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ABSTRACT

This basic 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 relationship
between slurry, total water recovery and gangue recovery was

characterized. Confirmatory work at pilot plant was completed.

The effect of wash water on metallurgical performance was
tested with variocus streams from the Falconbridge Strathcona mill
at laboratory and pilot and full plant scale, and with the

secondary cleaner stage at the Eastmaque Kirkland Lake mill.

Results show that mechanical entrainment is the ma jor means
of gangue transport up to the slurry-froth interface. Transport
into the froth ls mostly hydraulic, although entrapment becomes
dominant at low water recoveries. Free gangue recovery was
closely related to slurry water recovery at all three scales.
Wash water at an optimum superficial rate of 0.03 to 0.07 cm/s
reduced entrainment by anywhere from 30 to 70%, typical values

being around 50%.

Wash water can be further assisted by mechanical and
ultrasonic vibration of the froth, difficult to achieve at plant
scale, or with warm wash water, which becomes attractive if a
waste heat source is available. A further rejection of 10 to 20%

then becomes possible.




Distributor geometry was almed at washing the entire froth
surface at laboratory and pilot scale. It was observed that the
recovery of hydrophobic minerals generally increased because the
froth was stabilized. At plant scale, two perforated pipes close
to the concentrate weir yielded the most reject. Froth

stabilization was lost, and recoveries decreased.



RESUME

Ce projet visait a évaluer le potentiel de 1'eau de lavage en
flottation mécanique. Nous avons d’abord étudié en laboratoire
(6.5L) la nature des phénomenes d'entrainement, les structures
d'écume avec et sans eau de lavage, et l'effet de l’'emplacement et
de la géométrie du mécanisme d’addition et du débit d'eau de
lavage. Nous avons caractérisé le lien entre la récuperation d’'eau
de pulpe et d’eau totale d’une part, et la récupération de gangue
d'autre part. Nous avons confirmé la validité des résultats

obtenus a 1’ échelle pilote (65L).

Nous avons déterminé 1'effet de 1'eau de lavage sur la
séparation par flottation de divers flux de 1'usine Strathcona de
Falconbridge a 1'échelle laboratoir- (6.SL), pilote (65L) et usine
(2800 L), et du stage de deuxiéme nettoyage & l1'usine de Kirkland
Lake d'Fastmaque (2800L).

L'entrainement de gangue jusqu’ & 1’ interface pulpe-écume est
surtout mécanique. Dans 1'écume la composante hydraulique domine,
quoique a basses récupérations d'eau le coincement entre
particules hydrophobes soit important. La récupération de gangue
libérée peut étre étroitement reliée a la récupération d'eau de la
pulpe aux trois échelles étudiées. L’'eau de lavage dont le taux
d’'addition superficial optimal varie de 0.03 a 0.07 cws, et
réduit 1’entralnement de 30 a 70%, dépendant du systéme.

Aux échelles laboratoire et pilote, laver toute la surface de
1’écume la stablilise et augmente la récupération des minéraux
hydrophobes. En usine, nous n‘'avons lavé que la partie frontale de

1'écume, ce gqul diminue cette récupération.

-



On peut augmenter 1'effet du lavage en soumettant 1'écume a
des vibrations mécaniques ou ultrasoniques, ce qui est difticile a
réaliser en usine, ou avec de 1'eau de lavage chaude (20~40°C).
une alternative attrayante si une source de chaleur déperdue est

disponible. Le rejet de gangue libérée augmente alors de 10 a 20%.
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OZET

Bu temel arastirma projesinin amagr mekanik flotasyon
makinalarinda y:kama suyu kullanilabilirliginin arastirmasid:r.
Gang kazanilmasinin sebepleri, yikama suyu ilavesiyle ve ilave
edilmeden kdpuk yapilari, yikama suyu ilavesinin yeri, miktar: ve
dagiticl yapisi laboratuvar olgeginde incelendi Cang
kazanilmasiyla pllp ve toplam su kazanilmasi arasindaki i{liski
karakterize edildi. Pllot-fabrika &lgeginde sonuglari destekleyic!
testler yapildl

Yikama suyunun metallurjlk sonug¢lar {izerindeki etkiler!
Falconbridge Strathcona konsantratérinin degisik devrelerinden
saglanan numunelerle laboratuvar ve pilot-fabrika 8lgeginde test
edildi. Fabrika testleri Falconbridge'in Strathcona ve

Eastmaque’in Kirkland Lake konsantratorlerinde yapild:.

Sonu¢lar, gang parcaciklarinin piilp-kopikk araylizeyine bagsliga
mekanik olarak tasindigini: gdsterd]. Koplktekl gang tasinmasi
¢ngelikle hava kabargiklari etrafindaki ince su filmiyle olmasina
ragmen disuik su kazanilma oranlarinda gang par¢aciklar: hava
kabarciklari arasina sikisip (kdpriilenip) tasinmaktadir. Serbest
gang pargaciklary pllp suyu kazanilmasiyla her ¢ 0Jlgekte
iliskilidir. En lyl ylzeysel yikama hizi (0.03-0.07 cm/s), gang
kazanilmasini %30 ile %70 arasinda azaltmaktadir, ortalama

uzaklastirma %50 civarindadir.

Mekanik ve ultrasonik képiik sarsintisi, fabrikaya uygulamasi
zor, veya 1li1k yikama suyu, eger kullanilmayan ilave 1si kaynagi
varsa, %10 1ile %20 1lik 1ilave bir gang |uzaklastirmasi
saglamaktadir.




Laboratuvar ve pilot-fabrika &lgeginde, su dagiticisinin
geometrik yapisi tim kdpilkk yuzeyini yikamak igin ayarland:.
Béylece degerli par¢aciklarin kazanilma  oraninin  kdpugin
stabil olmasiyla artigi gorudlmistur. Fabrika dlgeginde, konsantre
tasma olugu tarafina konulan boydan boya delikli 1kl paralel boru
en fazla gang uzaklastirmasina sebep olmustur. Koplik stabilitest

koybolmus ve degerli mineral kazanilma orani azalmistir.

—
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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, it had been
neglected in the western world There was no fundamental study to
explain why and how wash water can improve metallurgical
performance and what are the best operating conditions. The
purpose o¢f this research thesis was to find the best addition

type, location 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 cells was
quantitatively determined at laboratory, pilot-plant, and plant

scales,

2. Froth washing technology was fully developed and brought 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 froth phase in a flotation cell by mechanical and?
ultrasonic means to further reduce gangue entrainment had never

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

5. Gangue recovery mechanisms in flotation were identified and
their contribution was quantiflied in a laboratory system,

6. Conductivity measurements were used to determine gas holdup in
the slurry and froth phases and to dynamically monitor froth

washing efficiency.



7. Washing the entire froth surface was shown to stabilize the
froth at laboratory and pilot plant scale and often increase the
recovery of hydrophobic species at a shorter residence time in the
slurry. At plant scale, washing was limited to the area adjacent
to the concentrate weir to minimize water requirements. As a

result, hydrophobic recovery decreased,

8. A classification coefflicient origihally used to describe the
effect of particle size on entrainment was adopted to be used as a
simplified predictor of entrainment at various scales. The effect

of scale and wash water on “he coefficient was determined, and

9. A simple model to predict froth height based on momentum
conservation was developed. The model was shown to predict well
the effect of gas rate and wash wateﬁ on froth height. This model
can oe used to predict water recovery using the established weir

discharge equation.



NOMENCLATURE
interfacial area, 1/m
fractional holdup
diameter, m
aerated power consumption, W

unaerated power consumption, W

liquid volume in the pulp phase, m3

terminal bubble rise velocity, m/s
superficilal gas rate, m/s
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impeller speed, rps

impeller diameter, m
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specific resistivity
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: conductivity
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C: conductivity without aeration

2
A: electrode area, m

)
m .‘-n

FT:

: concentrate flowrate, m3/s

: superficial

o B

: pulp density, kg/m3

: change in surface tension

: concentration

: efficient mixing zone

: superficial feed rate, m/s

: superficial tails rate, m/s

: superficial concentrate rate, m/s
: superficial wash water rate, m/s
: superficial drainage rate, m/s

: superficial liquid rate, m/s

water film thickness around bubbles, m

ad justable constant in Eq. 3.4

. 2
cell cross-sectional area, m
velocity coefficient

radius of Plateau borders, m

the distance btw cell lip level and froth surface, m

the distance btw cell lip level and interface,

froth thickness (T+H), m

w: cell width, m

: discharge coefficient

volumetric froth flowrate to the concentrate, ma/s

froth removal efficiency
momentum, Kg.m/sec

mass, Kg

velocity, m/s

Joint bubble velocity, m/s

: number of bubbles

: bubble rise velocity in the pulp phase, m/s

number of bubbles

: distributor height from the froth surface, m

distance from the interface, m

gas rate associated with liquid transfer,

m/s



: entrainment factor

: drainage factor
liquid residence time ! the pulp phase, sec

: pulp volume, m3

tails flowrate, ma/s

: bubble residence time in the froth phase, sec
: froth volume, m>
: amount of tracer reporting to the concentrate,
: amount of tracer reporting to the tails, kg

: maximum froth thickness, m

k : entrainment rate constant, 1/sec

X : mass of gangue in the pulp phase, kg

time, sec

total number of particles in the cell

V. cell volume, m3

probability of entrainment
distribution coefficient in Eq. 5.5
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upward mass flowraate, kg/sec

downward mass flowrate, kg/sec

pulp gangue concentration at the interface, kg/m3
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distance from the interface, m
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classification coefficent

modified classification coefficent
. . 3
impeller pumping capacity, m /sec
impeller blade thickness, m
superficial fluid pumping rate, m/s
cell height in Eq. 5.34
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total weight of water in the cell, kg
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: water recovery

: wash water flowrate directly going to the concentrate, m/s
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GENERAL INTRODUCTION
This project was initiated three yesars ago based on the
findings and observations of author’'s master thesis. Since
laboratory and pilot flotation performance differ from actual
plant flotation performance due to differences 1in scale,
hydrodynamics, kinetics, and froth characteristics (e.g.
stability, loading etc.), plant work was inevitable for scale-up.

The proJject, 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 mill 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 particular
attention to the critical role of the froth phase and its effect

on circuit performance along with pulp behaviour.

Chapter 1 introduces the theoretical background of gangue
recovery mechanisms in flotation and covers a brief literature
survey of secondary concentration in the froth phase with previous
plant applications in the U.S.S.R.. This chapter alse introduces

alternative solutions to the entrainment problem in mechanical

flotation cells.
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In chapter 2, the main objective 1is to present some
fundamental aspects of the flotation process in a two-phase
system. Gas holdup and bubble size in the slurry phase, where the
entrainment  problem originates, are the main varliables

investigated.

Chapter 3 partly describes the froth 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 froth phases with wash
water was Investigated in chapter 4. Variables affecting gangue

entrainment, such as feed water recovery, are quantified.

In chapter 5, gangue profiles in the slurry and froth phases
were determined at different operating conditions. An attempt was
made to estimate gangue content in the froth phase.
A classification coefficient was correlated with bubble rise

velocity and particle settling velocity in the froth phase.

In chapter 6, the applicability of froth washing and

vibration in a laboratory cell to lessen gangue entrainment was

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

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




main operating variables on gangue and water recoveries was

quantified.

Tracer and conductivity techniques were used to evaluate the
effect of wash water using the pilot cell in Chapter 7. Tracers
were added into the wash water to determine wash water split, into
the cell to determine slurry water rejection, and into the feed

tank to determine 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 results at the
Strathcona mill. Grade-recovery and recovery-recovery curves were
generated and compared with and without 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 mill to determine the amenability of
wash water for the the 2nd cleaner bank. The size-by-size
metallurgical performance and economic impact of wash water on the

plant were determined.



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 flotation and covers a brief
review of secondary concentration of minerals in the froth phase,

with previous plant applications.

Floatable and non-floatable particles follow a different
sequence for transport from the pulp to the froth phase. For
floatable particles, the principal recovery mechanism 1is true
flotation (i.e. bubble attachment and levitation). Non-floatable

particles are recovered by entrainment.

Gangue entrainment in mechanical flotation cells can
significantly reduce separation performance, especially for fine
feeds. It should be noted that although entrainment can in some
respects be studied separately from true flotation, the converse
is not true, because the recovery of mineral in conventional
flotation cells, batch or plant, is always a combination of true
flotation and entrainment; separation of the individual

contributions is possible to a limited extent.

Entrainment is a problem 1in flotation because it |is
non-selective. There 1is no discrimination between hydrophobic
and hydrophilic particles, both of which may be present in the
inter-bubble water. True flotation, of course, is selective

because only hydrophobic particles adhere to bubbles.




1.1 Theoretical Background
1.1.1 Hydrodynamic Regions in a Subaerated Flotation Machine
The subaerated flotation machine with externally-supplied
air, as shown in Figure 1.1, has four distinct hydrodynamic
regions, which are the key for flotation of particles. These
corresponds to 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 in this zone. During the
flotation of particles from a slurry, it is necessary to have a
hydraulic transport region for conveyance of the mineral-laden
bubbles from the mixing region to the separation region. Once the
mineral-laden bubbles enter the separation region hydrophobic
particles continue to rise toward the surface while gangue
particles exit this region to reenter the hydraulic transport
region. The mineral-laden bubbles enter the froth removal region,
which is used for separating entraped gangue particles from the
froth and removing of this mineralized froth from the flotation

machine.

All four hydrodynamic regions differ significantly 1in
turbulence, ranging from a highly turbulent flow condition 1in the
mixing region to a smooth laminar flow condition in the froth
removal region; the major transition from turbulent flow
conditions to laminar flow conditions takes place between the

transport and separation regions.
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Figure 1.1: Hydrodynamic regions in a subaerated flotation cell.

(From Plouf, 1979)
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1. 1.2 Gangue Recovery Mechanisms

Gangue recovery mechanisms in flotation are different in the
slurry and froth phases. In the froth phase, gangue particles
can be recovered by either entrapment or hydraulic entrainment.
There are two different gangue recovery mechanisms in the slurry
phase (Figure 1.2)- slime coating and entrainment. Entrainment
can also be subdivided into two <classes: hydraulic and
mechanical. Some investigators wuse hydraulic entrainment while
others use mechanical entrainment for the combination of these
mechanisms. In this study, the distinction and contribution of

these mechanisms will be clarified.

Some of the hydrophilic particles are re yvered by entrapment
in which non-flocatable particles are thought to be held in the
froth by bridging across floatable particles held by adjoining
bubbles. Entrapment mainly occurs in the quiescent froth phase or
near the interface rather than the turbulent slurry phase.
Entrainment and slime <coating are generally followed by
entrapment.

Each bubble leaving the slurry phase carries a sheath
(envelope) of water, which contains fine gangue particles, into
the froth (i.e. hydraulic entrainment or carry over with
inter-bubble water). Some of the inter-bubble water and the
larger particles enter the base of the froth column and then
drain back into the pulp; the remainder is carried upwards and is
ultimately recovered in the concentrate. The wetter the froth the
greater the proportion of the particles in the concentrate that

will be recovered by entrainment rather than by true flotation.
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Figure 1.2: Gangue recovery mechanisms in flotation.

(b: bubble, g: gas, and v: valuable particle)
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Gangue particles mainly reach the Interface by elther
hydraulic or mechanical entrainment. ﬁydraul&c entrainment occurs
when particles are carried in the wakes of rising bubbles.
Bubbles and their wakes rise up and reach the base of the froth
phase. The bubbles continue to rise, becoming enlarged by
coalescence, till they reach the top of the froth and are scraped
off carrying their load of attached particles or overflow the
concentrate weir Recovery of hydrophilic fines within boundary
layers and wakes by hydraulic entrainment {s related to water

recovery in the concentrate.

Mechanical entrainment is caused by impeller motion, which
gives rise to turbulence and brings some fine hydrophilic
particles to the slurry-froth interface; some of it will report to
the concentrate via entrapment or hydraulic entrainment. Bulk
displacement of particles by internal flow patterns can be

determined in the absence of aeration.

Slime coating is another likely source of gangue transfer to
the froth phase. Slimes, which inhibit bubble attachment and
adsorption of frother and/or collector, often deleteriously
affect recovery and reagent consumption. In slime coating, there
is an electrical attraction between gangue and valuable particles;
it {s most severe when slimes are uncharged or oppositely charged
to the mineral belng floated. Increasing the concentration of
slimes Increases the slime coating density (Sun, 13943). In
general, some form of desliming can be carried out prior to

flotation, but this results in an inevitable loss of values.

M
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Slime coating is detrimental to concentrate grade if the fine
particles are valuable mineral and coarse particles are gangue
minerals. When the fine particles consist of gangue minerals that
coat the coarse particles of the valuable mineral, these particles
prevent the attachment of air bubbles and the recovery of valuable

mineral may be decreased significantly. Fine particle or slime

coating is not always undesirable in flotation, as it is the
basis of carrier flotation process. Slimes may also stabilize the
froth. Fine particles may coat coarse particles of the same
mineral, and may thus float, 1like in scheelite and phosphate

flotation (Koh and Warren, 1973).

1.2 Solutions to the Entrainment Problem

The removal of undesirable particles from the froth is called
"secondary concentration" to distinguish it from the primary
concentration processes occurring in the pulp. Secondary
concentration is desirable because it will reduce the extent of

further cleaning operations.

There are two major limitations for fine particle flotation

in mechanical flotation cells:

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

b. the finite capacity of the froth phase to carry valuable
particles entering in the froth (i.e. carrying capacity
problem).




These limitations lower the concentrate grade and valuable
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 aeration rates
(i.e. lincreasing residence time in the froth phase) to
reduce water recovery to the «concentrate (North American
practice),

b. dilution of the pulp phase by adding water 1into the
concentrate launders or conditioning tanks (Australian
practice).

The drawbacks of these common solutions are the decreased
recovery for the former case, due to decreased water recovery to
the concentrate and addition 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
specifications. Alternative approaches to alleviate the above
limitations in mechanical flotation cells are the use of flow
modifiers, froth vibration, and froth washing to increase the

secondary concentration in the froth phase.

1.2.1 Flow Modifliers

Moys (1984) showed that bubbles entering the froth phase near
the concentrate weir have a very short reslidence time in the
froth. Entrained liquid and particles are thus afforded little
opportunity to drain back to the slurry and it is 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

13
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Figure 1.3: Effect of aeration rate, froth thickness, and percent

solid on gangue entrainment.

