 11% wlth 

wash water (J = 0.033 cmls), whlch corresponds to a 48% reduct ion 
w 

in entrainment. Gangue recovery in column flotation appears 

similar to circuit performance ln the absencE' of wash water 

addition. 

Overall bank concentrate grades are shown ln Figure 9.9 as a 

functlon of superflclal wash water rate for NI, Cu, Po, and Gn. 

There 1s an lncrease in Ni and Cu bank grades wl th wash water. The 

numbers on the data points represent percent Increases in grade 

wlth respect to no wash water. The maximum increase in Ni and Cu 

grades were obtained at a J of 0.033 cm/s. The change in Po and 
w 

Gn grades are not very important as they const Hute most of the 

concentrate. 
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Overall bank (comblned) concentrate recoverles as a functlon 

of superfic1al Iot'a5h water rate 15 glven ln Figure 9.10. Numbers 

represent decreases in recovery. A 48Y. gangue and 15Y. Po recovery 

decrease was achleved at reduced Cu and • recoverles. The 

optimum J was determlned at the maximum grade Increase for Nl and 
If 

maximum Po and Gn reJect 10n. 

Figure 9. 11 shows the stage Cindlvldual cell) gangue recovery 

as a functlon of cell number ln th~ bank at dlft'erent superflc1al 

wash water addl tian rates. Gangue recovery Is hlgher in each cell 

in the absence of wash water addition. Wash water signif1cantly 

decreases gangue recovery in each ce 11. Maxi mum gangue stage 

recovery was obtalned ln cell number 4 due to the one perforated 

pipe wlth uneven distribution. 

9.4.2 Washing the Front Part of the Froth Surface wl th Two 
Perforated Pipes in Each Cell 

Figures 9. 12a, b, c. and d show the cumulative grade-recovery 

curves for Ni, Cu, Po, and Gn at J s of 0.037 (99 L/mln), 0.055 
If 

(148 L/mln). 0.070 (190 Umln). and 0.085 (265 L/min) cm/s a1008 

wlth laboratory colwan flotation results. Again column flotation 

offeNi no advantage over the circuit even wlthout wash water. A 

signlflcant increase in concentrate Ni grade was achleved wlth 

wash water at lower recoveries (Figure 9.12a). Two pipes addition 

1s much better than four pipes. The best wash water superflcial 

rate ls 0.055 cm/s. The resul ts at superflclal wash water rate 

0.070 cm/s seelll to be suspicious, especla.lly for the ll\St cell. 

Superflclal rate of 0.085 clIIs ls above the or1t Imwa, presUllably 

because of froth alxing and froth bed destruct ion. 
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There is a sI ight increase in Cu grade at superflclal wash 

water rates of 0.037 and 0.055 cm/s (Figure 9.12b). Po grade ag~ln 

remalns almost constant in the absence of wash water (Figure 

9. 12c). Signiflcant decreases in both grade and recovery were 

achleved at Jw=0.037 and 0.055 cm/s. Figure 9.12d shows the 

cumulative gangue grade-recovery curves. In the absence of wash 

water gangue recovery is maximum. Slgnificant reductions ln 

entralnment were obtalned w1 th wash water add!. t ion. Again resul ts 

at superflclal wa~h water rate of 0.070 cm/s are susplclous. 

Figure 9.13 shows cumulative Ni grades for each cell along 

with feed grades at different wash water rates. Grade ratios (feed 

grade/overall bank grade) are 1.78, 2.44, 2.43, 2.33 at 

superficiai rates of 0, 0.037, 0.055, and 0.085 cm/s, 

respect! vely. The grade ratios are much higher with wash water. 

Figure 9.13 aiso shows Ni grades wlth the lab column and cell 

(batch operation wlthout wash waterl obtained by deI Villar (1988) 

using the non-magnetic feed. Head grades are lower for lab column 

and cell tests. but their grade ratios are 2.24 and 2.42, 

respectlvely. For the non-magnetic circuit mechanicai cells 

outperform flotation col umns for Ni upgradlng even wlthout wash 

water. 

Due to variations ln ban)( feed assays, the use of grade­

recovery curves may be misleading, therefore recovery-recovery 

curves will be used for better comparison. Figures 9.14a and b 

show the overall bank recoverles at different wash water rates. 
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Clearly, the effect of wash water ls to decrease the recovery of 

ail specles. The decrease ln recovery for Po and Gn 1s more 

substantial than that of Ch and Pe. At the optimum J (0.055 
w 

cm/s) , Po recovery decreased from 77X ta 41X, Gn recovery from 20'1. 

ta 7.7'1., and Pe recovery from 77'1. to 63'1.. The flotation column 

performance ts worse than mechanical cells bath 1 n N1 upgrad1ng 

and Po rejection. The performance of batch lab tests 1s close to 

the non-magnetic circuit performance without wash water. 

To bet ter compare operat 10n w1 th and w1 thout wash water, the 

cumulative recoveries of Pe, Po, and Gn were compared (lndividual 

sampllng of the cell concentrates makes this possible). The 

recovery-recovery curve w1 thout wash water was obtat ned from three 

separate tests; although not aIl po i nts were Identl cal, aU sat on 

the same curve. Figure 9.15 shows that cumulat ive Po and Gn 

recoveries are Iower with wash water (for 0.055 and 0.085 cmls). 