(from Engelbrecht and Woodburn, 1975 and Lynch et al., 1974).

(H: Froth thickness)
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weir. This flow modifier would ensure that bubbles entering the
froth close to the concentrate weir are diverted from the
concentrate weir and are retalned in the froth for a longer time.
Therefore, residence time in the froth is locally increased to

enhance secondary concentration in the froth phase.

1.2.2 Froth Vibration

Mechanical or ultrasonic vibration was used for reasons other
than entrainment reduction in mineral processing by American and
Russian investigators as early as 1951 (Table 1.1). A search of
the 1literature soon revealed that the concept of influencing
flotation by the superimposition of an acoustic flield was by no
means novel, but unfortunately the conclusions drawn from much of
the published work are of limited value because of lack of
recognition of many of the factors controlling flotation.
Furthermore, many of the experiments to investigate the effects of
ultrasounds in fact only examine their effect on conditioning

prior to flotation.

Numerous investigations have shown that intense ultrasonic
vibrations can effectively change the state of a material causing
dispersion, coagulation, and emulsification, changing the rate of
dissolution, and crystallization, bringing about some chemical
conversions, and accelerating considerably multi-phase processes.
In recent years, ultrasonics have become of increasingly important

in different industries.

15



The flotation process mainly depends on the state of the
mineral surface. The introduction of ultrasonic energy into a
flotation system can speed up flotation of some minerals. Table
1.1 shows a literature survey on the applications of ultrasounds
in flotation. In most cases, wultrasounds are wused for
pretreatment of pulp or water outside the flotation cell. All

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 minerals in the froth

phase in this study.

Stoev (1967) investigated the influence of ultrasonic
vibrations on the secondary concentration of coal and barite
minerals in froth. His results, obtained at the Warren Spring
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 also after its removal into a
separate vessel. A large Iintensification of the secondary
concentration process with ultrasonic treatment was claimed (i.e.
concentration process with ultrasonic treatment is better than
that after 45 min without such treatment). A practical
disadvantage is the introduction of undesirable noise into the

working environment.
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Table 1.1: Applications of ultrasounds in flotation.

Objective

Reference

Application

defrothing tough
froths

desliming and
upgrading ores

pulp sonification
pretreatment

emulsification of
sparingly soluble
reagents

effect of ultrasounds
on bubble dispersion

secondary
concentration

water sonification
to increase recovery

pulp sonification
pretreatment

pulp sonification
pretreatment

pulp sonification
pretreatment

fine particle
flotation in
an acoustic field

pretreatment to
speed-up flotation
kinetics

Sun (18951)

Sun & Mitchell
(1956)

Asai and Sasaki
(1958)

Revnitzev & Dmitriev
(1963)

Stoev & Kuzev (1968)

Stoev (1967)

Agranat et al.
(1973)

Zubkov & Belov
(1982)

Raghavan & Hsu
(1982)

Dyatalov (1983)

Nicol et al.
(1986)

Slaczka (1987)

Coal flotation

tungsten and tin

to increase coal
recovery

for selectivity

fine coal
flotation

coal and barite

zircon, rutile, BeO
ilmenite, jarosite
spodumene, quartz
chalcopyrite, molybdenite
and limonite

flotatlion

rare metal ore
flotation

molybdenum ore
flotation

to increase coal
recovery

methylated silica
flotation with a
Hallimond tube

barite, fluorite
and quartz
flotation




Nicol et al. (1888) showed that the superimposition of an

acoustic field on fine particle flotation process was helpful in
improving recovery in the low size range (principally less than 20
um). Using a modified Hallimond 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 acoustic filelds at

0.40 W/mm® and 1.18 Wmmz. respectively.

Slaczka (1987) found that ultrasonic pretreatment of minerals
causes an increase in the flotation rate of barite and a decrease
in the flotation rate of fluorite using an ultrasonic field of
22kHz and intensity of 0.5 W/cmz. He selectively separated

barite from a barite-fluorite-quartz ore.

Malinovskii (1970) used a screen 1 and 2 cm from the froth
surface (in a 12 litre Mekhanobr cell) to investigate how firmly
hydrophobic particles attached on the liquid-air boundary. The
screen, with openings of 2 or 5 mm, was mechanically vibrated at
900 and 1200 vibrations per minute (vpm) with an amplitude from 5
to 10 mm. He showed that the presence of a screen had no
detrimental effect on hydrophobic particle recovery (i.e.

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

1.2.3 Wash Water Addition (Froth Spraying)

The froth acts as a separating medium (filter) to segregate
and remove the wvaluable mineral particles from the gangue
particles of the ore.” Selective rejection of gangue in the froth

phase can be fostered by careful and uniform water spraying of



the entire froth surface. Froth sprinkling washes loosely held
gangue particles from the froth and compensates for water lost in
the upper layers, thus increasing froth stability. Many gangue
particles are not attached to bubbles in the froth and can be
selectively removed from the froth by water draining 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 draining ifrom the froth, the more effective is secondary
concentration. An improvement in the concentrate grade obtained
with spraying is largely due to washing away of gangue particles,

which are entrained intc the froth or weakly attached.

Water spraying reduces the coalescence of bubbles in the
froth and for optimum addition of water increases the stability
of the froth. Without spraying, the film of water between bubbles
in the upper portion of the froth is sufficliently thin for
particles to maintain contact with two or three bubbles. With
spraying, the films thicken in all regions of the froth column,
and the number of larger particles held in the froth is increased.
Also, some fine particles adhere to bubbles more firmly.
Spraying of the froth therefore generally Iincreases both
concentrate grade and recovery while decreasing reagent
consumption and even decreasing the number of cleaning stages

required in the flotation (Klassen and Mokrousov, 1963}.
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The effectiveness of froth washing may be improved by using
mechanical means to ensure intimate mixing of the water and froth
flows: this is examplified by the Leeds column. The Wemco/Leeds
column has an impeller below the froth barrier 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 literature survey showed that wash water spray into the
mechanical flotation cells has been widely used for coal and ore
in the USSR for more than 25 years (Klassen and Mokrousov, 1983).
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 Chile, 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 flotation froths, the content of the wvaluable
mineral and % 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 is carried out by sprinklers moving along the front side of
the flotation cell. Figure 1.4 shows the photograph of showers

for spraying the froth in coal flotation at the Karagandinskala

20
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Figure 1.4: Photograph of showers for sprinkling the froth in
mechanical flotation cells at Karagandinkala central concentrator
(from Klassen and Mokrousov, 1963).

Figure 1.5: Perforated pipe distributor for coal flotation used in
USSR (from Klassen and Pikkat-Ordynsky, 1957).



Central Concentration Plant. Water, falling from a very low
height, sprays approximately 40% of the front froth surface. In
this case concentrate overflows over the cell 1lip without any

paddles (Klassen and Mokrousov, 1963).

Figure 1.5 shows a perforated pipe type spraying mechanism
used in coal flotation in Russia. The pipe assemblies were fixed
20 cm above the froth and sprayed 70% of the froth surface. The
hole diameter was 1 mm and water flow rate was 8 1/min (Klassen
and Pikkat-Ordynsky, 1857). In this application, since the
paddles were used, the back part of the froth surface was sprayed

with water.

Figure 1.6 shows the effect of water spraying on the
stablility of a flotation froth, and bubble sizes in the froth.
The optimum addition rate is around 12-16 1/min for a 18 cm froth
thickness. Unfortunately, no size distribution is given to
convert this Iinto a superficial rate to scale up or down. The
average bubble dlameter in the froth dramatically decreases with

increasing water addition rate.

1.3.2 Ore Applications

Significant increases in concentrate grades have beeA
reported by water spraying on froth surfaces. This was first
done in the flotation of andaluclte ores and led to an increase
in concentrate grade by 10-15%. Subsequently, the same process
was adopted in USA at an Idaho plant (Klassen and Mokrousov,

1963).

22
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Figure 1.6: Effect of water spraying on the stability of a

flotation froth and on the bubble sizes in the froth (from Klassen
and Mokrousov, 1863). )

Weighe disicibution
Concentrate —_ -
partcle use Frodh speaved by water
mm W slwrrnr t./nun)
spraving -
| 5 | 16
| ~ 0295 | 0 160 183 216 231 | 255
| -01i6010104 20t 14 41317 417
—-0-104 U074 1 64 200 226 198
-00M4 94 50 92w 91 00 91
Torat 100 00 100 VO wooe | 1wow

Table 1.2: Effect of froth washing on the size-by-size scheelite
cleaner flotation (from Klassen and Mokrousov, 1863).
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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 1is given 1in Table 1.2. Size-by-size scheelite
recovery increases with increasing water addition rate from 5.5 to
16 1/min for ccarse particles and decreases for fine particles.
It appears that there is no detrimental effect of wash water on

the detachment of coarse valuable particles.

Table 1.3 shows the effect of froth spraying in powellite
{tungsten-molybdenum) ore flotation at two different wash water
addition rates at the Lyangarska plant cleaner circuit.
Increasing wash water addition dilutes the pulp content in the
cleaner cells from 34.4% to 21.8%. There 1is a significant
increase in Mo content from 2.7% to 7.2% (2.67 times) with a

slightly increased recovery (1.06 times).

The effect of particle size and water flow rate in powellite
flotation is given in Table 1.4. Fine particles are washed away,
whereas large particles adhere to the froth. An increase in the
recovery of floatable minerals is due to the larger amount of
coarse particles remaining in the froth. As the froth layer rises
to the top of the froth, 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 spraying
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Table 1.3: Effect of froth washing in powellite ore flotation
(from Klassen and Mokrousov, 19863).

Weight d.mrlbuuon
meemm:‘et ::‘amrle e N With spraying by warer
ithout t./min)
spraying
7-5 13

| —0295 + 0 160 197 361 412
—0160 4 0 104 119 297 404

~0103 4+ 0074 049 0-62 1-44

-00%4 96 3§ 92 80 90-40

ToraL 100 00 100 00 100 00

Table 1.4: Effect of froth washing on size-by-size powellite
cleaner flotation (from Klassen and Mokrousov, 1963).
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decreases bubble coalescence, increases bubble surface area and

decreases the rejection of coarse particles.

Unfortunately, there has not been any published work on
Western plant applications yet. The available information relies
solely on private communications. However, there is a recently
increasing interest to test the effect of wash water addition in
mechanical flotation cells. The Zinc Corporation of America, New
York, is planning to test it for talcous gangue depression in the
cleaner circuits (Kemp, 1988). Les Mines Selbale is ready to test

wash water in their zinc cleaner circuit (Murarka, 13988).

Strong wash water spray is 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, significant

amounts of sphalerite were lost.

In Canada, the Polaris mill 1is currently spraying wash
water to sphalerite cleaner cell lips to remove dolomitic gangue

from the concentrate. Some improvements are observed.

In Chile, some plants (e.g. El Salvador of Codelco) are using
wash water in the copper cleaning stages, but there 1is no

information available about these operations.

A private communication with Mr. S. Bulotavic from Lakefield
Research Centre, who tested the wash water spray in some Russian
plants, indicates that grade can be significantly Iincreased. Hot

steam was used, which passes through a screen mesh, and generates

26
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hot water droplets.

1.3.3 Coal Applications

Klassen and Mokrousov (1863) and later Miller (1968) are
among a number of authors who discuss the effect of froth
sprinkling on coal flotation effliciency. They showed tha froth
sprinkling washes loosely held gangue particles from the froth and
compensates for water lost in the upper froth layers, lncreasing
froth stability. Thus, both grade and recovery can be improved.
Miller {19638) showed that single stage flotation coupled with
froth sprinkling yilelded a product comparablie to that obtained {n
a conventional rougher-cleaner combination Substantial savings in

flotation volume (35%) were possible.

Results obtained by means of froth spraying in the flotation
of coals at the Karagandinskaia Central Plant showed that coal
recovery increased from 2.4% up to 11.8% while ash content of the
sprayed froth decreased from 14.1%4 to 1.9%. Thus, wash water
spray increased the carrying capacity of the froth (1.e. recovery)
at a lower ash content. Table 1.5 shows that water sprayling of
the froth improves the quality of concentrate in flotation of both
coarse and flne sizes of coal. There 1is an lIncrease in the

recovery of coal, particularly with large particles.

Klassen and Pikkat-Ordynsky (1957) applled water spraying on
laboratory and plant coal flotation. Table 1.6 shows significant
improvement in coal recovery at lower ash contents both plant and

laboratory scales. Table 1.7 summarizes the slze-by-size coal



recovery with and without wash water addition using two different
industrial flotation cells. Coal recovery significantly increases
for coarse sizes while there is a reduction in ash content.
Comparison of cell #3 and #4 1indlicates that there is no

significant problem using wash water with large cells.

Table 1.5: Size-by-size <coal flotation performance with and
without wash water (from Klassen and Mokrousov, 1963).

Without spravine uh spray g
Size e *e
Prewduct Jraction ; »
| Ash Ash
e Recunery content Recurery content *
Concentrate 0-5 21 96 874 16-65 7-18
-007 Jo ) 1285 19 25 11-32
Boder fucl s 356 37-34 26 40 2044
-007 1719 5904 46-20 7028

Table 1.8: Effect of froth spraying on coal recovery and ash

content.
WITHOUT SPRAYING WITH SPRAYING
Products RECOVERY ASH CONTENT RECOVERY ASH CONTENT
concentrate 41,80 7.2 $3.80 8.8
tailing 8,50 24.4 48.40 29.8
concentrate 27.10 8.8 49.80 7.7
tailing 72.980 20.2 $0.20 26.8
concentrate 70.90 8.5 88.00 8.5
tatling 29.10 38.5 15.00 68.8
concentrate 48,70 7.3 $3.00 8.8

tailing $3.30 24.5 47.00 5.4

28
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Cell no+ Cell nocd

Without spraving With spravinge Without apraving With apristag
PRODUCTS SIZE ([,l.m) R, A.C. R. A.C. R. A.C., R. AU,
) (%) (89] (%) %) V) (%) [

+2.0 - - - - - - - -

~2.0+1.0 0.5 1.0 2.1 2.9 1.7 1.8 4.8 2.8

CONCENTRATE  ~1.040.5 14,5 19.8 31 18.0 5.8 25.5 2.6
~0.54+0.3 19.7 4.6 1.0 5.2 6.3 3.7 8.2 5.7

-0,13 65.3 9.5 46.9 9.7 54.0 10.0 41,5 10.5

TOTAL 100.0 7.6 100.0 6,8 100.0 1.5 100.0 179.0
2.0 1.6 13.5 1.8 7.8 2.2 12.9 1.9 12,93

-2.0+1.0 12.2 10.9 10.2 16.3 10.5

~-1,040.5 25.5 12.2 28.4 12.5 2.7 14,7 J0.1 16,7

~0,5+0,3 26.7 17.00 27.6 20.0 1.2 1.4 0.3 5.6

-Q,1] 3.0 26.0 i1.3 1.5 1.7 1.6 7.2 7.7

TOTAL 100.0 18.3 100.0 21.2 100.0 22.1 100.0 24,5

R! Recovery and A.C,: Ash content

Table 1.7: Size~by-size coal recovery with and without wash water
using two different industrial flotation cells.
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1.4 Temperature Effect in Flotation

On various flotation plants in South Africa (Prieska, Cu-Ni
and pyrite) (O'Connor et al., 1885), Canada (Clarabelle, Cu-Ni)
{Kerr and Kipkie, 1985), and Finland (Hukki, 1970), experience has
shown that during the winter months, significant problems in
terms of grade and recovery are experienced in 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 is known to affect the flotation kinetics, since
an increase in temperature reduces induction times, often at the
expense of selectivity. This has been observed particularly for
fluorspar and mixtures of sphalerite and chalcopyrite.
Temperature also affects the pH value, and the viscosity of the
pulp, as well as the formation of bubbles. The temperature of the
pulp affects the stability of the froth since the lower the
temperature, the more stable 1is the froth. The effects of
temperature on the kinetics of reagent adsorption have been
studied extensively, much of the work being concentrated on
temperatures higher than ambient where the rate of adsorption is
higher although desorption is often enhanced (0'Connor et al.,
1985).

It is well known that most chemical reactions will be
accelerated by the increases in temperature. As a result, the

following additional improvements can be expected to take place

(Hukki, 1970):
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-~ reduced need for desliming,

- improved floatability of fines,

- reduced conditioning time,

- reduced reagent consumption,

-~ reduced flotation time,

— reduced energy consumption in all phases of the process, and
- reduced contamination of tailing by excess reagents.

O’'Connor et al (1985) showed that the equilibrium recovery
of gangue decreased significantly as temperatures increased with
sodium ethy xanthate (SEX) (Figure 1.7). A clearer understanding
of the gangue flotation or entrainment process can be obtained
from plots of gangue-water recovery (Figure 1.8), which show that
more gangue is recovered in the concentrate for the equivalent

mass of water as pulp temperature decreases.

1.4.2 Industrial Applicaticns of Hot Flotation

The wvast number of papers written on flotation include only
exceptional information on the effect of pulp temperature.
Similarly, industrial applications at above ambient temperatures

are rare. The <lassical examples are:

- molybdenlte - copper separation
- hematite concentrate cleaning
(Cleveland Cliffs lron Company, Republic Mine, Michigan)
-~ rare earths flotation
{Molybdenum Corporation, Mountain Pass Mill, California)
-~ sphalerite - pyrite or pyrrhotite separation by SO2 treatment

{Brunswick Mining, Noranda, Bathurst)

Heating of pulp may take place before rougher flotation or
it may be limited to cleaning of the existing concentrate produced
by the conventional methods In the latter case, onz or more of
the warmed up middling pulps may be returned to the rougher

circuit; this as such can be advantageous.
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The most promising flelds for hot processing in sulfide
flotation are the further cleaning of rougher concentrate, and
especially the selective separation of sulphide minerals from bulk
concentrate In a general case the tonnage of such bulk
concentrate amounts to a minor part of the initial feed and

energy requirements are reduced.

The primary purpose of the treatment of an existing sulphide
flotation concentrate is the partial or total removal of xanthate
coatings from all sulphide surfaces. The additional purpose that
always can be included is the reduction or elimination of the
frother content within the concentrate. It is already known that
temperatures of B80-100C are very effective 1In hydrolyzing
xanthates and for desorption of xanthate coatings from sulphide

surfaces

After removal of xanthate coatings some difficult sulphide
mineral separations from bulk concentrates can be accompllished
more selectively than by standard procedures. This allows greater
freedom in selecting conditioning agents and possibly eliminate

the need for less attractive depressants, such as cyanide and SO2

Typical examples of separation of sulphide minerals from bulk
concentrates after removal of xanthate coatings include (Hukkl,

1870):

- galena/chalcopyrite

- pentlandite/chalcopyrite

- cobalt-nickel-sulphides/chalcopyrite
- chalcopyrite/sphalerite

- pyrrhotite/sphalerite

- molybdenite/chalcopyrite




Typical examples of processes where hot flotation should

always be considered include:

- final cleaning of concentrates of magnetite, hematite,
ilmenite, chromite, rutile, scheelite, cassiterite, columbite-
tantalite, monazite, fluorspar, apatite, rare earths, etc., from
impurities such as silicates

- selective separation of two oxide minerals from their bulk
concentrate typified by separations such as apatite from
calcite, and scheelite from calcite.

- separation of feldspar from quartz.

Although heating of the pulp may improve recovery and/or
grade, the economics must be carefully evaluated for each plant,
since changes in temperature can cause largs variations 1in
flotation performance depending on the type of ore being floated
as well as the type of collector being used Pulp heating is very
costly in the cold Canadian climate. Pulp volume 1is large;
however, froth volume is relatively small. In this study, the
effect of wash water temperature on froth washing efficiency will
be investigated The effect of some chemical additives (i.e.
depressants) in wash water on gangue entrainment will also be

determined.

1.5 Summary

The literature survey showed that wash water sprinkiing into
the mechanical cells has been widely used for coal (bituminous)
and ore mineral (andalusite, powellite, scheelite and molybdenite)
flotation In Russia for 25 years. Publlshed data suggest that

there Is a significant improvement in both concentrate grade and
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recovery. From Russian practice, |t seems that water might be
sprayed 40-70% of the froth surface using perforated pipes or

showers (sprinkles).
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CHAPTER 2

A STUDY OF THE SLURRY PHASE OF MECHANICAL FLOTATION CELLS!
IN i

i

A TWO PHASE SYSTEM |

b —




Introduction

The maln obJective of this chapter is to present some
fundamental aspects of the flotation process In a gas-liquid
system. The main emphasis is given to the slurry phase where the

entralnment problem originates.

Gas holdup and bubble size are two of the most important
factors characterizing hydrodynamics In a flotation cell G
holdup produced in a stirred vessel is a basic measure of the
effectiveness of the contacting and mixing Al though no
universally applicable model to predict gas holdup Is yet
available, chemical engineering lliterature suggests a number of
empirical correlations Table 2.1 shows a lliterature survey on
gas holdup, interfacial area, and bubble size along with the
vessel dimensions, operating conditions, and measuring methods,
All 1investigators measured gas holdup; some attempted to measure
interfacial area and bubble size. Therefore, in this study, the
main attentlion was given to gas holdup measurements, due ‘.,
measurement difficulties of bubble size and Interfacial area In

agitated vessels.

The earllest gas holdup models were derived from experiments
with either pure liquids (coalescing systems) or aqueous solutions
of electrolytes (non-coalescing systems), it was assumed that gas
holdup was proportional to the dissipated energy per unit volume

(P/V) and superfictal gas rate (Jq). These are \indirect

"
.
-
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Vessel Varisbles Measured
Refereace Vessel diameter, T DIT H/T Js Pl v l1quid gas hold-up bubble interfacial pover wmeasuring
- 3
(m) (10 2 w/s) (KW/m™) dianeter area consumption wmethod
Calderbank STC 0 19,0.51 0.3)  €H/T:] 0,3-1.8 0,3-5 vater x x 11ght scatering
Westerterp sTC 0 14,0.15 0.2-0.7 €H/T.1 0.2-20 0.2-20 ®ulphate x x cheatcal
0.19;0.6;0.9 solution
Kaweckt STC 0.191 0.4 H/T:1 1.4-3.1 0.6-7 water x photography
Retth STC 0.19;0.4%;1.2 0.4 H/T:1 4.7 0.2-20 sulphate x x chemsical
solution
V.Diersndonck STC 0.17,0.29 0.31-0.55e8/T:1 0.8-5% 2-20 water and x
0.45;2.60 sulphate photography
salution
Lee STC 0.305 0.33 EH/T:1 0.3-0.9 0.1-1 sulphate x x light scateriong
solutfon
Brown STC 0.22 0.35-0.58¢H/T:1 0.2-0.5 0.1-2 water x x photography
Miller STC 0.15;0.31 0.62 H/T:2 0.01-0.15 water,CO2 x C()2 strivping
0.69 air
pressure gradient
Yung STC 0.4 0.225 0 1-2.1¢6 water and
0.325-0.45 ethylene glycol
acetone
sodium chlortde
sodium sulphate
solut fons
Table 2.1: Literature survey on gas holdup, bubble size and

interfaclal area.

(STC:

tank volume,

holdup in the vessel).

stirred tank gas-liquld contactor,
H: power consumption, V:

vessel volume,

impeller diamter, T:
liquid



correlations because the aerated power (P.) Is not usually related

in any simple way to the power transmitted without gas being

present (Mann, 1986).

More recent correlations have sought to avold this difficulty
{so as to provide prediction of gas holdup as a function of truly
measurable variables). A recent relation, deduced through
dimensional analysis, contains the air flow, the Weber number, .and
a scale factor (Yung et al , 1879) Some of these holdup

equations will be tested for the flotation operatlion.

Bubble size, bubble rise velocity, spatial bubble
distribution, and gas holdup profiles have a direct bearing on
flotation. The two most frequent techniques for measuring bubble
diameter in a bubble swarm are photography and calculation from
holdup and interfaclal area measurements. These two methods are

compared {n thls work.

2.1 Theoretical Considerations

Figure 2.1 lllustrates a vertically lIntegrated theoretical
flotation framework, which relates the fundamental physical
phenomena to metallurgical performance, which largely determines
the profitabllity of beneficiation. In order to achleve final
metallurgical beneflits, 1.e. grade, recovery, and selectivity,
there should be physical contacting between particles and bubbles

The number of such bubble-particle colllisions depends on encrgy
disslpation, power fnput, holdups, gas, and tquid

flowrates between the slurry and froth phases. These physical

s
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contacting phenomena are in turn responsible for determining the
capability of the flotation cell as a mass transfer device Masg
transfer in the ceil iIs related to the bubble mechanlics (terminal
velocity, spatial bubble distribution etc ), avatlable surtace
(interface) area, kinetic mass transfer rate constants, bubble
size distribution, and residence time of gas,liquid, and solid

phases.

The flotation process involves the interaction of three
phases: solld, liquid, and gas A flotatlon cell can be divided
into two volumes: the pulp volume In which Intimate
particlie-bubble contact 1is induced by the turbulent action of the
impeller and the froth volume, which acts as a separating medium

to segregate and remove the valuable minerals.

Although flotation is a three phase system, it ls expedient
to consider {t first as a two phase system in order to understand
basic phenomena taking place in the flotatlon cell. The pulp and
froth volumes can be subdivided In the ligquid and air (bubble)
phases as well. Table 2.2 shows the summary of the correlations

and variables used in this work.

2.1.1 Gas-Liquid Interfacial Area
Some principles of efficlient contacting In continuou,
dispersed-phase flow may be seen by consideration of the

relationship-
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AUTHOR PARAMETER VARIABLES EOQU.
Calderbank Alp gas-liquid incerfacial Pa.le.Js.Vc.NRe.N,D. 3,4
area :P,:s

Arbiter Pu unaerated power Np,.‘l,n.&)1 5
MichelgMiller P‘ aerated power Pu,.‘l,D.O 6
Luong8Voleski Pa aerated power O,N.D,al. g b
PebblefCarber v: terminal rise velocity 819,00 g'a 9
Van Dierendonk ep gas hold-up U.O.O,N.NO,D.L 10
Calderbank ep gas hold-up Jg’v:’Pa’vlp’op 11
Rushton ep gas hold-up Pa'vlp'Jg 13
Yung et al's EP gas hold-up o0,N,D,L,p,0 14
Westerterp No min, impeller speed 0,L,p,3 15
Calderbank Oc contact time Pa’ 14 ’JB 17
Calderbank dbP bubble diameter P‘.le,ul,ua.p,sp 18
Calderbank dbp bubble diameter P‘.le.op.sp'c 19
Bascur@Herbst dbp bubble diameter Pa,vlp.CF.ap.op,Kl 20
GravesfKobbacy Ty imp .dis, eff. N,0,7,0 23
Grave s§Kobbacy nfl imp .dis. eff. T,Q,D 22

Table 2.2: Summary of correlations used in this work.




vhere A: interfacial area per unit volume of mixed phase, m
€: fractional volumetric gas holdup of dispersed phase
dsm: equivalent mean spherical bubble diameter, m

{.e. Sauter diameter which s defined as:

3
T n.dbp

) n.dbp

where dbp: bubble size in the pulp phase, m
n: number of bubbles at a certain size
The interfacial area may be Iincreased by Increasing gas
holdup or reducing bubble diameter. Small bubbles are more
readily entrained into circulating liquid stream and so give more
gas back-mixing than larger bubbles under similar hydrodynamic

conditions.

Calderbank (1958) studied the interfacial area of gas bubble
dispersions in agitated liquids by light scattering and reflection
techniques wusing a photocell. Those techniques are only
applicable in the case of small gas holdups (e < 0.1E5). He

proposed the following relatlionship:

0.4 0.2 0.2
(P/7 V. ) " p Jg
a lp

= 1.44 2.3
Ip o 0.8 J +V

where Vt: terminal velocity of bubbles in free rise, m/s
A : gas-liquid interfaclial area, m '
superficial gas veloclty (air flowrate/cell cross-
sectional area), m/s
p : pulp density, kg/m

o : liquid surface tension, N/m
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Pa: aerated power input, W

le: liquid volume in the cell, m°

Eq. 2.3 1is applicable in the range NRQOJ(D.N/Jq)O'3 <

20000. For N__ 0'7(D.N/Jg)°'3 > 20000, the interfacial area is
increased because suction of air takes place from the free
surface. In flotation operation, abstraction of froth into the
slurry is the indication of air capture from the atmosphere and
i{s clearly undesirable. The amount of gas picked up at the
surface, which increases with increasing impeller speed, can be
significant for vessels under 0.25 m> in size (Miller, 1974). The
entrained gas circulates along with the gas introduced in the
aerated mass. For flotation, Nmo'-'(D.N/Jg)o'3 is greater than
20000 and interfacial area in this region denoted by “A‘p" is

estimated from Eq. 2.4:

0.3
2.3 A 1p -5 0.7 N.D

Log10 ——— = 1.95 10 NR —_— 2.4
Alp ) Jq

where NRB: impel ler Reynolds number (Dz.N.p)/ u

N: impeller speed, rps
D: impeller diameter, m

In order to evaluate interfaciai. area, the aerated power
input and terminal bubble rise veloclity must be measured or

inferred from other operating variables.
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o The RN

Power Consumption: The power consumed in agitation reflects the

conversion of tangential velocity at the blade tip to an entire
spectrum of turbulent velocities, which dissipate the original
rotational kinetic energy through vortex degradation and

eventually through viscous resistance to heat.

Flotation is achieved under highly turbulent flow conditions.
In the turbulent region (NRe> 10'), the power number is constant
for a given cell geometry under a wide range of operating
conditions (Rushton et al. 1850). The estimated power consumption
is generally 80% of the installed power for industrial practice.
The power number for a number of flotation machines operating in
water was determined by Arbiter et al. (1969). Unaerated power
consumption under the turbulent flow conditions, Pu, can be

calculated using:

P =N.p. N. 2.5

where Np: power number

Power consumption by impellers under aeration condition has
been the subject of many studies. Mechanical power input in
aerated and agitated systems can be calculated from the most
popular and long-standing correlation of Michael and Miller (1962)

and Miller (1974).

Pa =0.706 | ——— 2.6

where Q: air flowrate,~m3/s
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Recently, Luong and Volesky (1979) introduced the use of air

flow and Weber numbers for calculating gassed power consumption:

2 .3 n

D .p
=C ] —e 2.7

where 0.437 < C < 0.514; m=- 0.38; -0.198 < n < -0.18

Terminal Bubble Rise Velocity: The volume fraction of gas in a

non-stirred gas-liquid reactor can be considered as the ratio
between the superficial gas veloclty, Jq. and a characteristic

terminal velocity of the bubbles:

2.8

Pebbles and Garber (1953) have defined factors affecting the
rise velocity of single bubbles 1in stagnant 1liquids under
turbulent conditions. They found the relationship for the rise of

bubbles in the constant velocity reglon.

0.25
g.o'.(pl -pq)
vV =1.18 2.9
t P 2

where V'.: terainal bubkle rise velocity, ws

p,: 11quid density, Kg/n’

pq: gas density, Kg/ns



2.1.2 Gas Holdup

Gas holdup 1is one of the most |important parameters
characterizing the hydrodynamics of the flotation cell. Air {gas)
holdup in the pulp =zone, cp. expressed as the fraction of alr
volume in the cell, has also been correlated, for example, by Van

Dierendonck et al. (1968) for electrolyte solutions:

[ u (N-No).Dz p.c°

€ = 0.078 r
P L.o g. H

where u: lliquld viscosity, Nsec/m2

NO: minimum impeller speed foi~ dispersion, rps

! Physical properties represented in Eq. 2.10 were varied in
|

the following range. Viscosity was between 0.0005 and 0.005

?
! Nsec/mz, surface tension 0.02 and 0.075 N/m, and pulp density 800
|
| and 1300 Kg/m">.

\

Calderbank (1958) proposed the following equation for gas

holdup in aerated vessels:

0.2

J.e (v )% J

9 P a Ip p q9
€ = |——— | + | 0.000216 - _ 2.11
P J+ v c’® J +v

q t q t

where P‘: power input in aeration, W
le: slurry volume, m
P /le: power dissipation per unit volume, W/n®

, Vt: terminal bubble rise velocity, m/s

-



This equation can easily be soclved by a computer using the

Newton-Raphson root method. When Pa/Vlp tends to zero, £ is equal
to Jq/Vt, which is a correct deduction and expresses the holdup
obtained when air is distributed uniformly over the cell
cross-section in the absence of . gitation. When Pa/Vlp becomes

larger, the first term is negligible and Eq. 2.11 yields:

0.4

The above equation agrees fairly well with experimental
results obtained by Rushton et al. (1944) for mixing vessel of
large capacity:

0.47

Pa

lp

Calderbank (1958) tested the following variable ranges.
Surface tension was between 0.022 and 0.073 N/m; pulp density,
790 and 1600 Kg/m3; effective kinematic viscosity, 0.0005 and
0.028 Nsec/mz; gas rate, 0.003 and 0.018 m3/sec. and power
dissipation per unit volume, 0.21 and 4.23 W/m’. These variables

are in the order of magnitude of normal flotation operation.

One of the most recent reviews about gas-liquid stirred
vessel mixers by Mann (1986) showed that there was no satisfactory

unified description of the internal two-phase mixing processes.
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He pres~nted a number of correlations for gas holdup in a stirred

vessel. Among them, Yung et al's (18739) relationship included the
air flow number, the Weber number, and a scale factor on gas

hold~up:

g = 0.52 S
P N.D o

-

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

blown in a liquid under agitation, there is a minimum impeller
rotational speed, No’ to achieve gas dispersion. Westerterp et al.

; (1963) suggested the following relationship:

0.25
1 c.g L
No =] — 1.22+1.25 2.15
D p D

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

It can be assumed that the impeller tip (peripheral) velocity
must exceed the gas rising velocity a certain number of times in
order that all large gas bubbles suppiied be broken up into small
bubbles. Application to flotation cells show that impeller speeds_

{ actually used are higher than this minimum value (Barbery, 1882).
!




Contact Time: The contact time of a gas with liquid per unit

depth, Qc, is estimated from gas holdup. Denoting the average
liquid depth as H, the mean resldence time of gas bubbles as T,

and superficial gas velocity as Jq, we have

The contact time per unit depth of ligquid is given by:

where K 1is a constant, and varies between 1.3 and 1.6
{Calderbank, 1967).

Gas holdup increases with Increasing superficial gas
velocity, while contact time is decreased. For example, a 50%
increase in Jq causes a 254 increase in gas holdup and 17%

decrease in contact time per unit depth of liquid.

2.1.3 Bubble Size

Average bubble size results from equilibrium between
stresses applied (especially shear stresses) and surface forces.
The Weber number is significant, as well as the power dissipated
per unit volume, Pa/le, which according to Kolmogoroff's theory,
controls the size of the smallest eddies in fully developed
turbuilent flow. Various correlations have been put forward.

Calderbank (1958) first suggested:
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0.6
- M

= 2,25 e+
bp (Pa/wp)O“ ‘po.z p "

where M and uq: liquid and gas viscosities

dbp: Sauter mean bubble diamet~r in the pulp phase.
Later on, Calderbank (1958) proposed the following equation:

d_ =4.15 e 2% 4+ 0.0009 2.13

p . p
(Pa/le) .p

Miller (1974) tested Calderbank's Equation and found that it
gave good estimations if the superficial gas velocity was less
than 0.02 m/sec; surface tension was between 0.0217 and 0.0735
N/m; pulp density, 790 and 1600 Kg/ma; and effective kinematic ]
viscosity 0.0005 and 0.028 Nsec/mz. Most of these ranges are in
the order of magnitude of normal flotation operation. Average
bubble diameter can also be calculated from measured gas holdup

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

Harris (1976) has especially insisted on the importance of
frother additlion on the control of bubble size in this type of
system. Bascur and Herbst (1982), who preferred frother

concentration rather than surface tension, used the following

equation to calculate average bubble diameter in the slurry phase.




€
p

d =K 2.20

0.4 0.344

bp Y1022 (p v )%t cF
p a lp

where Kl: constant (function of each system)

CF: frother concentration

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
Nienow et al. (1986) at constant gas flowrate (Figure 2.2). The
region lying between the minimum and maximum conditions is called
the efficient mixing region, where all of the sparged gas passes
through the impeller just once. To the right of the minimum is
the flooding region and to the left of the maximum the

recirculation region.