Overall bank Po and Gn recoveries, ident Hied w1 th arrows, are 

lower wi th wash water. 

The flotat 10n feed 15 relatl vely coarse (60'1. -74 J.Lm), which 

minimizes entrainment effects and may cause llberat ion problems. 

Another masking effect is the natural hydrophobicity of Po, whlch 

1s evident from lab and pi lot resul ts. Examining size-by-size 

behaviour, especlally ln the fine range, \011 Il mlnimize liberation 

considerations and maxlmlze the effect of entrainment. 

l 
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FIgure 9.16 shows the size-by-size cumulative recoverles at 

the J of 0 and 0.055 cm/s. At constant Pe recovery, wash water 
w 

decreases fine gangue recovery by half, and fine Po recovery by 

about 25%. In the coarse range, gangue rejectlon Is aiso 

significant. Po recovery appears higher ln the flrst cel l, but 

lower in Gubsequent cells; after the sixth celI, overall 

performance wi th wash water si ts on the same recovery-recovery 

curve as no wash water. More plant tests are necessary to clarlfy 

these results. 

Figure 9.11 shows size-by-size metallurglcal performance 

with and without wash water addition (J =0.055 cm/s). Bank Ni 
w 

grades from aIl size classes are higher wlth wash water. Ni 

recovery from +141, +74, and -37 ~m are lower and from +37 ~m are 

higher '''1 th wash water. Cu grades from each size class are higher 

while Cu recoveries are lower with wash water. Po and Gn 

recoveries are significantly lower with wash water. 

Celi-by-celi Ni grades along with feed. tailing, ~1d comblned 

concentrate grades are glven in Figure 9.18. Without wash water, 

only the first three cell in the non-magnetlc circuit achieves Ni 

upgrading, while the l'est fails. There Is a steady decrease ln 

the celi grade along the bank. Wi th wash water, aIl of the cells 

achieve NI upgrading. Ni grade 15 more uniform throughout the 

bank. Combined concentrate grades from each slze classes are much 

higher wi th wash water. This may be caused by the decreased mean 

resldence Ume. 
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1 The effect of superficial wash water rate on cumulative 

(bank) gangue and water recoveries is shown in Figure 9.19. There 

are minimums for bath water and gangue at the same Jw; bath curves 

are sim i 1 aI' . However, gangue recavery is greater than water' s 

presumably because i t 1s not fully 1 iberated or weakly 

hydrophobie. The presence of talc in the ore would suggest the 

latter. Figure 9.20 shows the effect of J on Po and water 
w 

recoveries for the 2 and 4 pipe addit ions in each cell. Po do es 

not exactly behave 11ke water Ci.e. it may be lacked wlth 

pentlandite and/or chalcopyrite or he hydrophobie). 

9.4.3 Effect of Wash Water on % Solid 

In the primary non-magnetie bank, feed grade, feed size 

distribution and % soUd vary signlficantly. Due ta sampling 

problems, it was found that % solids were not very reliable. 

Figure 9.21 shows the % solid changes ln the bank at three 

dlfferent Jws. There 15 a s1.gnificant decrease in % saUd in the 

bank as the pulp progresses from the first cell to the last. 

9.4.4 Effect of Wash Water on the Grade Profiles in The Froth 
Phase 

Figures 9.22 shows Ni, Cu, Po, and Gn grade profiles as a 

funetlon of the distance from the froth surface in the absence and 

presence of wash water for cell numbers 2, 4, and 6. Ni, Cu, and 

Po grades increase towards the froth surface wh! le Gn grade 

signif1cant 1y decreases. Clearly Po behaves as a hydrophobie 

speeies. Ni and Cu grades always are hlgher in the presence of 
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wash water. Po grade 15 always lower wlth wash water. Po 

reJectlon 15 very substantlal ln cell 4 and 6. Gangue reJecUon 

in cell 2 15 slgnlf1cant, whlle ln cell 4 and 6, gangue grade 19 

hlgher wl th wash water. 

9.5 Concl uslons 

1. Wlth four pIpes, cumulatIve Nl and Cu grade Increases 43X and 

3aX, respective1y with wash water (J,,: 0.033 cm/s) at lower 

recoveries. Gn and Po recoverles were reduced by 48X and 15X \0'1 th 

wash water. In the systems examlned ln this chapter, mechanical 

flotatlon always outperforms co1umn flotation ln Ni upgr·I1 ..... 1ng and 

Po reJect Ion. 

2. 1,11 th two pipes, the cumulative NI and Cu grades are 

slgnificant 1y higher, and Cn and Po grades are substant tally 

lower at a J of 0.055 cm/s. At the same Pe recovery, wash water 
III 

decreased fIne gangue recovery by half, and Po recovery by about 

25X. VarIations ln both ban.k feed assays and feed flneness make 

the direct comparlson difflcult. Washlng the frontal froth surface 

with two pipes appears to be metallurglcally better than Il large 

surface with four pIpes. 

3. In the non-magnetic bank, gangue partieles follow water. whlch 

Indlcates that they are Il\Ostly free, while Po doe. not , whlch 

Indlcates a possIble locking or naturally hydrophoblclty. 

4. Upgradlng of NI and Cu. and reJectlon of Po and Gn ln the froth 

was verlfled w1th froth grade profIles with wash water. 



• 

t 

5. Ni recovery ma:,. be 1ncreased by decreasing the distance between 

wash water dlstributor and the froth surface, which decreases the 

coll1sion rates between bubbles and water droplets. 