The efficient mixing zone (EM2) is established when all of
the sparged gas coalesces with and is dispersed from the
cavities behind the impeller blades (Figure 2.3). When
recirculation occurs, more gas is transported from the bulk of the
tank to the impeller and the rate of gas coalescence with the
cavities then exceeds the sparging rate. In the flooding region,
the gas cavities are oniy abie to capture part of the sparged gas,

while the rest flows more or less vertically to the surface
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Figure 2.2: Determination of gas mlixing regimes.
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Figure 2.3: Air bubbles attached to trailing edges of impeller
blades (high-speed photograph) (from C.C. Harris).
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without being dispersed. The flooding region defines the lower

limit of the efficlent mixing zone.

The progression of internal flow regimes observed at
increased impeller speed and constant aeration rateis given in
Figure 2.4. At a very low impeller speed, gas short-circuits up
the shaft forming a partial bubble column shown in Figure 2.4a.
This condition is called "impeller flooding", as the impeller
becomes engorged with gas and is by-passed by excess gas without
adequate dispersion. Under flooding conditions the impeller tip
speed is less than the bubble rise velocity; therefore not all the
alr stream introduced can be captured and dispersed into the cell
by the impeller. As impeller speed increases, gas is dispersed to
form a more homogeneous gas-liquid mixture in the efficient mixing
zone (Figure 2.4b). Circulation of gas downward will take place
if 1impeller speed is further increased (Figure 2.4c). Most
flotation machines have the conditions shown in Figure 2.4b. Some
of the flotation cell manufacturers prefer to have recirculation
to increase intimate contact between particles and gas bubbles,
like in Denver DR cells. Recirculation may not be deleteriocus to
metallurgical performance, but flooding is and should be

definitely avoided.

Impeller Dispersion Efficiency: An impeller dispersion efficiency
is defined such that:

rate of gas coalescence with impeller cavities
n - 2.21
rate of gas sparging
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Figure 2.4: Flow regimes in a flotation cell.
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where n 1 in the efficient mixing zone

A

N
N

1 in the flooding region
1 in the recirculation region

v

Greaves and Kobbacy (1981) give the following equations, for
impeller dispersion efficiencies in the recirculation (nrl) and

flooding (n“) zones, respectively:

r N2.53 D5.93
n_ = 4.13 2.22
rl T2.45 QO.33
0.20 0.29
[ T . Q
n., = 1.52 ez 2.23

where T: cell diameter, m
D: impeller diameter, m
N: impeller speed.srps
Q : air flowrate, m/ s

If n, and n, are calculated for certain points of operation

from the above equations, they will satisfy the conditions given

below:

n” > 1 recirculation zone

N <1 flooding zone

n <

.y 1} efficient mixing
> 1

nf!

-k
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2.2 Experimental

2.2.1 Set-up

The experimental set-up, which was used to measure gas
holdup, is shown schematically in Figure 2.85. It consists of a
modified Denver flotation machine, a plexiglass 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, 18986). Six pressure taps at S5 cm
interval were drilled at the back side of the flotation cell and
connected to the water mancmeters in order to measure pressure
drop at different levels. Air bubble entry to the water
manometers was prevented by steel wool plugs. Dowfroth 250C at a
concentration of 10 ppm was used as a frother unless otherwise
specified. All experiments were performed batch wise without

feed, tail, and overflow.

The cables from the electrode assembly were connected to an
8-channel multiplexer, which receives timed signals from the
master clock card and sends signals to the conductimeter.
Temperature corrections can be made automatically with the
conductimeter if the temperature probe is used. Conductivity
measurements are firstly converted into currents (0~5 volts) by
the conductimeter, and then amplified (0-10 volts) by an
amplifier. After analog-to-digital conversion by an 8-bit A/D
converter, results (i.e. digital signal reading) are stored by an

Apple compatible computer.
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Figure 2.5: Experimental set-up for conductivity and pressure
gradient measuremnts.
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Two square electrodes (1*1 cm®) made of stainless steel were
connected to the conductimeter (measurement reproducibility better
than 70.3%) These electrodes were fixed in a plexiglass cubic
prism cage (1.5*1.5*1.5 cm) open at the top and bottom to allow
liquid flow between the electrodes. It was verified that with
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 very localised measurement of

conductivity.

2.2.2 Overall Gas Holdup Measurements in the Recovery Zone Using

Level Rise and Overflow Techniques

Level Rise Technique: A first simple method of measuring overall

gas holdup in a flotation cell without solid phase is to measure

the height of the aerated liquid height, ha, and that of clear

liquid without aeration, hu. The average fractional holdup Iis
equal to:
Ah
€ = — 2.24
P
h

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

The level rise method was used with the modified plexiglass

cell in the presence of frother.

Overflow Technique: A second simple method of determining average

holdup 1s to fill the cell up to the cell lip and measure the
volume of displaced 1liquid when air s introduced. The

overflow technique was used in order to extend the results to
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other laboratory flotation machines and cells. Therefore, two

different laboratory flotation machines with three different
original (commercial) set of cells were tested. First, the
modified Denver flotation machine (D12) was used with three glass
Denver cells: second, an Agitair LA-S500 flotation machine was used
with three original Agitair cells at different sizes. Cell
dimensiohs. effective volumes, and impeller diameters are given in

Figure 2.8.

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 quiescent liquid surface.

2.2.3.Point Gas Holdup in the Recovery Zone Using Conductivity
Measurements

The recovery zone of a mechanical flotation cell is extremely
complex with respect to the gas phase; however, it is possible to
get some valuable information about the internal flow patterns
using point holdup measurements with conductivity. The
conductivity technique can be used not only for determining the
point holdups but also for determining local holdups as a function

of height in the cell.

The measured solution conductivity 1is based on the
measurement of resistance. This is usually accomplished by means
of a Wheatstone bridge. An alternating current of about 1000
Hertz is used to prevent polarization problems at the electrodes.

Direct current produces gas bubbles at the electrodes.




DENVER D12-GLASS

— — —_
(13 x13x11) (16x16x13.5) (18 5x185x18)
1577 2910 5238
7 7 7

AGITAIR LA-500

M i il TTnh T T
(11 x11 x15) (155 x 155 x 15) (205x205 x16.5)
1734 2590 5014
7 9 1

Figure 2.8: Dimensions of the commercial flotation cells and

Impeller mechanisms tested in this study (scaled drawing),

Cell dimensions are (1,w, and h) in cm.
! Cell volumes are.in cm 3

: Impeller diameters in cm.



The resistance of a conductor is proportional to its length

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

R = q (L/A) 2.25
Conductivity is reciprocal of the resistivity:
C = 1/(qL7A) = K/(L/A) 2.26
vhere K: specific conductivity

L/A: cell constant
q: specific resistance

Electrolyte solutions, like other conductors, obey Ohm’'s
law. Consider a column of electrolyte of a cross-section | m° to
which a potential gradient of 1 V/m is applied (Figure 2.7) The
current passing will depend on the number, speed, and charge of
the lons. All ions present contribute and the total current will
be the sum effect of the cations migrating towards the cathode
and the complementary effect of negatively charged ions moving in

the opposite direction.

The conductivity of a liquid system with a flxed 1ion
concentration at constant conditions 1s proportional to the length
of the path between two electrodes. If the tortuosity factor
remains approximately constant, conductivity should be
proportional to the liquid holdup in the bed.

-

C = K. (A/L) 2.27

C
€

K.(A(l-c)/Lc) 2.28

where Cez conductivity with aeration

C: conductivity without aeration
L: length between electrodes in the absence of air
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Figure 2.7: Diagrammatic representation of conductivity
measurements.




Lc: length between electrodes in the presence of air

A: electrode area

Conductivity can be rendered dimensionless by dividing it by

the conductivity obtained in the absence of gas.

Cc (1-e).L
= 2.29

Yianatos et al (1985) developed a geometrical model of
tortuosity in a gas-liquid system, very similar to that of Maxwell

(1873):

€
= 1+40.55¢ 2.30

L

Using this model, gas holdup in the slurry phase is inferred

from conductivity with and without gas:

e = 2.31
0.55C_ + C
>4

2.2.4 Local Gas Holdup in the Recovery Zone Using Pressure
Measurements

The local gas holdup is defined here as the volume occupied

by gas bubbles as a function of the clear liquid volume between

» two pressure taps in the flotation cell. Slnce the density of the
gas is usually negligible compared to that of the aerated liquid

it follows that:
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LI
TR —— 2.32

The bulk density of aerated liquid (pp) was measured by
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:

2.33

[y]
]

where L: vertical distance between two pressure taps
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

function of superficial gas rate is shown in Figure 2.8. Average
gas holdup increases with increasing superficial air rate. In
order to predict overall gas holdup in a stirred flotation cell,
Egs. 2.10, 11, and 12 were tested at different operating
conditions. Van Dlerendonck’s model (1968, Eq. 2.10), which is
independent of aeration rate, significantly overestimated the
average gas holdup in 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 in the
slurry phase of flotation cell (N: 1500 rpm, 10 ppm f‘rothepr').
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consumption (Eq. 2.7) yielded a very close agreement with
experimental data. Michael and Miller's aerated power Eq. 2.6 in
conjunction with Eq. 2.11 slightly o'csrestimated the holdup
measured, while Yung et al's (1979) dimensional Eq. 2.14 slightly

underestimated it.

The effect of impeller diameter (D), impeller speed (N), cell
cross-sectlional area (S), cell volume (V), and surface tension (o)
calculated from Eq. 2.11 with Eq. 2.7 on the overall gas hoidup is
given in Table 2.3 Comparison of predicted and measured effects
of impeller diameter, impelle:r speed, slurry volume, and surface
tension shows reasonable agreement. The mean gas holdup increases
with increasing either impeller diameter or speed or decreasing
cell area, cell volume or surface tension of the system.

It should be borne in mind that increasing impeller
diameter and speed increases power consumption and impeller wear.
An increase in gas holdup with decreasing cell cross-sectional
area can be achleved in deep flotation cells. Reducing surface
tension with frother to increase gas holdup has the drawback of
increased reagent cost; also it is generally preferable to use
frother additlion rate to control froth kinetics (e.g. the Matagam!
mill, Konigsmann et al., 1976). It can be readily concluded that
aeration is a more effective variable to control fractlional gas
holdup in the recovery zone than the other five variables

investigated here.
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Table 2.3: Effect of some physical operating variables on average
gas holdup In the slurry zone of the modified cell. D: impeller
diameter, N: impeller speed, S: cell cross-sectional area, V: cell
volume, and o' surface tensjion.

(%) estimated < (%) experimental <,
(from Eqs. 11&7)

D(m)

.08 4.76

0.07 6.22 5.98
0.09 8.15 8.25
N{rpm)

1200 5.88 5.50
1500 B.22 5.98
1700 6.65 6.50
S(cm®)

105 10.37

208 6.22

305 4.61

Viem®)

0.0036 6.62 6.70
0.0060 8.47 6.50
0.0074 6.22 5.98
o(N/m)

0.055 6.48 6.50
0.065 6.22 5.98
0.072 5.57 5.50
Effect of Cell Geometry: Table 2.4 compares the experimental

and estimated overall gas holdups in three different original
Denver and Agitair cells using the overflow technique at different
superficial gas rates. There s a very good agreement between
experimentally measured and predicted overall gas holdups for
the three Denver cells which have the same impeller. For Agitair

flotation machines, the Iimpeller dlameter Iincreases with



increasing cell volume while cell height remains almost constant.
Agitalr flotation machines also have a finger type of impeller
(Pipsa). Except for the smallest cell, the predicted and
measured gas holdups are quite different (i.e. Eqs. 2.11 and 2.7
fail to predict the overall holdup). This 1is malnly related to
different scale-up criteria used for Agitair flotation machines.

Effect of Chenical Additives: Table 2.5 shows the effect of some

inorganic salts on overall gas holdup in the recovery zone.
NastA. NaCl, Na2C03 and CuSO“ were used as inorganic salts at an
arbitrary concentration of 0.1 moles/L.. Table 2.5 also shows pH,
standard electrode potential (SHE) (mV), solubility, and use of
salts in flotation. Comparison of overall gas holdups in the

presence of salts with fresh water reveals that there is an

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

Na2504, which significantly lncreases gas holdup, does not “~hange
the medium conditions significantly (i.e. pH and mV). Dowfroth
250C at a concentration of 10 ppm gives the maximum gas holdup.
Na2C03 and CuSO‘ drastically alter the pH and potential of the
medium and are commonly used in flotation as pH regulator
and activator, respectively. Thus, they cannot be used as a holdup

modifier.

70



Table 2.4: Comparison of experimental and predicted overall gas
holdups (Eq. 2.7 and 2.11) for the commercial flotation cells
using the overflow technique. (N: 1500 rpm).

Cell Dimensions Superficial Gas Rates, cm/s
cm 0.6 0.4 0.2
(L*W*H) exp. calc. exp. cale. exp. cale.

Denver D12 Flotation Machine and Commercial Cells

(18.5*18.5*18) 5.9%0.6 6.3 5.2+0.5 5.2 3.7¥0.4 3.7
(16*16*13.5) 8.0%0.7 8.1 7.5%0.86 7.6 5.4¥0.4 5.8

(13*13*11) 14.5¥1.4 14.7 12.1¥0.9 12.0 8.6%0.9 8.8

Agitalir LA-500 Flotation Machine and Commercial Cells

(20.5%20.5*%16) 22.0¥%1.1 7.4 21.1%¥5.8 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 13.8

Table 2.5: Effect of some lnorganic salts on overall gas holdup in
the slurry phase of a Denver cell (16%16*13.5 cm Glass) using
the overflow technique. (Unpurified analytical grade inorganic

salts were used).

Chemical € (%) pH vimv) solubility wuse in flotation
additives (at 5°C)

CuSO‘ 10.5 5.3 118 soluble activator

NaCl 8.5 8.0 -62 soluble

Nazso‘ 17.0 8.2 -70 sparingly

Na.zcoa 12.2 11.3 ~360 sparingly pH regulator
Fresh water 8.7 8.3 -76

Dowfroth 250 23.4 7.8 -45 frother

(10 ppm)




The effect of NaZSO‘ concentration on gas holdup in the

recovery zone is given in Table 2.86. There is a very significant
increase in gas content with increasing NagSO‘ concentration and
slight froth formatica if the concentration is higher than 0.05
moles/1. Therefore, NaZSO‘ can be used Lo reduce coalescence in
the slurry phase along with the frother. Lee and Meyrick (1970)
reported 2-5 fold increases in gas holdup at higher sodium

sulfate dosages than used here.

Table 2.6: Effect of Nazso‘ concentration on overall gas holdup in

the recovery zone of a Denver cell {(16*16*13.5). (N: 1500 rpm and
Jq: 0.6 cm/s).

NaZSO4 concentration overall gas holdup
(moles/1) e (%)
0.0000 8.70 # 0.78
0.0063 9.88 % 1.10
0.0125 10.24 ¥ 0.96
0.0250 11.31 # 1.05
0.0500 13.42 ¥ 1.38
0. 1000 17.08 ¥ 1.81

Since the surface tension of the medium increases with
increasing the salt concentration, the main mechanism of increase
in gas content in the recovery zone may be due to the adsorption
of 50: anions at the gas-liquld interface creating an electrical
double layer which prevents bubble coalescence. Generally anions
are less hydrated (l.e wetted by water) than cations; thus, Na+
catlons most probably, are hydrated (energy of hydration: 97 Kcal/g

fon).




Sodium sulfate can be used in flotation for the following
reasons. First, bubble coalescence In the recovery zone |is
hindered due to electrical repulsion forces generated by the
adsorption of sulfate anions at the gas-liquld Interface, which
creates an electrical double layer (Marrucci and Nicodemo, 13967).
Second, frother dosage can be minimized for micro bubble
generation (i.e. high gas content), which normally requires
relatively large amounts of frother. Probably, the most clear-cut
benefits of using the salt flotation technique is an increase in
flotation kinetics, with flotation rates 10-154 higher. Yoon
(1982) found significant improvements in coal flotation with macro

bubbles and inorganic salts.

The origin of the frothing action depends on Glbbs’
adsorption theory. A solution froths when (~C.de/dC) has a finite
value, negative or positive. When do/dC=0, there is no frothing
(Wrobel, 1953). When a frother is added to the water d¢/dC has a
large positive value, and therefore -Cde/dC is large when C 1is
small. Solutions of inorganic salts give, in general, a small
positive wvalue for do/dC, and therefore -Cde/dC has a definite
value only when C is large. This is why inorganic salts are used
in this study at a relatively high concentration compared to

Dowfroth 250.

The 1introduction of 1inorganic salt into water usually
increases surface tension slightly; the surface layer |is
consolidated by the electrolyte, which tends to move into the body

of the sclution. In this case, there ls a negative adsorption

73



(surface deficiency) of the surface inactive 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 lle in the liquid phase in the vicinity of the air-water
interface) will also form compounds with water dipoles near the
surface of such compounds formed if there 1ls sufficlent difference
between the electrolyte concentration in the bulk of the solution,
and consequently where there is a definite difference between the
surface tenslon values of pure water and electrolyte solution.
This is the reason for formation of a stable froth in concentrated
salt solutions. Frothing in concentrated salt solutlions is of
prime importance in flotation of soluble salts from their
saturated solutions; flotation is possible in these cases without

the addition of frothers (Glembotskii et al., 1872).

Tested electrolyte concentrations in this study seem high but
sodium sulfate 1s widespread in occurence and 1is a common
constituent of many alkall lakes and rivers as well as sea water
around the world. Many saline lakes throughout the world contain
varying amounts of sodium sulfate. In Sackatchewan, Canada, eight

major lakes (Ingelbright, Whiteshore, Horseshoe, etc.) and in the
United States, two others (Searles and Great Salt) are available

for sodium sulphate production. In coastal areas, sodium sulphate

bearing sea water could be used.




Russlans discovered in the early 1930s that the flotability
of coal and naturally hydrophobic minerals can be improved in the
presence of inorganic salts. Using solutions with relatively high
concentrations (1 to 3%) of inorganic salts, coal flotation was
achieved without using either a frother or a collector. Yoowr
(1982) tested 32 different salts for coal flotation 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 flotation operations (Pb-Zn, Pb-Zn-Cu,

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

shores.

2.3.2 Local Gas Holdup in the Recovery Zone

The distribution of local gas holdup in a flotation cell is
non-uniform. Figure 2.9 shows the observed distribution data
from the pressure gradient measurements for 1200 and 1500 rpm,
respectively. Gas holdup shows a maximum value Jjust above the
impeller and at the slurry-froth interface. After this maximunm,
local gas holdup decreases with increasing distance from the cell
bottom up to 25 cm and then slightly increases again. Holdup in
the reglon under Iimpeller was not measured and is 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 Jq of 0.6 cm/s. It can be seen that
bubble concentration is highest in the middle section of the

recovery zone, to increase near the surface.

75




DISTANCE FROM CELL BOTTOM (cm)

1200 rpm 1500 rpm

™™,

30

25

20

15

10

e H-0

25

4
20 \ \\A
\

- |
\,§ 15
N
>\Al 10
S
0
0 2 4 6 8 10
GAS HOLDUP (%)
e 0.2cm/s 4 04cm/s L 0.6cm/s
SUPERFICIAL GAS RATE (cm/s)

Figure 2.9: Local gas holdup distribution at different pulp levels
in the modified cell (10 ppm Dowfroth 250).
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Calderbank (1958) lnvestigated the distribution of local gas
holdup, and specific interfacial area In the vertical direction
of a mixing vessel by a light transmission technique. He observed
a similar maximum of the gas holdup in the vicinity of the
impeller. Bascur (1982) found the same type of vertical

distribution of air in his flotation cell with a two phase systenm.

Klassen and Makrousov (1963) reported the same type of gas
holdup distribution with vertical depth of a Mekhanobr cell at
different solid contents (0-50%) in their book. The original
investigators used a sucking lance to determine the gas
holdup. They found a maximum in gas holdup above the Iimpeller
level, then a decrease, and finally an Iincrease at the
slurry-froth interface (Figure 2.11). Their holdup values are
somewhat higher (10 - 25%) than the present work, most probably
due to the effect of increased pulp viscosity, which leads to
decreased bubble rise velocities. These results suggest that in
three phase systems, gas holdup profiles should show the same

trends observed in this two phase systen.

Change in alr content with the depth of the flotatlion machine
at different percent solids (Figure 2.11) shows that fractional
gas holdup Increased from O to 35% solids because of decreased
bubble ascent velocity and increased at high percent solid because
of channelling of large air bubbles through the pulp (Harrlis,
1976). It is also likely that at high pulp density the
rheological properties of the slurry were such that biggest

bubbles were formed.
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These results illustrate that air distribution in industrial

pulps s extremely heterogeneous with high concentrations of alr
in the vicinity of the impeller. Pulp aeration and overall air
distribution are optimum between about 15 and 35% solids content

in pulp (Harris, 1976)

This study shows that there are two distinct zones within the
recovery zone of the flotation cell {Kaya, 1985). The lower part
with high gas holdup and turbulence is the active recovery zone
where the particles are captured by the bubbles and pulp is
recirculated in the cell used. In this work, the actlive turbulent
zone goes up to 15 cm from the cell bottom. Bubble residence time
in this zone is increased by the rather helical paths bubbles take
to leave the impeller area. Between the active turbulent zone and
the froth zone, there is a qulescent buffer (separation} zone
where gas holdup is slightly lower as bubbles rise almost
vertically, at velocities close to terminal (Kaya, 1985). This

zone helps floatable/non-floatable particle separation.

The air-liquid composite density in the zone surrounding the
impeller is lower than that of the rest of the cell and is the
result of air recirculation within this zone. Around the impeller
zone, the aerated slurry 1s discharged upwards near the cell
walls. Recirculation occurs towards the cell center. In the
experimental system of this study, the influence of the
recirculation flow produced by the impeller on the bubble motion
decreases slgnificantly with height. There is a possibility to

further restrict these recirculating flow patterns within the




lower section of the cell using special baffles (like in the Leeds

cell) to create a stable froth blanket, which 1s necessary for

metallurgical purposes.

The sharp increase in the local gas holdup close to the
interface in the presence of froth phase is presumably due to
the accumulation of fast ricing bubbles at the “fictitious”
slurry-froth becundary layer before entering the first froth layer.
Hydrodynamic interaction between a bubble and this layer

significantly reduces bubble rise velocity.

Effect of Slurry Volume on Gas Holdup: The effect of slurry level

{(volume} on local gas holdup can be seen from Figure 2.12 at Jgs
of 0.4 and 0.6 cm/s. Three different water levels without feed,
tail, 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 was recognized in each case. The local gas
holdup values decrease with Increasing water volume (height) in
the cell. This 1is largely due to the decreased energy dissipated
per unit volume, which is an important 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 conductivity probe are given in Figure 2.13. The
contour maps indicate four different gas holdup regions in the
recovery zone. The higher gas holdup contour is centered around

the impeller shaft. Lower contours enclose the higher holdup
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zones in an upward direction. In the buffer zone, a very low gas
holdup region can be seen; close to the interface a higher gas
holdup region appears again. The following conclusions can be

drawn from the point holdup measurements:

a. the maximum gas holdup is located near the impeller region
which is in good agreement with pressure gradient measurements
{see Figure 2.10); this is 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 is a tangential swirling flow in the active
turbulent zone.

c. for levels 15 and 25 cm from the cell bottom, most of the gas
moves in the middle part of the cell and not around the cell
walls (see Figure 2.10). Air bubbles discharge from the impeller
rise up along the wall after striking it and are then dispersed

over the cross-section of the vessel with bubble coalescence
cccurring to some degree.

2.4 Bubble Size

In the optimum air flow number range (0.01-0.02), the
average Sauter bubble dliameter calculated from Eq. 2.1 using the
interfacial area and gas holdup estimations is in good agreement
with published values (Kaya, 1985) measured photographically with
a ¥10% error limit. As can be seen from Figure 2.14, the average
bubble diameter in the recovery zone lncreases with increasing
aeration rate. Calculation of the average bubble diameter using
Eq. 2.18 underestimates measured bubble size and fails to predict
the right relationship between superficial gas rate and bubble
size. Eq. 2.1 very slightly underestimates the measured bubble

size, and predict the right effect for alr flowrate.
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2.5 Impeller Dispersion Efficiency

Figure 2.15 shows flocding, EMZ, and recirculation in the
present system. Figure 2.16 shows the dispersion mode for
different conditions in the present system, s predicted by Egs.

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

In the present system, critical impeller speeds at which
transition from flooding to EMZ and EMZ to recirculation occurs
are between 600 and 900 rpm. If the impeller speed is less than
600 rpm, the system exhibits flcoding for all aeration rates
investigated; however, 1f it is more than 900 rpm, then the system
exhibits both EMZ and recirculation. For 600 rpm, EMZ can be seen
up to superficial gas rate of 0.8 cm/s; then flooding appears. At
800 rpm, recirculation can be seen up to superficial gas rate of
0.4 cm/s, then EMZ starts. Since the impeller speeds used for this
study were 1200 and 1500 rpm, the system clearly exhibits

recirculation flow patterns.

The mechanical operating conditions (impeller speed, air
flowrate) referring to the modified Denver D12 laboratory
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 also indicated by a
thick solid line. The normal operating range of the cell is given

by a dashed rectangle is clearly in the recirculation zone.
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2.5 Summary

Gas holdup and bubble size are important factors
characterizing the hydrodynamics of a {lotation cell. Here, three
different gas holdu;; concepts were introduced: overall (average),

local, and point gas holdups.

Gas holdup in the recovery zone was measured in mechanically
agitated flotation cells in the absence of solid particiles.
Overall gas holdup was determined both from the level rise in the
presence of frother and the overflow techniques in the absence of
frother. Local gas holdup was measured by using pressure taps
connected to the flotation cell. An electrical conductivity
method developed by Yianatos et al. (1985) was successfully used
to measure point gas holdup of the slurry phase Gas hold-up
profiles were obtained and flow patterns were interpreted from

measurements.

Overall gas holdup in a Denver laboratory flotation cell can

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

with Loung and Voleski’s correlation for aerated power
consumption (Eq. 2.7). It was verifed that the model was
applicable to all Denver laboratory cells. Local and point gas

holdup measurements revealed that the gas phase was not

homogeneously distributed in the slurry phase.

Some physical and chemical means of increasing gas content
in the recovery zone were investigated. Of the wvariables

investigated, alr flowrate proved to influence gas holdup in the
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slurry phase most significantly. Inorganic salts (i.e NaZSO4),
which increase the overall gas content significantly, can be used
to minimize frother dosage for fine bubble generation if the

chenmistry of the flotation environment is suitable.

Average tubble size was predicted using measured gas
holdup and the calculated interfacial area. Close agreement was

obtained betlween the predictions and photographic 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 2.7: Response of the tested equations in this study.

Parameter Main Eq. Supplementary Eq. Result
Interfacial 2.4 3,5, 7, 9 gaood
area 2.3 5 7, 8 underestimate
Gas 2.10 15 overestimate
holdup 2.11 5 7, 9 good

2.11 5, 6, 9 overest imate

2.14 underestimate
Bubble size 2.1 4, 11 good

2.18 5, 7, 11 underestimate

Different gas mixing zone concepts were introduced. A

measure of Iimpeller dispersion efficiency was defined, which can
be used to distinguish the different regions of nmixing. It
provides a baslis for estimating the degree of flooding or
recirculation. Impeller dispersion efficiency confirmed

recirculation in the slurry phase of the modified flotation 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




Introduction

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 foundation 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 is to obtain a detailed
description of the washed froths in mechanical flotatinn cells.
Later on, this information will pe used to analyze mineral

rejection and selection phenomena.

This chapter is structured as follows. First, some
fundamentals of froth hydrodynamics are reviewed. The objective
is twofold: to describe briefly how froth structure relates to
transfer mechanisms and to establish a basis for simple
predictive model of water recovery into the concentrate. A second
section describes the experimental system and the test program.

A third section presents and discusses experimental results.

3.1 Hydraulic Model (Water Balance) in a Flotation Cell

Despite earlier work on the importance of hydraulic
entrainment of gangue (Jowett, 1966), early workers of flotation
modelling concentrated on the behaviour of valuable particles and
tended to neglect the behaviour of gangue particles and water.

Recently, investigators have began to recognize the importance of




water behaviour in flotation models. Early entrainment 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 identified as
the main mechanism whereby columns can achieve better selectivity
{Yianatos et al., 1987), as recently demonstrated In a
size~by-size study of a laboratory column and cell with a

completely hydrophilic feed (Kaya and Laplante, 1888).

One key element controlling water distribution in a flotation
cell is the froth phase Unfortunately, there has been very little
consideration of water and particle transport in the froth, even
though the froth and associated drainage phenomena are conslidered

to have a major impact on overall selectivity.

In order to quantify the interface transfer of water and air
{bubbles), superficial rates (i.e. flowrates divided by the cell
cross-sectional area) can be useful. The various superficial
rates are represented in Figure 3.1. In modelling water transport
through the froth, it is assumed that bubbles leaving the pulp
carry a sheath {envelope) of water, which moves into the froth
{see Figure 3.2a). The size of the bubbles and the water sheath
thickness 1is determined by surface tension and agitatlion
parameters in the pulp. Drainage of water back to the pulp is
modelled by analogy with drainage through bubble Plateau borders

in foams (Figure 3.2b). Froth height is determined by the froth

removal mechanism.
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Figure 3.1: Phases in flotation.

(The symbols represent the superficial velocities of water and
gas. The subscripts are: f-feed, t-tailing, u-upward, d-downward,
w-wash water, c-concentrate, and g-gas).
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For the pulp phase, the following water balance can be

written (Figure 3.3):

where Ju: superficial liquid rate entrained upward, m/s
J : superficial liquid drainage rate, m/s
J : superficial feed rate, m/s
J : superficial tailing rate, m/s

Steiner et al. (1977) developed a cellular foam model, which
considers that the froth structure as a whole is carried upward by
the gas flow while liquid flows down either through the Plateau
borders (void spaces between contacts) or films. Their model was
slightly modified and adapted to the counter-current column
flotation by VYianatos et al. (1985). Since there 1{s no
accumulation of liquid in froth layers, the balance of flows any

horizontal plane in the system may be written as (Figure 3.4):
J +J =J +J 3.2

where JH: superficial wash water rate, m/s

Jc: superficial liquid rate going to the concentrate, m/s
Here, .Jw and Jc can be directly measured.

3.1.1 Water Entrainment From the Pulp to the Froth

An attempt to derive an expression for water entrainment rate
into the froth, Qu. has been made by Mika and Fuerstenau (1969).
They realized that a major proportion of water and gangue fines
which cross into the froth are entrapped in a boundary layer

(water envelope) of: water around the bubble. A similar
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Figure 3.3: Liquid and gas balance in the pulp phase at
steady-state.
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approximation was made by Moys in his froth model. The magnitude

of this boundary layer is apparently controlled by the hydration
effects at the air-water interface and by turbulence levels in

the cell (Bascur and Herbst, 1982).

The volumetric flowrate of entrained water can be calculated
from the number of bubbles rising per unit time, BQg/n.dbpa, where
Qg is the volumetric air flowrate and dbp is the mean bubble
diameter in the pulp phase. The volume of liquid held by a film
surrounding a spherical bubble is n.dbpz.é, so that the volume

flowrate of water into the froth is:

Q - 3.3

bp

Estimation of the bubble film thickness, 3, should ideally
stem from a rigorous hydrodynamic and physlico-chemical analysis
of the flotation environment. As a first approximation, & can be
obtained from hydrodynamic boundary layer correlations available
in literature. Luls (18983) gives the following empirical equation

for boundary layer thickness:

e (PasV1p)° 082

- 0.833
8 Cx 80.33 0.5 dbp 3.4

vr.
where u: liquid viscosity, Nm/sec
p: liquid density, kg/m"
P : power input in aeration, W
V : terminal bubble rise velocity, m/s

C.: adjustable constant




Interstitial upward liquid rate (Vx)' which 1s the actual

liquid rate, is equal to:

€
bf

where Jq: superficial gas rate, m/s

€, fractional volumetric gas holdup in the froth phase

The amount of liquid passing upwards across a unit horizontal

plane in unit time is (Steiner et al. 1977):

1-¢€
be

€
bf

and the volumetric flowrate, Qu:

2
where S: cell cross-sectional area, m

3.1.2 Water Drainage From the Froth to the Slurry

Drainage of water from the froth is a complex phenomenon,
which has received very little attention in flotation. Mika and
Fuerstenau (1969) have emphasized that drainage from the froth ls
essential to explain secondary concentration in the froth.
Considerable efforts have been put into the description of
drainage in solids free froths. Assuming the walls of a border in
the froth are not completely rigid, the total downward flow can be

expressed as (Steiner et al. 1977):




-3 2 4
8.845. 10 €. P -8.T

1

where g: gravity acceleration, m/s2

r: radius of Plateau borders, m
k : velocity coefficient
Without wash water addition, Jd at the interface can be

determined from the difference between Ju and Jc.

1 - =
bf
J =1J ———e + (]~ T ) 3.9
W [~}

€
bf

Drainage in the froth can be increased by increasing aeration
rate, liquid content of froth, and wash water addition rate or
decreasing concentrate rate, The volumetric drainage rate, Q,

d
can be approximated by:

3.1.3 Water into the Concentrate

The flow over a weir can be used to model flowrate of
concentrate (Bascur and Herbst, 1982). To model this phenomenon,
Francis’ equation (Perry and GCreen, 1984) was used by taking into
account the presence of gas in the flotation froths (Figure 3.5).

Velocity over a weir:

v2=2.g.h 3.11
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Flgure 3.5: Water transport to the concentrate.
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' The quantity of liquid flowing over the weir is given by:

Q =A.v 3.12

where A: cross-sectional area of flow above the welr, m2

By calculus, it can be shown that for a rectangular notch:

Q = — . W. (2.g.®)” 3.13

In practice, it {is found that because of stream line

contraction and frictional losses, Eq. 3.13 over-predicts Qc.

Eq. 3.13 can be rewritten to account for losses and gas holdup:

Q =J.S = KW (2.8.H)°F

(1 - ebf) 3.14

where W: width of the flotation cell lip, m
H: vertlcal distance between the <cell 1lip and froth
surface, m 3
Q : volumetric 1iquid flowrate to the concentrate, m'/s

J : superficial liquld rate going to the concentrate, m/s

K : discharge coefficient, which depends on the type of

removal technique used, froth viscosity, % solld, gas
holdup, etc.

3.2 Gas Balance in a Flotation Cell
By assuming there is no gas loss in the pulp phase and gas

pick up from the froth surface, the following gas balance can be

written for the froth phase:

J o o=J +J 3.15

9 ac a

where Jac: superficial gas rate associated with liquid transfer
‘ to the concentrate, m/s




Ja: superficial gas rate directly going to the atmosphere
by bursting at the top of the froth phase (collapse).
Luis (1983) presented the following equation for superficial

gas flowrate associated with 1llquid transfer into the overflow

(J ):

ac
€
bf

and Q@
ac
Q =J *8§ 3.17

where Qac: volumetric flowrate (air plus liquid) of the froth
flowing over concentrate weir, m/s
Qac is related to the width, depth, and viscosity of the

concentrate stream as it flows over the concentrate weir.

A certain fraction of gas, a, reports to the concentrate,
while the rest, 1-a, rises to the top of the froth phase, and then
bursts by leaving the carried liquid content into the froth. The
froth removal efficlency, «, is defined by (Moys, 1873):

J Jc (1—0:b )

ac f

€
9 q bf

If no bubble breakage occurs on the top of the froth phase,
or if the deslign of the froth chamber forces all froth into the
launder, o = 1. If no froth 1is removed, a = Q. The former

condition can be satisflied under two conditlons:
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[ 3 1f

€ and Jg = g 3.20

J and € = ¢ 3.19
] b

]

c bf I

where €. fractlonal volumetric liquid holdup in the froth phase

In general, increasing Jac favours recovery and increasing

Ja favours grade. Combining equations 3.2, 3.8, and 3.16.

1f

+ J 3.21

£
bf

Drainage rate can be increased by increasing gas escape to
the atmosphere (i.e. enhancing bubble collapse at the top of the
froth) in order to lessen entrainment. Bubble breakage can be
reduced in order to prevent unstable froth generation and valuable
particle loss in the shallow froths where particle reattachment is
difficult. Clearly, in the absence of wash water, these two
objectives are in competition. However, wash water addition both
increase water drainage to reduce entrainment and reduces froth

instability by increasing inter-bubble water thickness.