6. Slze-by-size metallurg1cal performance 1s a very useful too! to 

evaluate the effect of wash water fol" the non-magnetlc circuit, 

which may contain coarse and locked particles. 
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CHAPTER 10 

PLANT -SCALE WASH W A TER TESTS 

AT 

EASTMAQUE GOLD MINES L TD . 
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10. 1 Background About Eastmaque 

Eastmaque Gold Mines Ltd. has the flrst commercial proJect 

recovering gold from mine tai lings deposited in the Kirkland Lake 

area. The company has 9 Mt of tai l ings that were dumped in the 

lake during the early years of gold mining in the area by rive 

gald producers from 1918 ta 1934 (WetJen and Irvine, 1988). The 

tailings, which have an average grade araund 1.4 g/t, are 

recovered from a maxi mum àepth of 14 m by a dredge using a 

submersible pump. 

The material, which cantains pyrite with gold and si lica 

gangue, ts pumped 600 m to the mill where extraneous debris 15 

removed. The tailings are then ground ta about 80% -45 Ilm (325 

mesh), activated with Aero 350 and 3477, and fed to twa 

cylindrical Maxwell celIs, wh1ch recoyer most of the fast floating 

gold-bearing pyrite at a high grade. Maxwell tails are floated in 

twelve 14 m
3 

(500 ft 3
) Denver celIs, .... h1ch have free flaw ta 

launders on both sides. These cells are arranged in rougher and 

scavenger stages. Rougher and scavenger concentrates are cleaned 

twice ta produce a concentrate assaying 56.7 to 70.88 g/t Au (2 ta 

2.5 oz/t) (see Figure 10 3). The cleaner cells are 2.8 m3 (100 

ft3) Denver with overflaw paddles. The flotation cell slurry 

levei 1s maintained constant by the dlscharge weil" height. Froth 

thlckness in the secondary cleaner ceIIs 15 araund 25 cm. MIBe 1s 

used as a frother. 
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The final concentrate 1s thlckened and pressure fil tered 

before being trucked to the Noranda Horne smelter. The Eastmaque 

mlll treats around 650000 t/y. The annual gold production is 24000 

oz at a direct operating cost of SUS 182/oz. 

10.2 Experimental 

10.2.1 Distributor Set-up 

Four cells in the 2nd cleaner bank were used to test the 

effect of wash water on gangue reJection. A pIast lc wash water 

distributor network with two branches ln each cell was fl.xed 

behind the froth paddles (see Figure 10.1). The distributor was 30 

cm above the froth surface. Figure 10.2 shows the dlstri butor 

producing gentie water droplets. Wash water was introduced 

counter-current to the bank slurry flow. (i e. hlghest wash water 

flow was applied ta the Iast celi wnere the gangue grade in the 

concentrate 1s highest. Superflcial wash water rate was 0.05 cm/s, 

which was the optimum determlned at the Faiconbridge Strathcona 

mi Il. 

10.2.2 Test Work Program 

Six tests were performed in one week. Table 10.1 shows the 

summary of test work. The first two tests lasted one day each. 

whlle the others took only twa hours each. During wash water 

tests, flotatian celis were operated as usual by the operators who 

Increased or decreased the air flowrate to the bank~ as deemed 
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t Figure 10.2: Wash wat.er dlstrl butor ls ln operat Ion. 



necessary. Accordlng to flotation operators. the secondary 

cleaner bank operation was smoother and froth overflow to the 

launders was better with wash water. 

The objective of tests 1 and 2 ls to compare overall 

flotatlon circuit performance wlthout and wlth wash water, 

respectively. Elght cuts from 13 streams were taken by appropriate 

samplers (i.e. cutters, plastic bottles, and metallic containers) 

over an 8 hour period (see Figure 10.3). 

For test 2, wash water was added to the 2nd cleaner bank 

overnignt before sampl1ng to achieve steady-state condit ion. A 

salt tracer test uslng 250 g Liel was also carried out in test 2. 

The dlsso1ved salt tracer was added to the first celI of the bank 

and samples from the bank feed, tai 1 ing, and concentrate were 

collected to determine the feed water suppression with wash water. 

Tests 3 and 4 were carrled out uSing the front branch pipe in 

each cell at the same J . 
w 

In these tests only the 2nd cleaner 

bank's performance was evaluated by taking 4 samples (i.e. 

Maxwell, 1st cleaner, and 2nd cleaner concentrates and 2nd cleaner 

tails) wi th and without wash water, respecti vely. 
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Table 10.1: Summary of plant test work at the Eastmaque mll1. 

Test 
No Date 

Test 
Objective 

Sampllng 
Location 

Dist. 
Type 

circuIt perf 'rmance AlI flot 
1 Sept.5 without wast water circuit 

cell no' 1 ta 4 13 samples 

circuit performance AlI flol. 
2 Sept.7 with wash water circuit 2 

cell no: 1 to 4 

bank performance 
3 Sept.7 with wash water 

cell no: 1 to 4 

bank performance 
4 Sept.7 without wash water 

ce Il no' 1 to 4 

cell performance 
5 Sept.8 wlthout wash water 

cell no: 4 

cell performance 

6 Sept.8 with warm wash 

water 

ce Il no: 4 

13 samples 

2nd cleaner 
bank 1 

4 samples 

2nd cleaner 
bank 

4 samples 

2nd cleaner 
cell 

3 samples 

2nd cleaner 

cell 2 

4 samples 

Temp. Trac. Slze 
Oc Li C 1 Ana 1 . 

T =17 
p 

T =17 
p 

T =17 
p 

T =17 
p 

T =17 
p 

T=17 
p 

no :res 

yes :res 

no no 

no no 

no no 

T =45 no :res 
ww 

T =23 
f 

(dlst: distrlbutor, trac: tracer, anal: analysls, p. pulp, 
WW: wash water, and f: fina! pulp) 

The effect of warm ~ash water wlth two branch pipes ln each 

cell was determlned using only 4th cell of the 2nd cleaner bank in 

test 5 and 6. The use of whole bank was not possible due ta lack 

of warm water. For these tests, the pulp temperature wl thout 

o 0 

wash water was 17 C, wash water temperature 45 C, and final pulp 

o 
temperature with varm wash water was 23 C. 

Il 
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10.2.3 Sample Preparation 

Each sample was welghed, flltered, dried, weighed, rolled. 

and screened at the end of each test. Sarnples were assayed fol" 

gold at the Swast ika Laboratories Ltd. Products from tests 1. 2. 

and 6 were sized. First. samples were scrt:ened at 147 ~m ta break 

the lumps and then '.let screened at 37 ~m for 10 minutes. The +37 

p.m fract ion was dry screened '.11 th 105, 74. 53. 44. and 37 p.m 

screen sets for 15 minutes. Some of the -37 p.m fractions were 

cycloslzed fol" 10 minutes. AlI products were classified lnto six 

size classes for Au assaying. For test 2. l iquid tracer samples 

were fi 1 tered and analyzed for Li by an atomic absorpt ion. 

10.2.4 Data Processing 

Raw data were mass balanced using a standard algorithm (Smith 

and Ichiyen, 1974) method and calculations were made using the 

LOTUS 123 program. % sol ids was not mass balanced. because of 

water addition to the launders. 

10.3. Results and Discussion 

10.3.1 Effect of Wash Water on Overall Flotation Circuit Performance 

Figure 10.3 shows the flotat ion c1rcui t performance '.Ii thout 

and with wash water as a function of % mass, % -10 #lm, gold grade 

and recovery. Feed grade wlthout wash water is slightly lower. 

Final concentrate grades are 2.66 and 2.33 oz/t with and '.Ii thout 

wash water. respectlvely. A 14Y. lncrease in final gold grade at a 
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sllghtly higher recovery reduces final concentrate tonnage for 

shlpping to the smelter and increases quallty. With wash water. 

the percent age of -10 /lm 1s 51gnlficantly lower. Fines are 

returned ta the first cleaner and then ta the roughers and 

scavengers. 

Figure 10.4 shows the % solids ln the flotation circuit in 

the absence and presence of wash water. The secondary cl eaner 

concentrate and talls are signiflcantly dlluted with wash water 

due ta a 10w feed flowrate ta the bank. Final tail lng 15 aiso more 

dil ute (which may be advantageous to reduce pumping and pl ugging 

pf'oblems in the long taillng dlscharge li ne ), but this 15 not 

prlmaraly due to wash water. whose flowrate could not possibly 

have a slgnlficant effect on final ta1l density. During wash water 

tests, the thickener and filter easily handled the additlonal 

water. Since the wash water 15 added in the last stage of 

cleaning. there was no flotation capaci ty reduction. 

Slze-by-size gold grades with and without wash water are 

g1ven ln Figure 10.5. Feed size for both cases are very close ta 

each other. The final concentrate .... 1 th wash watel"' cantains 

slgnificantly less fines. Concentrate go ld grades .... i th wash water 

are higher for all slze classes. Gold loss in the final talls ls 

signlficant for the coarsest size class, whlch may indicate that 

gold bearing pyrite ls not weIl llberated and requlres further 
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grlndlng. Concentrate gold content of th~ intermedlate slze 

classes 1s higher than the coarsest and flnest slze classes. This 

further suggests the hypothesls of poor pyrite liberatlon and also 

suggests that hydrophilic entralnment can be further curbed down. 

Size-by-size gangue and gold recoveries wlth respect to feed 

are shown in Figure 10.6. Cangue content Is determlned by a5sumlng 

that pure pyri te assays 3.56 oz/t Au, whlch was the maximum gold 

grade achieved. Cangue recovery to the final concentrate 1s 

signlficantly lower for the finest size class wi th wash water. 

The maximum gold lasses to the final tai 15 are from the coarsest 

and flnest size classes. Coarsest losses, e.g. 86% in the +74 ~m 

(200 mesh) , are likely due ta poOl" 11 beratl on; flnest losses, e g. 

70r. in the -10 Ilm, could be due either to oxld1zed pyrite or paor 

flatat ion kinet ics. 

It 15 likely that gold ln the -10 Ilm 15 aS50ciated with Iron 

oxides; this could be verlfled wi th cyanidation tests. If this 1s 

the case, its recovery by flotation 15 vlrtually impossIble. The 

-10 f.Lm constl tutes about a third of the feed maS5; fortunately, 

its gold content 1s the lowest of all size classes, 0.04 oz/t. 