3.3 Momentum Conservation Across the Interface and in the Froth
Phase

If a gas Is introduced at a constant rate (Jq) in a given
body of liquid capable of frothing, the liquid becomes covered by
froth with increasing thickness until a steady-state is reached
Bubble collapse at the top layer of froth occurs at the same rate
as gas is introduced. Thus, the maximum froth expansion (FTMX)
on a certain operating condition is obtained when the bubble rise

velocity in the froth (Vb) is equal to gas addition rate (Jq).
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A froth layer grows by adding new bubbles from the below and

decays by disappearing of old bubbles at the top. At
steady-state, the volumes of gas added and subtracted are equal,
but the number of bubbles added s greater than the number of
bubbles subtracted at the top because of the bubble coalescence in

the froth phase.

The momentum conservation law, which can be applied to the
collision of two bubbles at the interface and in the froth phase,
states that the sum of the momenta after collision is equal to the

sum of the momenta before collision.

Pl(before) + Pz(before) = Pi(after) + Pz(after) 3.22

P=m. v 3.23

where P: momentum, kg.m/sec
m: mass, kg
v: velocity, m/s
1,2: stands for two bubbles

Collisions may be either elastic or inelastic. In an elastic
collision, all the kinetic energy of the Iincoming bubbles
reappears after the collision as the kinetic energy of the same
bubbles. In the usual lnelastic collision, part of the kinetlic

energy of the incoming bubbles is being lost as heat.

If one bubble moves towards a stationary one and adheres to
it after collislon, their Joint velocity 1is equal to bubbles

together can be calculated from:

Vl2 = — 3.24




where m: mass of the moving bubble, kg
m,: mass of the stationary bubble, kg
vy velocity of moving bubble, m/s

A velocity of Joint bubbles after collision, m/s
A model was developed to predict the bubble rise velocity in
the froth phase and the maximum attainable froth thickness at

steady-state. The model considers the following assumptions:

all bubbles are spherical and have the same diameter in the
slurry and froth phases,

~ average bubble rise velocity 1s determined trom the average gas
holdup and bubble size in the slurry phase,
- bubble collislions are elastic,

- water film thicknesses around bubbles are not taken i{nto
consideration.

A bubble approaching the interface collldes with a previously
formed bubble, which 1s assumed to be stationary (Figure 3.8a).
After collision of rising bubble and stationary bubbles in the
froth, they adhere and rise at a reduced velocity (Figure 3.6a).
Then, these two bubbles collide with the one above them, which is
agaln assumed statlonary. Bubble rise velocity is further reduced,
and these three bubbles stick together and collide with another
one above them. This collision process continues until the bubble
rise velocity 1s equal to gas Introduction rate, under that

condition the maximum froth expansion is attalned.

Figure 3.6b shows average bubble rise velocity as a functlon
of number of bubbles in the froth phase, which determines the

froth thickness. At Jq a v n_x can be calculated by the

be’

multiplication of number of bubbles by average bubble diameter.
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Figure 3.6b: Bubble rise velocity decrease in the froth phase.




3.4 Bubble Surface Loss

The mechanism by which bubbles increase in size upward
through the froth i{s mainly entropic. Although their surface
tension has been appreciably lowered by armouring 1i.e. local
change in bubble surface tension, it is still considerable. When
several tiny bubbles merge, the total air volume remains 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 form one new spherical bubble

of volume equal t¢ their combined volume and of area A’:

— 3.25

Merging two identical bubbles into one bubble will reduce the
available surface to about 73% of the original surface. The
surface loss increases substantially as the number of coalescing
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 1in mechanical flotation cells can be
schematically divided into three sections (Figure 3.8). Section 1
is the bottom part of the froth phase between the slurry-froth
interface and the cell overflow lip. The vertical distance
between interface and the cell 1lip level (T) determines the

concentrate grade and selectivity between valuable and gangue
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particles. The higher T, the better the gangue rejection at the

expense of the production rate.

Sections 2 and 3 are above the section 1. Section 2 1s at the
back part of the cell. This section cannot be utilized for
production due to design constraints in the single sided overflow
cells. The vertical height (H) is almost constant throughout this
section. Bubbles along with liquid rise vertically like plug flow
in section 1 and 2. After reaching the froth surface, bubbles
burst and liquid drains back first into section 1 and then into

the slurry phase.

Section 3 is at the top front part (i.e. overflow side) of
the cell. This section determines the recovery from the cell.
The vertical thickness decreases from H to h at the cell lip due

to frictional losses and stream line contraction.

In flotation, recovery can be increased by increasing cell
lip length (W) and H. Lip length is generally determined by the
manufacturers. For existing plants, H, which is mainly affected
by Jq, JH, T, rpm, and frother dosage, is the only operating

variable to increase recovery.

A structural model of a countercurrent water-bubble bed was
derived from local gas holdup and bubble slze measurements in
flotation column by Yianatos et al. (1986). They observed three
different zones in column froths with wash water addition a few
centimeter below the overflow lip: an expanded bubble bed, a

packed bubble bed, ang a conventional draining froth.




The conventional draining froth section at the top did not

occur in this system because wash water is added above the froth
phase. From experimental holdup measurements and observations,
the presence of two distinct sections can be distinguished (Figure
3.9). The first zone is an expanded bubble bed where the gas
holdup is 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 extends until the top of the froth,
is the packed bubble bed. The maximum fractional liquid holdup
that can be supported in a homogeheous packed bubble bed of
spheres is 26%. Generally the packed bubble bed is thicker than

the expanded bubble bed.

In general, froth can be divided into two extreme types.
These are wet (high 1liquid content}) froths, with spherical
bubbles and dry (low liquid content) froths, with polyhedral
bubbles. Three different froth structures are encountered in
flotation practice: conventional draining froth, polyhedral froth,

and washed froth (Figure 3.10).

Entrainment occurs when particles 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 particles 1in the concentrate that will be recovered by

entrainment rather than by true flotation. This is partly because
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in wetter froths, bubbles are spherical and fill the available
space less efficiently than the larger polyhedral bubbles of drier
froths, thus increasing entrainment of gangue in the inter-bubble

water (Koh and Warren, 1873).

In conventional draining froths, which are commonly
| encountered 1in mechanical cells without wash water addition,
spherical bubbles do not normally exist at distances higher than
two or three bubble diameters above the pulp zone. Then, due to
water drainage between bubbles and compression, spherical bubbles
assume a polyhedral shape. In these type froths, the net liquid

velocity |Is wupward; this is one of the maln causes of flne

particle entrainment.

Thin polyhedral froths, which may be produced in ultrafine

flotation at low aeration rates and are not usually good for mass

transfer, fill the available space more efficlently than small

spherical bubbles and limit 1liquid penetration (entrainment) into

the froth phase. Allowable froth is often limited by bubble

coalescence. Generation of polyhedral froths Is generally

difficult in normal flotation operations.

In a washed froth, bubbles are well separated from each other
and gangue drainage between bubbles is promoted by a net downward
water flowrate. Froth can expand significantly with a good
stability if there is a positive bias. Penetration of feed water
can easily be suppressed and returned back to the pulp zone

v through drainage channels. A polyhedral bubble zone can be




generated at the top of washed froths, if wash water is added a
few centimetres below the top of the froth surface, but this may
not be advantageous., If it 1s added above the froth surface, then

polyhedral bubbles cannot be seen.

Figure 3.11 shows the washed froth in the modified Denver
cell. Bubble size significantly increases towards the froth

surface but bubbles still remain spherical.

What is a geod froth from flotation point of view? A good
froth could be considered to contain mostly spherical bubbles
grading upwards into large bubbles with little water. However,
from an entrainment point of view polyhedral froths are desirable.
In mechanical cells with wash water addition, an expanded and
washed froth, which approaches flotation column froths, can be
created. Comparing of the three froth structures reveals that
washed froths yield the good mass transfer properties of small

spherical bubbles, without the penalty of higher entrainment.

3.6 Experimental
3.6.1 Set-up
The general set-up has been discussed in Chapter 2; specific
to this study is the measurement of gas hold-up in the froth phase

which will now be discussed.

Dowfroth 250C at a concentration of 10 or 15 ppm added to the
conditioning tank was used as a frother. Experiments were

performed with and without froth overflow. Continuous
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experiments were carried out ln a close circuit-i.e. feed and wash

water coming from a conditioning tank (50 L) to which talls 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 discharged from the tailings stream due to the location
of the talling discharge outlet. This problem was minimized by

putting a vertical barrier in front of the talling dlscharge

outlet.

3.6.2 Conductivity Measurements to Determine Gas Holdup in the
Froth Phase

Gas holdup in the froth phase was determined by measuring the
conductivity between electrode plates at different vertical
locations. Assumling a cellular bubble shape with the 1ions
preferentially migrating along the borders, a simplifled
geometrical tortuosity model relates conductivity and gas holdup

{Yianatos et al., 1988):

ebt = 3.26
2.315"CC +C

~

Ce: conductivity with air

where £ o fractlonal gas holdup in the froth

C: conductivity without air

Table 3.1 shows the reproducibility of conductivity
measurements. 60 to 260 readings were taken at 3 sec intervals

(conductimeter response time is around 2 sec) and then average




readings and standard deviatlions were calculated. As can be seen

from Table 3.1, most data have less than ¥10% error limit.

When first measuring conductivity in this system, one problem
was encountered. In a conventlonal flotation cell, there 1s a
metallic standpipe in the cell, which may work as an electrode
With one electrode connected to the conductivity meter, a
conductivity measurement could be obtained, without connecting the
second electrode ground to the conductimeter. Thus, the standpipe
worked as ground. After realization of this problem, metallic
(electrical) contact between impeller motor and standpipe was

prevented by using teflon insulators.

Table 3.1: Reproducibility of conductivity measurements.

Number Ave. Cond. Standard Locat ion Above Froth
of Read. Reading Deviation Interface Thickness
a2 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
83 169.3 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 50 2.5 4.0
76 44.2 3.3 2.5 4.0
87 78.1 3.0 1.5 4.0
114 30.2 4.3 1.5 4.0
178 260.0 27.0 0.5 4.0
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3.6.3 Electrode Assemblies

For this study, three different types of electrodes were
designed: single, quadruple, and open. The single electrode was
used to measure point gas holdup in the froth. The
quadruple-electrode assembly was used to measure local gas holdup
at the same horizontal level. Square plate electrodes (1®*1 cmz)
made of stainless steel were connected to the conductimeter. These
electrodes were fixed in a plexiglass cubic prism cage (side: 1.8
cm) open at the top and bottom to allow vertical liquid flow
between electrodes. The quadruple electrode assembly was fixed in
a plexiglass frame; it was positioned in such a way that the water
spray did not directly affect measurements. Flgure 3.12 shows

the dimensions of the two electrode assembl les.

The open electrode was used to take measurements at the
surface of the froth near the overflow lip. Two stalnless steel
electrodes (1*2 cm) were placed 1 cm apart from each other not to
disturb both horizontal and vertical flow and the effect of pulp
level change on conductivity is minimized. The data acquisition
system described in Figure 2.5 was used for the quadruple

assembly, conductivity being read sequentially.

3.6.4 Test Program

Gas Holdup Profile In the Froth Phase: Preliminary test work

focussed on the effect of superficial gas and liquid rates and
frother concentration on the gas holdup profile, which was
determined using the single electrode system in the absence of

froth overflow. Wash wrter was added 4 cm above the froth

surface
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The test program is summarized in Table 3.2, The main
objJective in these tests was to determine the effect of

superficial gas rate on the gas holdup profile and water balance.

In the first test series, va Ju, and Jt were kept constant
at three different gas rates. The alm here was to determine the
effect of sudden change in aeration rate if there is no control

action taking place. The single electrode was used to measure the

gas holdup.

Table 3.2: Experimental test conditions. (J's are in cm/s and
FT, T, and H are in cm).

VARIABLES

Test series constant dependent controlled electrode
input output type
I J, H J - - single
f o c
J (0.14) H
W
J
t
11 Jr' Hw H T(2) Jt single

J (0.14) J
w [+

I11 Jf FT(4) Hu quadruple
J (0.086) H(2) J
W t
v Jf Jc T(2) JH open
J




In the second test serles, the slurry level (SH) was
maintained constant by adjusting the tailing flowrate at constant
Jr and J". The single electrode system was also used. This
series is meant to illustrate the effect of changing superficial

gas velocity at constant slurry level.

In the third test series, the effect of Jq was investigated
at a much lower J" (0.06 cm/s). Slurry level was maintained
constant by adjusting tailing flowrate and FT was maintained

constant by adjusting the distributor height (H“L

In the fourth test series, Jw was used to keep slurry level
constant and Jg was varied. This scheme corresponds to a possible
approach to column flotation control.

Test series five was carried out to determine the Jc by
changing the Jq, JH, H, and T (Table 3.4). Gas holdup was

measured using the open electrodes.

Local Gas Holdup in the Froth Phase: The effect of wash water

flowrate, impeller speed, and froth thickness on local gas holdup
was determined using the quadruple-electrode assembly. For the gas
holdup calculation, the average of the quadruple electrode
readings was used. In the froth thickness test (Table 3.8), the

electrode assembly was fixed at the cell 1lp level for two FTs.
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3.8.5 Determination of the Amount of Water in the Concentrate (Jc)

In a two phase system, water recovery to the concentrate was
estimated wusing the weir equation. A comprehensive model was
developed for prediction of JC. The calculation algorithm |is
shown in Table 3.3. The model requires the measurement of
conductivity in the slurry and froth phases to determine the
gas holdup. At the beginning, it is also necessary to determine
the <cell discharge coefficients by measuring the H and
actual JC. Once the Kr was determined for a certain cell, it will
be constant if the slurry level 1is malntained constant. There
are two ways to calculate FTmax: the momentum conservation
model or direct use of Eq. 3.27. The discharge coefficient, Kc.
can be calculated from measurements of the gas holdup at the cell
lip level using the open electrode system and the actual water
recovery. Then Jc is calculated from Eg. 3.14. If Kc is not
constant due to variation in SH, the use of Eq. 3.29 1is
necessary. In order to compare the experimental and
calculated Jc values, experiments were performed at various Jg.
J, J, H T, and FT. Table 3.4 shows the operating variable

w t

ranges for the test series flive.
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Table 3.3: Algorithm for the water recovery calculations
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Table 3.4: Operating range of test series five to determine Jc.

(J's are in cm/s and T, FT, and H are 1in cm).

Variables Range

(4
oy
o
[y
—

Jg 0.4-0.7
J" 0.03 - 0.14
Jt 0.16 - 0.24
Jc 0.001 - 0.080
FT 2-2.4
H 1-2

T 1-2.86

3.7 Results and Discussion

3.7.1 Froth Expansion

Figure 3.13 shows the froth expansion in the modified cell as

a function of wash water superficial rate at different
superficial gas rates. During these experiments, there was no
froth overflow. Equivalent air flow numbers, N_, are also

indicated in the same figure. As superficial wash water and gas
rates increase, froth thickness increases. The higher the

superficial gas rate, the higher will be the rate of increase in

the froth thickness.

A number of empirical relationships were tested to estimate
F‘me using polynomial regressions, The following equation proved

to glve best fit at a correlation coefficient of 0.84:

FT = -0.34- 308.6J° + 6.4 + 1078.1J %.J 3.27
w 9 L] g9

max
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where FT is in cm and superficial rates are in cm/s.

Estimation of Maximum Froth Expansion Using Simple Momentum

Conservation: Figure 3.13 also shows the predicted maximum

attainable froth thicknesses using the simple momentum

conservation model. There is a reasonably good agreement between

experimentally measured froth thicknesses and predicted values.

Therefore, the model can be used to estimate the maximum froth
thickness by knowing average gas holdup and bubble size in the
slurry phase. The slight underestimation of experimental data is
most likely due to not taking into account the effect of liquid

films around the bubbles in the simplified model.

Figure 3. 14 shows the effect of impeller speed and aeration
rate on froth expansion along with gas holdup in the slurry phase
at a constant water volume (height) in the modiffed cell.
Increasing superficial gas rates and impeller speed leads to
thicker froths in the absence of froth overflow mainly due to

increased gas content in the slurry phase.

Effect of Wash Water Additlion Level on Froth Expansion: The

effect of wash water addition level on the froth expansion with
froth overflow at constant talls flowrate is given in Figure 3.15.
In this graph a minus sign indicates that the wash water 1s added
below the slurry-froth interface, zero means that addition is Jjust
at the interface and positive values stands for addition above the
froth surface. The upper curves, FT, show the total froth

expansion l.e. the distance between the slurry-froth interface,
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and the froth surface while the lower curves, T, {indicate the
distance between slurry-froth interface and the overflow llp. As
can be seen from the graph, froth thickness increases as the wash

water additjon level rises up to 4 cm above the froth; the

expansion then levels off.

Froth also expands more with increasing gas superficial rate.
In the presence of overflow the froth cannot expand as much. It
should be noted that when wash water {s added below the
slurry-froth interface, the froth cannot expand but If it 1s added
at the interface or above the froth zone, there is a significant
expansion in the froth thickness. The expansion of froth with
increasing addition height above the froth surface 1s related to
wash water penetration depth, distribution, and residence time in
the froth. Since froth expansion i{s beneficial, it {s concluded
that wash water addition should be at least 4 cm above the cell

lip to reach its full benefit

3.7.2 Point Gas Holdup Profile and Water Balance in the Froth
Phase

Gas Holdup Profiles: Figures 3 16, 3.17, and 3 18 show typlcal

axial profliles of gas holdup as a function of vertical distance
from the slurry-froth interface in the absence of froth overflow.
Figures 3 18 and 3 17 show that increases elther in gas or wash
water rate significantly decreases the gas content of the froth
zone An increase in aeration rate for a glven frother
concentration and impeller speed produces an Iincrease in water

entrainment due t-~ thé larger bubble productlion, which carry more

()
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water to the froth phase {the number of bubbles and their
diameter increases). The following equatlions can be used to
calculate percent gas holdup in the froth phase at different

heights as a function of gas and wash water rates.

eg = 79.54 + 9.73.Z - 56.67. Jq 3.28

cq = 0.778 + 0.113.2 - 1.573..!' 3.29

where Z: distance from the slurry-froth interface, cm
Jg: superficlial gas rate, cm/s

Jw: superficial wash water rate, cm/s

Figure 3.18 shows that increasing frother dosage leads
to significant increases in the liquid content in the froth zone,
especially close to the interface, because of the decreased bubble
slze and the increased thickness of the water film surrounding
the bubbles. The percent gas holdup was correlated to frother
concentration and distance from the slurry-froth Iinterface using

the following equation:

cq : 86.21 + 10.21.2 - C 3.30

where C: frother concentration in ppm

Klassen and Tikhonov (1964) concluded that aeration rate,
impeller speed, and frother dosage increased water entrainment,
the more effective variable being frother concentration in their

system.