10.3.2 Effect of Wash Water on Bank Performance 

Figure 10.7 compares the 2nd cleaner bank performance with 

and wlthout wash water, which 15 added by a single pipe in each 

cell. Final concentrate gold grade 15 2 82 oz/t wHh wash water. 
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Figure lO.6:.S1ze-by-slze gangue and gold recoverles wlth and 
wlthout wash water (Test 1 and 2). 
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Figure 10.1: Effect of wash water on the 2nd cleaner bank 
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whlch 15 23~ hlgher than without wash water. However, the 

concentrate recovery decreased from 98~ down to 89~ wi th wash 

water, probably due to the strong water dlscharge rate from the 

distributor. The use of two pipes per ceIl appears to he more 

attractive than a single pipe. 

The first two tests showed that al though bank gold recovery 

decreased from 88. 7~ to 95.4Y. because of wash water, overall 

recovery was not affected. If this would he the case he~e, clearly 

the use of a single stx'and would be extremely advantageous. This 

would need ta be dcmonstrated over a long Ume period before the 

declsion 15 made to use a simple washing strand per cell. 

10.3.3 Temperature Effect 

Table 10.2 summarlzes test 6 resul ts wi th warm wash water in 

the 4th cell of the 2nd cleaner bank (no wash water to the first 

three ce 11 ) . \oIi th wash water the 4th ce Il concentrate canta1ns 

the minimum amount of -37~m fraction: 95~ of the -37~m fraction, 

which cantains less gold, 15 rejected to the tails. Generally, Au 

grade goes down slgnlf1cantly along the bank. The 4th cell 

concentrate grade 1s hlgher than the 3rd cell showlng that warm 

wash water helps the increase gold grade. Thus, wash water 

ellminates the decrease in concentrate grad~ ~rom cell 3 to 4, and 

ylelds a sllght Increase. More test work 1S needed to confirm the 

results. 
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Table 10 2 Test 6 resul ts with warm wash water on the 4th cell . 

+37j.UR -37~ Cale. Overall Averaie 

WITH WARH WASH WATER 
4th cell ta1l 

Mass (Xl 5 95 
Au(oz/tl 0.211 0 112 0.117 0.20 0.159 

4th cell cane. 

Mass (X) 60 40 
Au(oz/t) 1.550 0.550 1. 150 1. 10 1. 125 

3rd celi ta1l 

Hass (X) 18 82 
Au(oz/t) 0.183 0.126 0.136 0.25 0.193 

3rd cell cane. 

Mass (Xl 43 57 
Au(oz/tl 0.610 1.450 1.090 1. 10 1.095 

10.3.4 Tracer Test Results 

Flgure 10.8 shows Li eoncentrat 10n versus t lme curves for 

tal11ng, eoncentrate, and feed. Li content 15 highest ln tai11ng. 

The concentrate Li content 1s significantly lower than tha' 

of taillng's due ta dilution of feed water with wash water. There 

15 a small amount of tracer recycle ln flotat 10n clrcul t. AlI of 

the tracer exits the bank wlthin three hours. The average 

resldence t1me ln the 2nd cleaner bank ls 51 m1nutes. 

Feed water reeovery, R , was caleulated from: 
w 

1 
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Figure 10.8: L1 concentration versus tlme for the tracer test 
(Test 2). 
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R =; 
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f C (t 1. Q dt 
e eN 

o 

t. t 

f C (t). Q . dt 
o e eN 

+ J C (t 1. Q . dt 
t lN 

C concentrate tracer concentration 
e 

C ta1l1ng tracer concentration 
t. 

Q concentrate water flowrate 
eN 

Q : tal1ing water flowrate 
tw 

10.1 

Total water recoveries are 48.5X and 77.7X with and without 

wash water. Feed water recovery wl th wash w.ter 15 33X as 

compared to 77.7'1. without wash water, whlch corresponds to a 58X 

reductlon in the feed water recovery. Figure 10.9 illustrates the 

compos 1t ion of concentrate water in the presence and absence of 

wa5h water, Replacement of feed water contalnlng gangue partlcles 

with wash water 15 the main reason for Increased concentrate grade 

in these tests. 

Gangue recoverles and classlf1catlon coefficients (1. e. 

gangue recovery/water recovery) ln the 2nd cleaner bank 15 glven 

• in Table 10.3. The lower the classIfication coefficient (2 ), the 

better the gangue reJection Gangue recovery (R) ff)!' each size 
'1' 

class 15 drastically lower wlth wash water in the 2nd cleaner 

bank. The classIf1catl.on coefficients are signlflcantly lower 

wlth wash water than wlthout it 
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• Table 10.3: Classification coefficients and gangue recoverles ln the 
2nd cleaner cell CTost 1 and 2). 

Wl th wash water. Without WRsh wate[ 
Slze (Ilm) R (X) Z R (X) l 

q 1,) 

23+15 18 0.38 51 0.66 
15+10 37 0.76 68 0.87 

-la 15 0.31 65 0.83 

10.3.5 Economie Impact of the Wash Water on Flotatlon Performance 

As caf' be seen from the results of test 1 and 2, fInal 

concentrate grade can be Increased by about 14X. Al though gold 

recovery 15 higher with wash water, thls increase wIll not be 

taken into account ln the economtc evaluatlon to be on the 

conservative 5ide. There 15 a very good po5s1blll ty that the 

recovery Increase 15 real, and due to the decreased retent Ion 

time, which limits pyrite surface oxldation Mor'e experlmental 

data over a long time perlod ls necessary ta support thls clalm. 