135



GAS HOLDUP (%)

100
[ ]
[ ]
90- /
a
8op frother (ppm)
| ]
10 y
70b ]5
| ]
60}
)
50 Jw: 0. 14 cnv/s
Jg:0.8cm/s
4‘C [ 3 ' 4 ry
05 1.5 2.5 35 45

DISTANCE FROM THE INTERFACE (cm)

Figure 3.18: Effect of frother dosage on gas holdup

(FT

is

S.5 cm and frother is Dowfroth 250)



Water Balance: In the presence of froth overflow, the gas and

liquid holdups are significantly changed. Table 3.5 summarizes

the water balance for the four test series.

In the first test series, although the tailing flowrate was
not changed, Jt decreased with increasing aeration rate, because
of gas entrainment in the tailing line. As a result, Jc increased
slightly with \increasing Jg. H and T increased with Jq. because
of a significant increase 1in Ju: as more water is entralined in
the froth phase, it needs a longer residence time (i.e. a thicker
froth) to drain back to the slurry. Gas holdup profile is shown in

Figure 19a.

In the second test series, the interface level was kept
constant by varying tailings discharge flow rate at again three
different gas rates (Figure 3.19b). Increasing Jg increased the
liquid overflow rates because of the increasing FT and the

resulting increase in the froth height above the cell 1lip, H.

For the first and second test series, the following equations

can be used to calculate gas holdup in the froth phase:

[y]
[}

77.582 + 9.60.2 - 30.23.39 3.31

o
[}

76.78 + 12.56.2 ~ 39.79.Jq 3.32

If the data from test series one and two are combined, then
the following equation can be developed:

eg = 77.17 + 11.26.2 - 35.71.Jq 3.33
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30 0.0 04 GiI13 028 0,14 005 0328 0,193 0.135 171 1.32
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Table 3.5: Water balance around the flotation cell.

J . calculated from Eq. 3.6
u
Jd: calculated from szJ“t]u-.Jc

Jd—J : blas
u

J /J : entrainment factor
u f

Jd/Jt drainage factor

FT: froth thickness
SH slurry helght
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In the third test series, the effect of aeration was
investigated at a much lower wash water addition rate (J_ = .08
cm/s) at a constant T and H. Thus, upward and downward liquid
rates are lower than for the previous two cases. Again Jc. Jd.

and Ju increase with increasing aeration rate. Since both H and

T are constant, the increase in Jc can only be caused by an

increase in ¢
bf

The four test series confirm that irrespective of the control
scheme, gas rate can affect water recovery signiflcantly, at
constant slurry height. Liquid holdup increases significantly
throughout with Jq; consequently, all superficial liquid rates in

the froth increase substantially: Ju. Ja' and Jc.

Figure 3.20 shows the overall gas holdup profile in the
modified cell as a function of cell depth, with the horizontal
axis in logarithmic scale. Gas holdup drastically increases near
the slurry-froth interface due to the accumulation of fast rising
bubbles before entering into the froth phase. Bubble rise velocity
decreases because of collision of bubbles with the previously
formed bubbles. Gas holdup parabolically increases in the froth

phase.

Figure 3.21 shows the effect of J' on gas holdup profile in
a relatively deep froth. The higher the superficial wash water
rate, the wetter the froth. The difference in froth wetness .s

' more significant at the interface than at the top of the froth.
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Entrainment and cleaning factors are introduced here |in
order to understand the effect of aeration rate. Ju/.Jr is used as
an entrainment factor while Ja/Jt i1s used as a cleaning (drainage)
factor. Ju and Jd were calculated at the interface level. A
higher drainage factor and a lower entrainment factor are
desirable in flotation operation to achleve low hydraulic
entralnment. Both entrainment and drainage factors increase with

increasing aeration rate.

The change in upward and downward superficial liquid
velocities as a function of distance above the slurry-froth
interface at different wash water addition rates are given in
Figure 3.22. Both upward and downward liquid rates significantly
decrease with increasing distance above the interface. It should
be noted that (Jd-Ju) increases with increasing wash water
addition rate and is constant throughout the froth phase. A
higher bias (Jd—Ju) means less entrainment due to suppression of

feed water with wash water and a better cleaning action in the

froth.

3.7.3 Prediction of Superficial Concentrate Rate (Jc)
At constant SH and T, KC is constant and Jc can be

determined from the weir equation by measuring only H and ¢

|13
which is obtained from conductivity measurements. Figure 3.23

shows QC as a function of wH'S e In the normal operating

Ir’

range, Kc was calculated to be 0.00887 for the modified laboratory

cell. A plot of experimental Qc versus predicted Qc is given 1in
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Figure 3.24. There 1is a reasonably good agreement between

experimental and predicted water recoveries within 3%15% error

limits.

If slurry level (SH) is not malintained constant both T and H
vary with operating conditions and the cell discharge coefficient
(Kc) changes. The following empirical equatlon was obtained from

laboratory cell data with a correlation coefficient of 0.88.

Jc = 0.00061-0.0088T+0.00196H' ® + 0.0408Jq+0.01899J“ 3.34

where T varies from 0.2 to 2 cm, H from 1 to 3 cm, Jq from 0.2 to
0.6 cm/s, and J“ from 0.05 to O0.1i4 cm/s. According to the above

equation, the most important factors affecting Jc (or Qc/S) are Jq
and T.

The water film thickness assoclated with each bubble can
be roughly predicted using a gas holdup value at the base of the
froth (boundary condition) (Moys, 1878). Using Eqs. 3.3, 3.6, and
3.7 film thickness around bubbles was estimated and plotted as a
function of aeration rate at a superficial liquld rate of 0.14
cm/s in Flgure 3.25. Gas holdups were taken from Flgure 3.19 at
0.5 cm above the Ilnterface while average bubble sizes were taken
from Kaya (1985). Fllm thickness around bubbles increases from
14um to 40um with increasing aeration rate from 0.2 to 0.6 cm/s;

more water is entrained into the froth from the slurry phase.
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The parameter C1 in Eq. 3.4 was also estimated using Eqs. 3.3
and 3.4. Aerated power input per unit volume (energy dissipation)
was calculated using Luong and Voleski's equation (2.7) and
terminal bubble rise velocity was determined using Pebble &
Garber’'s equation (2.9). C1 increases from 0.25 to 0.52 when
aeration rate increases from 0.2 to 0.6 cm/s. Since C1 varies,
it is difficult to estimate the exact water film thickness around

bubbles; a rough estimate can be calculated using Eq. 3.4.

3.7.4 Local Gas Heldup in the Froth Phase

The effect of wash water addition flowrate on local gas
holdup at four different points on the same horizontal level using
the quadruple-electrode assembly 1is given in Flgure 3.26.
Although the electrodes were all at the same horizontal plane in
the froth, the gas holdup significantly varied. The front
electrodes {1 and 2) showed higher gas holdup than back electrodes
(3 and 4). The change in gas holdup in the froth phase was

correlated with superficial wash water rate as below:

e = 72.62 - 8’7557..}: 3.35

The effect of 1impeller speed at FT of S cm and the effect of
FT (3 and 6 cm) at 1500 rpm on local gas holdup in the froth was
also investigated wusing the quadruple-electrode assembly. GCas
hold-up decreased with increasing impeller speed or decreasing

froth thickness (Table 3.6). Increasing impeller peripheral speed
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creates finer bubbles with larger interfacial area which increases
the volume of interstitial bubble water in the froth. In froth
thickness tests, the electrode assembly was fixed at the cell lip
level for both tests. FT was decreased by increasing SH. As

expected, a lower gas holdup was measured.

Table 3.6: Effect of impeller speed and froth thickness on local
gas holdup in the froth phase.

Local Gas Holdup

Electrode 1200 rpm 1500 rpm
1 0.84 0.73
2 0.63 0.60
3 0.72 0.69
4 0.88 0.59

(Jq: 0.6 cn/s, Jw: 0.098 cm/s, and FT: S cm)

FT: 3 cm FT: 6 cm
1 0.81 0.88
2 0.85 0.81
3 0.71 0.81
4 0.64 0.80

(Jg: 0.6 cn/s, Ju: 0.098 cm/s, N: 1500 rpm)

3.8 Summary
On the basis of insights galned from this chapter, a number
of conclusions can be stated:
a. Two different zones in a washed conventional froth were
recognized. In the expanded bubble bed, where the gas holdup lis
less than 74%, all bubbles are well separated from each other by

draining water films. Above the expanded bubble bed, gas holdup is
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higher than 74% and thinner water films occaslionally collapse

creating 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 properties required for

flotation.

c. The general trend of holdup profile strongly depends upon gas
rate, liqui- rate, and frother concentration. The liquid holdup
at the top of the froth was found to increase drastically with

increasing gas flowrate, water flowrates, and frother dosage.

d. A froth hydraulic model, which includes a water and gas
balance in a conventional flotation cell with wash water addition,

was introduced. A predictive model for water recovery was

establ ished.

e. It was found that froth thickness increased with increasing
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 in deciding the use of
wash water in conventional flotation machines. Insights gained
can lead to the development of better operation conditions for the
existing flotation systems, which may produce an improvement in

their performance.




CHAPTER 4

DETERMINATION OF RESIDENCE TIMES
IN
THE LABORATORY FLOTATION CELLS




Introduction

Mean residence time (MRT) 1is an Iimportant factor |in
determining metallurgical performance. An inadequate MRT may lead
to lossee of valuable species; particles with low flotation
kinetics, such as fines or niddlings, are particularly vulnerable.
An excessive MRT will lead to increased recoveries for water,
gangue particles, and weakly floatable particles. Strongly
floatable particles may also suffer deactivation, and some gangue
sulfides activation through surface oxidation. This study
investigates the effect of operating variables on the MRT of gas,
liquid, and solid in the slurry and froth phases in the presence
of wash water. Variables affecting gangue entrainment, such as

the fraction of feed water recovered in the concentrate, are alsc

quant ified.

The mixing behaviour of the small-scale modified laboratory
flotation cell was investigated experimentally. Impulse tracer
tests were performed with both liquid and solid tracers. The
liquid residence time is significantly affected by wash water
addition flowrate in the slurry phase and froth thickness in the
froth phase. Froth thickness and aeration rate are the major
variables affecting residence time in the froth phase.

4.1 Experimental

Most of the experiments were performed in a two-phase systen

(air-water) where feed flowrate and impeller speed were always

kept constant, unless otherwise stated. The slurry level was
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maintained at a set point by varying the talling flowrate, a

common control strategy in plant practice. Different results
would be obtained if other types of level control strategies are
employed. Some resul.s i:rom a previous three-phase study (Kaya,
1985) are also included to relate the results to actual flotation

conditions.

At constant feed rate, the effect of superficial gas rate,
froth thickness, superficial wash water rate, and impeller speed
on the MRT in tne slurry and froth zones was {nvestigated. In
the three phase study, silica was the solid phase at 104 by

welght.

4.1.1 Measurement Techniques

Liquid Mean Residence Time 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 tailing stream
periodically. The RTD was determined from the tracer response
curve and MRT was estimated. LiCl was used as a liquid tracer,
because of its low cost, unreactiveness, solubility in water, and
ease of analysis by atomic absorption (AA). For each test, 1 gram
of dissoived LiCl was injected as an impulse tracer using a 50
mL syringe. As the times of injection and collection of the tracer
material were very short, 10 and 5 sec respectively, in comparison
to the residence time in the cell (2 to 4 min), the observed
concentration-time curve in tall stream could reasonably be

considered that of an instantaneous response to a perfect impulse.
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For the second method, the gas holdup and tailing flowrate
were measured. Average gas holdup was determined measuring
conductivity with the quadruple-electrode assembly, which |is

placed in the middle of the slurry phase.

The results of the second method are best understood

conslidering that the MRT of the liquid in the slurry zone, rlp, is
equal to
V., e SH €
P ip lp
T = = 4.1
1p
Qt Jt

where Q: tail flowrate, m'/s
V: slurry volume, m'3
: volumetric liquid holdup in the slurry phase

SH: slurry height, m
J ' superficial tailing rate, cm/s

Solid Mean Residence Time in Slurry: In flotation, it is the MRT

of solids that is of prime importance. The use of solid tracers,
though by no means impossible, does tend to add both complexity
and cost to a test. Thus, the Iindustrial practice is "o use
liquid tiacers and to make the assumption that the liquid phase
of the slurry closely approximates the behavicur of the solid
phase. Dobby (1985) has shown that the validity of this
approximation in a flotation column is a function of particle size

and improves with decreasing particle diameter. RIDs of solid
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particles were determined by radioactive tracing in the same
system previously (Kaya, 1885) . Detalled theoretical

background and results are found in the above reference.

The following equations for perfect mixing were used to

calculate the slope of lnA vs t plot, which is the inverse of the

MRT:
C(t) 1 - t/t
E(t) = = e 4.2
jcm.dt t
1 t
lnA = ln( - ) 4.3
T T

Gas and Liquld Residence Time in Froth: Assuming a constant gas

holdup in the froth phase, the mean residence times of gas and

liquid in the froth phase (‘l’b’_ = ‘t“_) is equal to:

VvV . e FT .
3 bf bf
T = = 4.4
bf
Q J
9 9
FT
Vv = 4.8
bf
be

where Vr: froth volume, m3

€ fractional gas holdup in the froth phase

Q: air flowrate, mals

Vb‘_: average bubble rise velocity in the froth phase, mn/s
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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 middle of the froth,
measured using the quadruple-electrode assembly. Since the
horizontal transport was neglec.ed here the residence time is the

minimum time spent in the froth phase.

Feed Water Split: Laboratory scale tests were performed to measure

the amount of feed water in the concentrate stream at different
superficial gas and water rates, froth thicknesses, {impeller
speeds, and feed flow rates. A material balance of the tracer
(i.e. water split between the tailings and concentrate streams)

was obtained using the following equations:

‘{QC.CC(t).dt

JQ .C (t).dt +JQ .C (t).dt
t ot c ¢

J'Qt.Ct(t).dt

JQ .C (t).dt +JQ .C (t).dt
t ot ¢ ¢

where Qc: concentrate flowrate, m/s

Q : tailing flowrate, m>/s

concentrate itracer concentration, kg/m3

tall tracer concentration, kg/m3

amount of tracer reporting to the concentrate, kg

amount of tracer reporting to the tails, kg




One gram LiCl dissolved in water and injected into the feed
stream. Tall and concentrate streams were collected in different
pails for 5 minutes. Thelr volume was measured and
Li concentration was determined. Experiments were repeated at

dif ferent operating conditions.

4.2 Results and Discussion
4.2.1 Liquid and Solid Residence Times in the Slurry Phase
Table 4.1 summarizes the effect of Jq, J", FT, and RPM on the
MRT of liquid in the slurry phase. Figure 4.1 shows the fit of
typical experimental data to the perfectly mixed model. The

effect of operating variables will be discussed separately.

Table 4.1: Effect of superficial gas and wash water rates, froth
thickness, and impeller speed on the liquid residence time in two

and three phase systems. (Three phase results are from Kaya,
1985) .

Jq J" FT T SH Residence time Phase
(cm/s) {cm/s) {cm) (cm) (em} Talling Conc.
0.4 0 3 2 30 3.83 4.04 3
0.6 0 3 2 30 4.06 3
0.8 0.14 3 2 30 2.26 2.36 2
0.8 0.14 1.8 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
C.6 0.14 3 2 30 2.26 2.36 2
0.5 ) 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
g9 L bp 1p
(em/s) (em/s) (cem)  (em) (cm) (%) (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




"

perfectly mixed model

® experimental data

b
o
o
o

10
TIME (min)

Flgure 4.1: Fit of experimental data to the perfectly mixed model.
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Effect of Gas Rate: In the absence of wash water addition, it

was found in the three phase system that liquid MRT in the slurry
phase slightly increases with increasing superficial gas rate
(Table 4.1). Increasing Jq decreases both the liquid holdup in
the slurry zone and talls volumetric flowrate. Figure 4.2 shows
that the decrease in Qt is more important than that of 81{.
measured by the quadruple electrode assembly In the two phase
system. The net result 1is an Increase in the MRT of liquid in

the slurry phase.

Effect of Froth Thickness: At constant Jq and Ju, rising the
slurry/froth interface leads to0 an increase in the lliquid
residence time in the slurry phase (Table 4.1). This only
partially stems from the increase in the slurry volume (here only
5%). The main cause is the much increased water recovery in the

concentrate, resulting in an equivalent decrease in Qt‘

Effect of Wash Water Addition Rate: At constant Jq and FT, the

liquid residence time in the slurry significantly decreases with
increasing wash water addition rate, as shown in Figure 4.3. It
also shows that samples collected from concentrate stream have a
slightly higher residence time than samples taken from the
tailings streams, as the froth zone has its own residence time,
which can be estimated by the difference between MRTs of the
concentrate and tailing streams. The MRT in the froth is in the

order of 6 to 12 seconds.
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Figure 4.2: Effect of aeration rate on gas and liquid holdups,
tailing flow rate and liquid residence time in the slurry phase.
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Figure 4.3: Effect of wash water addition rate on liquid residence
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The decrease in the MRT in the collection 2zone with
increasing wash water rate is by far the most undesirable side
effect of using wash water. Clearly, J“ must be minimized to
reduce not only water consumption, but also the decrease in

flotation time and circuit capacity.

Effect of Impeller Speed: Table 4.1 shows that as impeller speed

increases, gas holdup in the slurry phase increases, because
smaller bubbles with lower rise velocities are generated.
Therefore, liquid holdup decreases and so does the residence time

in the slurry zone.

4.2.2 Comparison of Solid and Liquid Residence Times 1in The
Slurry Phase

Results of solid and liquid residence time study are given
in Table 4.2a. For these tests, samples were collected irom the

tailing stream without wash water addition. The liquid resldence

time in the slurry phase is slightly higher than that of the

solids, but the difference is within experimental error.