Table 10.4 shows the surl1mary of resul ts 

10.4 5 ummar y 

It 15 clearly shown that wash water can Increase final 

concentrate grade about 14X posslbly at a sllghtly hlghE!p gold 

recovery. Wash water does not have any detrimental effect to 

Eastmaque current mlll operat Ion, 1 t can generate an (~xtra year 1 y 

revenue of about a quarter of a million dollars at almost no cast 

(I.e dlstrlbutor for the 2nd cleaner bank costs less than 500 $). 



The use of froth washing at the Eastmaque mlll 15 strongly 

recommended te reduce the concentrate tonnage and posslbly to 

lncrease .gold content. Warllllng wash water may provlde 

further savlngs, but thls 5hould be economlcally and 

metall urg ically tested in a bank scale before reachlng a firlll 

conclusion. Further grlnding of Mill feed may reduce coarse gold 

1055 to the final tal1s. 

Table 10.4: Economie impact of wash water. 

Feed (t/d) 
Grade (oz/t) 
Gold content (oz/d) 

Final Concentrate 

Reeovery (Yo) 
Grade (ez/tl 
Gold content (oz/d) 
Concentrate Ct/d) 

Wlthout wash water 

2500 
0.069 

172.50 

66.50 
2.33 

114.71 
49.23 

Vearly addltlonal economlc beneflts 

\11 th wash water 

2500 
0.069 

172.50 

66.50 
2.66 

114.71 
43.13 

(assumlng 330 d/y, transportation and smelting costs: 135 lIt) 

SAVINGS 1272.000 
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CONCLUSIONS 

11.1 General Summary 

Gas holdup in the slurry phase ts one of the most important 

factors charterizing the hydrodynamlcs of a mechanical flotation 

cell. Overall gas holdup in the slurry phase can be predlcted 

uslng Calderbank's model. Local and point gas holdup measurements 

showed that the gas phase was not homogeneously distributed. 

Superflclal gas rate signlf!.cantly Increases gas holdup in the 

slurry phase leadlng to hlgher gangue entralnment into the froth 

phase. As the size of the flotat 10n cell Increases, the 

superflclal gas rate has ta he 1ncreased. to maintaln a constant 

air flow number, an important scale-up crHerlon (Harris, 1976). 

Thus, entralnment into the froth phase 1s expected ta be more 

Important in plant-scale. 

Two dlfferent zones in a washed froth were recognlzed: an 

expanded bubble bed. 1-2 cm thick, near the lnterface and a packed 

bubble bed above. Th1s structure 1s simllar ta that described by 

Ylanatos (1987) for column flotation froths. The expanded bubble 

bed 1s made of small bubbles (2-3 mm) generally homogeneous in 

51ze, and 15 relatlvely wet ((;1 > 26~). The packed bubble bed 15 

dr1er, 5%<& <15%; but unllke Ylanatos's (1987) model, retalns 
l 

hlghly spherlcal bubbles. The hlgher bubble content Is achleved by 

coalescence, which ylelds a wider bubble slze distribution (2-10 

mm). The gas holdup profile ln the froth phase strongly depends 



, . -.. ': 

on the superflclal gas and wash water rates, frother dosage. and 

impeller speed. 

A predictive water recovery model dependlng on the .. eir and 

momentum conservat ion equat ions was establlshed. Cell discharge 

coefficients were determined as 0.009 and 0.013 for laboratory and 

pilot cells. respectlvely. 

The effect of sorne operatlng variables on mean resldence time 

and feed water recovery was determlned at laboratory scale. 1 t 

was found that wash water decreases the bubble resldence time both 

in the slurry and froth phases, which 1s one of the deleterlou5 

effect of wash water addl tion. An Increase ln gas rate on froth 

thickness increases gas residence time ln the froth phase. 

The effect of superf1c1al gas and wash water rate on gangue 

profile in the slurry phase 15 small. Gangue content ln the froth 

decreases w1th Increaslng wash water rate or decreaslng gas rate. 

Most of the gangue ls reJected near the slurry-froth interface. 

A cri terlon was developed to calculate the classiflcat ion 

coefftclent for hydroph1l1c parUcle reJect1on. It was found that 

partlcle settllng veloclty ls negl1g1ble for fine part1cles (-10 

~m) . 

J 
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The c leaning act ion taklng place in the froth was vlsually 

verified. The perforated pipe type of dlstributor was best for 

homogeneous and gentle water addttion in laboratory scale cells. 

Wash water addition location has a ~igniflcant effect on gangue 

reject ion. Addi t ions above the froth phase have more advantages 

However, distributor geometry has Il ttle effect on gangue 

entrainment. There is an opt imwn wash water addl t ion rate between 

0.03 and 0.07 cm/s. Excess wash water 15 nct at tracti ve due to 

increased water requirements and excessive pulp dilution. It aiso 

Increases gangue recovery due to froth mixing, wh1ch 

short-circuits material from the pulp to the concentrate and 

causes severe bubble breakage and froth bed collapse. 

Wash water can reduce entrainment more than SOY.. Mechanical 

or ul trasonic vi brat ion and temperature gradient between pulp and 

wash water can be used to further reduce gangue entrainment 

(around lO·-20Y.). 

A classification coefficient and water recovery were 

correlated to predict gangue recovery. This classIfication 

coefflcient was orlg1na!ly derlved to quantify the effect of 

part tcle size on entralnment. It was adopted here to predlct 

overall free gangul"! recovery for full size distributions with 

a reasonable success. Results from dlfferent scales (2L to plant) 

• strongly suggest that Z decreases with Increasing celi slze. from 

t 



, • 0.7 (2Ll ta 0,3 (plantl, ihe Z versus gangue size relationshlp 15 

virtually non-existent at 1aQ scale. This partly exptalns why Z • 

cao b@ IJsed lrrespecUve of gangue size. At plant scale. where 

horlzontal and vert Ical travel distances are longer. the effect of 

• parUcle size on Z 1s much sharper. and the slmpllfled 

entralnment model should be used wlth cautlon 

The dynamlc response ta wash water and gas rate was 

determlned ln the pilot cell using tracer and conductivity 

techniques. Two types of electrode system OŒA and VEAl were 

developed to compare wash water dlstrlbutor performance and 

monitor froth washlng effic1ency. Tracer tests conflrmed that 

there was a mInimum feed water penetratIon at an Intermedlate wash 

water rate. H1gher gas rates have deletertous effects on froth 

washlng capablilty. 

Laboratory and pllot-scale flotatlon tests wlth the 

Stratheona. Cu-NI ore provlded fro. dtfferent streams showed that 

ln most cases, wash water slgn1f1eantly deereases g&n,ue 

entralnment and Incre .. (:s concentrate grade; ln some cases, wash 

water stab1l1zes the froth and 1ncrease recovery. Re Ject 10n of 

free gangue partiel.a 19 readI1y achleved. but loeked and/or 

part1ally hydrophobIe partie le reJectlon may be achleved. 

dependlng on the nature of so II da (Le. partiele slze, 

hydrophoblcity. population denalty etc. l, froth stabI11ty. froth 

wetnesi and wuh pat tern. 



P tant -scale \oIash water amenablll ty tests at the non-magnet le 

c1rcui t of Falconbridge showed that Ni upgradlng and non-sulphide 

gangue reJect ton w1 th wash water are higher at a decreased Ni 

recevery Due te the relat ively coarse nature of the feed, the 

effect of wash water was much more c learly observed in the -37 Ilm 

fract 10n. 

Full plant scale wash water tests performed at the 2nd 

c leaner bank of Eastmaque showed that final Au grade can be 

Increased by 14~ at a sllghtly htgher Au recovery. For thls plant. 

a hlgh water recovery wlthaut wash water was ldentlfled. Dilution 

of pulp with wash water reduced residence Ume. and possibly 

pyrl te oxidat ion problems. Wash water reduced feed water recovery 

from 78% down ta 33% and flne gangue recovery (-lO~m) from 65% 

down ta 15%. 

11.2 Scale-Up 

The effect of wash water scales-up remarkably weIl from 6.5L 

to 2800L. At plant-scale, water consumptlon can be mlnlmlzed by 

washlng the froth surface adjacent to the overflow welr. This 

sect 10n corresponds to the most severe entrai nment (Moys. 1978). 

Thus, 1t becomes dlfflcult to estlmate superflctal wash water 

rate, as the sprayed surface 1s clearly not the total surface. In 

this study. the sprayed surface was estlmated at the total surface 

when washlng wlth four pipes (l.5m-lm) and half that when us1ng 
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only tI,JO plpes per cell (1 Sm·O.5m) The resu1Ung superflclal 

wash water rate then varies between 0 03 and 0 l cm/s for the 

flowrates used There 1s some evtdence that 0 l cm/s is above the 

optlm~:n addltion rate, whereas 0 02 cm/s ls below Oetween \) 03 

and 0 07 cm/s, there 1S little ev1dence of much effect for wash 

water rate, as laboratory and pilot results suggests 

11.3 Limitatlons of Wash Water 

The ~lmitat1ons of wash water are two-fold. Fi rs t , gangue 

reJectlon ls only partial The Eastmaque case could be an extreme 

as water reCQvery wi thout wash water was unusuall y high. above 

70%. \.Iith wash water, tl1e dramaUc Increase ln tails flowrate and 

rep~acement of feel.! water by wash water 1 n the concentrate bath 

contributed significantly to a reduction of entra1nment, by a 

factor of three. More reallst le expectat Ions May be to reduce 

entrainment by halL 

pi lot-tests. 

as observed in Most laboratory and 

A second limitatlon 15 the decrease ln resldence tlme due ta 

dilution (a simllar problem 15 observed w1th flotation columns). 

This ls partlcularly apparent wlth the Strathcona data, which show 

decreased recoveries wi th wast! water At Eastmaque. the flotation 

circul t has extra capacl ty. and gold recovery dropped ln the 2nd 

cleaner wHh wash water. However. the lost gold was later 

recovered ln the first cleaner5. Thus, no 'lisIble 10s5 of 
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recovery was obsel'ved; rather, overall gold recovery actuall:; went 

up with the use of wash water. 

11. 4 PracUcal l mpl ications of \.Ic...;h \.Iater for Plant Applications 

In f10tatlon cells, a substantlal amount of waste is carrled 

into the froth by inter-bubble water, whlch degrades separat ion. 