4.2.3 Presence of Perfect Mixing

An experiment done without froth phase showed that the
residence time calculated from tail and concentrate streams were
very similar (Table 4.2b). This means that the solid phase lis
perfectly mixed in the slurry phase, i.e. its contration is 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 summarizes the effect of superficial gas rate,

water rate, froth thickness, and impeller speed on e , T and

of o’

v .

bf
Table 4.2: Comparison of solid and liquid residence times in the
pulp zone (a}, and the presence of perfect mixing (b). (Results
were obtained from radic-active tracer tests using Mn-56).

Residence time

Jg Jw FT T SH t (min)
(em/s) {em/s) (cm) (em) (cm) solid liquid
a 0.8 0 3 2 30 3.75 3.83
T (min)
tails conc.
b 0.5 0.098 0 0 32 2.97 2.95
Superficial Gas Rate: Mean gas resldence time in the froth,
T, decreases with increasing superficial gas rate. Bubble rise

bf

velocity in the froth is very low (0.5 - 1.1 cmn/s) as compared to
in the slurry phase (4 - 10.5 cm/s). The implication 1is that
increasing residence time in the froth leads to lncreased drainage

and a drier froth.
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Table 4.3: Effect of superficlial gas rate, wash water rate, froth

thickness, and impeller speed on the gas residence time in the
froth phase.

J J FT T SH € T v N
g w bf bf bf

(em/s) (cm/s) (em) {(cm) (cm) (%) (sec) (cm/s)(rpm)

.098

0.6 0 4 2 30 56.9 3.8 1.1 1500
0.6 0.088 4 2 30 58.5 3.7 1.1 1500
0.5 0.088 4 2 30 S§7.7 4.6 0.9 1500
0.5 0.098 4 2 30 57.4 4.8 0.9 1500
0.4 0.098 4 2 30 58.7 5.8 0.7 1800
0.4 0.088 4 2 30 58.3 5.8 0.7 1500
0.3 0.098 4 2 30 §S3.0 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 .5 1500
0.8 0.080 3 2 30 70.2 3.5 0.9 1500
0.6 0.090 S 3 29 65.2 5.4 0.9 1500
0.6 0 S 3 29 75.8 6.2 0.8 1500
0.6 0,030 § 3 29 T1.1 5.9 0.8 1500
0.6 0.058 § 3 29 68B.5 5.7 0.9 1500
0.6 0.080 S 3 29 65.¢C 5.4 0.9 1500
0.8 0.120 § 3 29 55.8 4.6 1.1 1500
0.6 0.080 S 3 29 T1.2 5.9 0.8 1200
0.6 0.080 § 3 289 865.0 5.4 0.8 1500

(FT: froth thickness, T: distance between slurry-froth interface,
and cell lip level, SH: slurry height)

Figure 4.4 shows the calculated average bubble rise velocity
in the froth phase as a function of distance from the interface
using the momentum conservation model in Chapter 3 (Eq. 3.24). The

following data were used in calculations:

Table 4.4: Variable ranges used in FT_‘x calculations.

Jq(cm/s) cbp(%) pr(cm/s) dbp(cw)
0.8 8.67 6.9 0.364
0.5 6.94 5.7 0.336
0.4 4.98 4.0 0. 308

* : measured with conductivity
dbp: from Kaya-1985
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Figure 4.4: Change in bubble rise velocity in the froth phase.
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Average bubble rise velocity in the froth phase drastically
decreases towards the froth surface. The higher the gas rate, the
higher the average bubble rise velocity in the froth. The decrease
in average bubble rise is maximum at the interface, and lessens
with height above the interface. Above the lip level, the decrease
is more gradual, due to the initiation of horizontai velocity,

which forces froth towards the overflow weir.

Figure 4.4 also indicates the calculated FTmax. which depends
on the no froth overflow condltion and calculated average bubble

rise 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 residence time in the
froth significantly increases with increasing froth thickness.
Higher residence times lead to drier froths, because of increased

drainage and bubble coalescence.

Wash Water Superficial Rate: Gas residence time in the froth

increases slightly with decreasing wash water rate, because of the

ensuing increase in the gas content of the froth phase (Table 4.3).

Impeller Speed: Gas residence time in the froth decreases slightly

with 1increasing impeller speed (Table 4.3). This is a direct
result of the increased liquid content of froth, as higher
impeller speeds produce finer bubbles, with larger interfacial

area and higher volume of interstitial water.
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169
' 4.2.5 Feed Water Split
In this study, feed water penetration into the froth, which
| corresponds to the worst conditions of flines entrainment, was
determined. A material balance of the tracer sgplit and hence
feed water split between talilings and concentrate streams was
obtalned.
Superficial Gas Rate: Experiments done at constant FT, J", and Jr
showed that feed water reporting to the concentrate stream
slightly decreases with decreasing Jq (Table 4.5). At high gas
rates, more water is 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.

Jg FT Jw Qr N Feed Water Recovery T
{em/s) {cm) (em/s) (L/min) (rpm) (%) {min)
0.4 3.0 0.14 1500 6.8
0.8 3.0 0.14 1500 7.5
0.8 1.5 0.14 1500 12.3
0.8 3.0 0.14 0. 48 1500 18.8 4.7
0.8 3.0 0.14 1.24 1500 7.5 2.8
0.6 3.0 0.14 2.08 1500 6.6 2.3
0.6 3.0 0.098 1300 1.8
0.6 3.0 0.098 1500 2.2

Froth Thickness: At constant Jq, Jw, and Jf, there was a

significant increase in the amount of water reporting to the
concentrate with decreasing FT (Table 4.5). These results show
that a 50% decrease in FT Iincreases the feed water reporting to
the concentrate stream about 394, while a 33% increase in aeration
rate increases the feed water reporting to the concentrate stream
v about 8%. Therefore, feed water split can be more closely

controlled by adjusting FT rather than Jd




Wash Water Superficial Rate: Figure 4.5 shows the percent feed

water reporting to the concentrate stream. A minimum penetration
of feed water was found at an {intermediate Jw A five-fold
decrease (from 11% to 2 24%) in water reporting to the concentrate
was achieved by wash water addition 4 cm above the froth surface.
Wash water promotes froth stablility and largely elimlinates feed
water from the concentrate. Elimination 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 is presumably due to the mixing effect Induced by strong
wash water addition in shallow froths (i.e. 3 cm). In deep
froths, mixing may not be a problem. This will be further

investigated in the following chapters.

Feed Rate: Feed water recovery to the concentrate increases
significantly with decreasing feed flowrate due to lIncreased
liquid residence times in the slurry phase. Mean residence 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 resides short time at
the high feed flowrate, the probability of concentrate
contamination by feed water is lower Therefore, it seems that the
liquld residence time in the slurry plays a very important role in
the entrainment mechanism and that it should be closely
controlled. Frew and Trahar (1882) found that Cu grade
significantly decreased with decreasing feed flowrate in bornite

and quartz flotation.

-
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Impeller Speed: Feed water reporting to the concentrate decreased

from 2.2% to 1.5% by decreasing impeller speed from 1500 rpm to
1300 rpm (Table 4.5). Because Increasing {mpeller speed will
create finer bubbles and higher gas holdup in the slurry phase,
which results in higher water transport to the froth and tharefore

to the concentrate stream.

4.3 Summary

Since the recovery of gangue particles is related to fued
water reporting to the concentrate, a longer liquid residence tiwne
in the froth and a shorter liquid residence time in the slurry
are necessary to lessen entrainment problem or to achieve higher
grades in cleaner circuits. The results are summarized in Table
4.6 where + and - refer to the direction of change in the
controlled variables resulting from an increase in manipulated
variable. The response for Jq and rpm is very fast, while for
FT and JH, it is relatively slow. A decrease in liquid residence
time in the slurry ls achieved by increasing FT, J“. and rpm;
however, an increase in liquid residence time in the froth Iis
accomplished just by increasing FT. It can be concluded that the
control of FT can easily achieve the desired purpose, while the
beneficial effects of impeller speed and Jw in the slurry phase
are compensated to some extent in the froth zone. Therefore, it

is necessary to find an optimum J" and FT combinations.
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Mineralized ©bubbles should not remaln in the pulp an
inordinately long time because of the increasing probabllity of
demineralization. On the other hand, air bubbles should nat rise
excessively fast in the pulp, otherwise they will not have time to
pick up a suitable load of mineral particles. The optimum life of
bubbles in the pulp and the rate of rise depends on the
properties of the floated minerals, reagent additions, density of

pulp and finally the size of mineral particles.

Table 4.6 also shows the response of froth (gas and liquid)
residence time in the froth phase to changes physical manipulated
variables. An increased gas residence time in the froth phase
leads to an increased probability of coalescence, which may reduce
entrainment problems depending on the possibility of reattachment
in the froth. Ccalescence also reduces interfacial area and thus
solids carrying capacity Therefore, to prevent a major release
of collected particles, coalescence of the gas bubbles must be
minimized. Thus, what is desired from the gas bubbles in the

froth is system and purpose dependent.

The amount of feed water reporting to the concentrate should
be minimized in order to lessen entrainment and increase product
grade. Increasing FT and feed rate reduces feed water recovery to
the concentrate. However, lncreasing Jq and rpm leads to
increased feed water recovery and entrainment. There is an optimum
J" at an intermediate addition rate (0.08 - 0.1 cm/s), which

reduces the feed water penetration five fold than without wash
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water addition., Feed water penetration to the concentrate should
be minimized, but at a reasonable concentrate flowrate; otherwise

recovery will suffer significantly.

Table 4.6: Effect of some physical manipulated variables on
liquid and gas residence times and feed water recovery (Rf').

PHYSICAL MANIPULATED CONTROLLED VARIABLES
VARIABLES T T R
1 ] fw
{increase in) slurry froth froth to conc.
Superficial gas rate + - + +
Froth thickness - + + -
Superficial wash water rate - - - + = +
Impeller speed - - - +
Feed rate -

Desired - + +, - -

174




CHAPTER 5

DETERMINATION OF GANGUE PROFILES
IN
THE SLURRY AND FROTH PHASES




Introduction

An appropriate first step towards understanding entrainment
mechanisms 1is to determine the factors responsible for the
presence of gangue immediately below and above the slurry-froth
interface, The approach taken here was to systematically
determine gangue profiles in the slurry and froth phases at
different superficial gas rate and superficial wash water rate at

constant froth thickness and feed rate.

An attempt was made to estimate gangue content in the froth
phase. A classification coefficient was defined based on
interstitial bubble rise velocity and particle settling velocity

in the froth phase.

5.1 Theoretical Concepts of Mass Transfer and Particle Rejection
in Flotation Cells

5.1.1 Mass Transfer to the Slurry-Froth Interface

If the mass of gangue of size { in the slurry phase is X, the
gangue content change in a flotation cell can be calculated from

the following equation assuming a perfectly mixed pulp phase:

dx
1

= -k .x 5.1
dt

where k:: entrainment rate constant of species i, sec'1
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5

The rate constant due to entrainmen! (i ) can be derived by

consldering the probability of entrainment Pe. The number of
particles recovered by entrainment per unit time ls then given by

(Luttrell et al., 1987):

5.2

N=P.Q.V
e g w

where VH: dimensionless wake volume defined as the ratio of the
wake volume to the bubble volume.

V: cell volume, m
N : total number of particles in the cell

Q: air flowrate, ma/s

Dividing equation by total number of particles in the cell
and considering a square cell with a lenght of S and helight of H,

ke is given by:

kK = —————m—- e 5.3

Combining Eqs. 5.1 and 5.3

dx -P.Q .V.x
1 e gq w |

5.4

2

dt S .H

This final equation for the =lurry phase suggest that one can
reduce entrainment problem by reducing aeration rate, bubble wake
volume to bubble wvolume ratio, percent solid, and the probability

of entrainment or by increasing cell height, cell lenght, and feed



flowrate (l.e. reducing pulp residence time). Wash water additlon

most probably affects the dropback rate constant and residence
time in the <cell and reduces the fraction of feed water in
the concentrate. This analysis strongly suggests that processing

fine particles in deep flotation cells is beneficial.

Luttrell et al. (1987} found that decreasing bubble size or
increasing flotation cell height resulted in improved recovery and
selectivity of fine particles. The size of the turbulent wake
increases with lincreasing bubble diameter. Bubbles less than
approximately 0 3 mm in dlameter carry no wakes while larger
bubbles exhibit a substantial wake. Bubble size determines whether
or not wake (hydraulic) entrainment occurs, while particle size

determines the degree of entrainment.

A bubble wake model developed to estimate the net downward
velocity of particles in a slurry contacted counter-current with
bubble swarm by Ylanatos et al (1987). The concentration of
particles in the liquid rising in the bubble water relative to the
concentration in the descending 1liquid 1is the major factor
affecting gangue entrainment in the slurry phase. Thus, the
ratio csu/cs, l.e. the gangue particles holdup in the drift flux
to the total particle holdup, will be equal or smaller than the

corresponding liquid ratio clw/ £ and they can be related as:

sw 1w

=R ——— 5.5




where a is a distribution coefficient describing the relative
entrainment of solid and liquid into the wake of bubble. « = 1
corresponds to a perfectly mixed slurry l.e. the solid content of
pulp volume and bubble wakes are exactly same. a« = O represents
the limiting conditions where there is no entrainment of gangue
particles in the bubble wakes (i.e. no hydraulic entrainment). 1In
this case, there may be some mechanical entrainment due to

internal flow patterns and turbulence.

The average a value can be calculated using (Yianatos et al.

1887):

J -5.16 .U .g2%
ps

R
[}
—
i
®
x
o
o
22}

ave 0.67U J

ps 9

5.16.¢

and can be used to compare mechanical cells and flotation columns
with respect to hydraulic entrainment in the slurry phase. (Ups is

the particle settling velocity given by Eq. 5.17).

Figure 5.1 shows that the calculated « e decreases with
increasing particle size for both column and mechanical
fiotation. From this graph, it can be concluded that the
entrainment of coarse particles 158 difficult and fine particles
behave like water. It appears that hydraulic entrainment (i.e.
wake entrainment) is higher in flotation columns than conventjonal
cells due to a longer residence time of particlec in the slurry

phase.
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Figure 5.1: Comparison between mechanical cells and flotation
columns for entralnment in the slurry phase,.

Industrial column Laboratory cell
e, (g/cm’) 5.19 2.85
% solid by welight 2.50 10.00
T, (min) 12.60 2.25-4
Jg (cm/s) 1.40 0.6
J' (em/s) 2.29 0-0.12




5.1.2 Mass Transfer in the Froth Phase

Moys (1978) developed a comprehensive model for flotation
froth behaviour using the concept of plug-flow initially
introduced by Cooper (1366). Recently, Yianatos et al. (1987)
successfully applied the same principles to predict the mass
transport of valuable particles from the selectivity point of view

through the column flotation froths.

Here, a plug-flow model based on Moys’' 1is developed to
describe the behaviour of the entrained gangue particles in the
froth phase of a mechanical flotation cell. Figure 5.2 shows
schematically the mass f{lowrates in the froth phase. The

following assumptions are made:

a. Hydrophilic particlies of species “1" do not attach to the
bubbles in the slurry zone (i.e, all hydrophilic particles are
mechanically and/or hydraulically entrained into the froth).
Bubbles entering the froth carry a thin layer of water, which
preferentially entrains fine gangue particles. The relative
interstitial velocities of air, liquid, and solld in the froth
determine transfer rates. Slurry ls entrained between the bubbles
in the froth phase and containing gangue particles in the same
concentration as that in the cell. The initial flowrate of water
along with gangue particles, QI(O). is obtained by assuming that
each bubble carries a thin layer of slurry (i.e water plus solid)
of thickness &, into the base of froth.

6.Q .8
9

Qx(O) B e 5.7

d
b
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Figure 5.2: Notation for the mass transfer calculations in the

froth phase.
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where 01(0): initial upward slurry flowrate at the interface,

3
m /sec
3
Qg: aeration rate, m /sec

d : water film thickness, m
dbp: average bubble diameter in the slurry phase, m

The mass flowrate of gangue particles can be obtained from:

E (0) = Q (0).C 5.8
i i s

where Ex(O): upward solid mass flowrate, kg/sec

Cs: pulp gangue concentration near the interface, kg/ma

Both water and entrained particles rise at a rate El(h) and
velocity V(h) towards the top of the froth. The Iinterstitial

upward liquid rate at a certain height in the froth is equal to:

J
9

V(h) = ————— 5.9
eg(h)

where V(h): bubble film rise velocity in the froth, m/sec
eg: fractional gas holdup in the froth phase

b. At the top of the froth, a fraction of the froth is removed,
while the rest collapses and enters the downward flowing stream.
The upward interstitial liquid velocity at the overflow lip can be

calculated using:

J J
c ac
V(H) = = 5.10
€ (H) e (H)
1 9
where Jc : superficial concentrate rate, m/sec
J : superficial gas rate associated with liquid transfer to

ac
the concentrate, m/sec
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H : froth thickness between the slurry-froth interface and
froth surface, m

c. Particles may drain through the Plateau borders and enter the
downward liquid flow in the froth by drainage bubble coalescence,
collapse or froth washing. The rate of drainage s proportional
to the concentration of component i{n question. Taking the mass

balance over a differential element ylelds:

dE‘(h) —kl El(h)
= 5,11
dh V(h)
where kx: dropback rate constant, sec™!
Combining Eqs. 5.9 and 5.11 yields:
dE (h) -k E (h) € (h)
1 P q
- 5! 12
dh J
g
The solution to the above equation is:

Ex(h) = El(O) exp ("k‘T(h)) 5.13
where T(h): minimum bubble residence time in the froth and is
equal to:

z
J ¢ (h).dh
o 9
T(h} = 5.14
J

d. It is assumed that hydrophilic particle re-entrainment does not
occur in the froth. The dropback rate constant includes both

drainage and washing rate constants for entrained particles.




Therefore, k‘ represents the net loss of mineral from the

ascending bubbles and can be estimated from:

-ln(C /E (0)) J
1 i q

1(l = 5.15

€ .H
q

where C.'1 : mass flowrate of species | at the concentrate level,
kg/sec

e. A particle descending in the downward flowing water without

contacting gas bubbles will move with a velocity equal to the

interstitial 1liquid veloclty plus the relative particle-fluld

settling velocity in hindered settling regime (Up‘). Bubbles in

the froth was assumed the cause of hindrance. Then, the net

interstitial downward liquid rate can be calculated from:

Ul = = 5.186

where