Fine gangue partlcles (>20f.lm), whlch are weald:; attached or held 

in the inter-bubble water, have a negllg1 ble set t 1 i ng veloc 1 ty 

and virtually behave llke water. One of the most effective ways 

ta reJect them is ta provide a downward water f10w (1. e. positive 

blas) with wash water added above the froth surface. \.Iash water 

forces feed water, whlch contains gangue part icles. dawn to the 

51 urry phase, and stabi Uzes froth by compensat ing water 10s5 and 

reduclng coalescence. \.11 th wash water. bubbles remaln spherlcal 

and are further apart from each other. There 15 less surface 

shrlnkage and campet! tian for sites on bubble surface. \.Iash water 

can aiso prevent overloadlng, which lnh! bits drainage, by 

11ghtenlng the froth and allows the concentrate ta be pulled 

harder. 

In general, wash water is most beneficlal for single stage 

flotatlon (e.g. coal), thin froth flotation (e.g. potash or 

phosphate). fine feed (e. g. reground feedsl or 10101 grade materlal. 

(e. g. tall reclamat ion). 
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Generally, 1t ts necessary ta wash the ent 1re frath surface 

ln labor-atory and pilot cells due to the short horizontal and 

vertical travel distances in the froth. while washlng the front 

fr-oth surface \.Ilth one or two pipes 15 5ufflclent in plant 

However. froth stabi 1 ization 15 then lost, and the recovery of 

hydrophobie species ls lowered 

Although economies ln water usage and cast may he reallzed by 

llml t lng i ts use to the lat ter stages of separat Ion, one recent 

experience shows that ln some cases, entire circuits (e g. Zinc 

Corporation of AmerIca. New York) can r-etrof1tted 

advantage'?us 1y (R. Kemp, prl vate communication, 1989). 

The use of wash water- 1 n f lotat Ion plants can be economlcall y 

and meta.llurgleally attractive, simple and, mest 1 mportantl y 

inexpenslve te test and Implement. Before maklng slgnlflcant and 

expenslve changes ln exlsting flCltation circuit flowsheets (e. g 

Implementing flotation columns), froth washlng, which may achleve 

comparable results, should be fully tested. 
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11.5 Suggestions for the Future Work 

1. The eombined effect of wash water and gas rate should be 
quant ified at plant scala. The deleterious effect of high gas 
rates may he overeome by washing the entlre froth surface at 
higher superficiai wash water rates. 

2. Scai ing-up of the elasslftcat 10n eoefflcent should be 
i nvestlgated. Exlsti ng data do not lnc l ude resui ts from varlous 
scales with the same feed. 

3. The decrease in the recovery of hydrophobie species w1 th wash 
water 1s potentially harmful. Various means of restorlng recovery 
should be investigated. such as increased froth thlckness, gas 
rate. distributor helght etc. 

4. The effect of depressant and frother addition in the wash water 
should be tested in plant scala whare longer retention times may 
make them more successful than at laboratory ~cale. 

5. The use of flow modifier to locally Increase froth residence 
time in froth or a sereen mesh at the interface to decelerate the 
bubbles before enterlng the froth phase along w1 th wash water 
should be further tested bath in mechanlcal and column celis. 

6. Conductlvlty techniques ta monitor froth washing efficiency or 
to se lect best operating candit ions should be appl1ed to three 
phase pulps. 
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APPENDIX 2.1 
SLURRV ZONE TORTUOSITV 

Take a cross-section of dispersion in between the electrodes, 

(0-1). ln which there 1s a large number of bubbies (Figure a). 

Conslder a simpl ified cross-sect ion (Figure bl where n i5 the 

number of clrcles of diameter 0 equlvalent ta the cross-sectional 

area occupied by gas. The gas holdup equals the fraction of the 

cross-sectional area occupied by gas. i.e 

e = 
2 n.n. (D 14) 

(O. Il 
n.n.D 

4 
2a 

To estlmate tortuoslty (L IL) consider the length of the path 
c 

ln the cross-section containing these n circles (Figure cl. 

Assumlng the path Ilnes follow parallel contours the mean length 

(dashed 11ne) 1s 

L = L+n(l 84650-1.41420) = L+O.4322nD 
c 

Substitut1ng Eqs (2a) and (2b) yields 

L IL = 1 + O. 55c e 

1 

2b 

2c 
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APPENDI X 3. 1 

FROTH ZONE TORTUOSITY 

In thls zone tortuosity is associated with polyhedrai bubble 

shape. Consider a cross-section, (0*1), as described in Figure a. 

The equivalent cross-section 15 shown in Figure b, with 0 now 

belng the dlameter of a sphere with the same volume as regular 

dodecahedron, a shape commonly assumed. The gas holdup wi Il again 

be related by Eq. 2a. provlded the circles can be overlapped 

In order to estimate tortuosity, conslder the length of the 

path for a dodecahedral bubble of edge length "a". Figure c 

Assumlng that ion migration takes place only along the borders. 

for a single bubble two routes are possible: R-W-T-P-S (length 4a) 

and R-V-Q-T-P-S (length Sa). Taking the average equivalent to two 

parallel resistances. the mean length ls 

Le 2 

:n- = «1/4a)+(1/5a) :;: 4.444a 3a 

From the propertles of the pentagonal dodecahedron D=2.444a, 

50 that 

L = 1. 818nO c 

Substltutlng Eqs (3a) and (3b) ylelds 

Le/L :;: 2.315e 

2 

3b 

3e 


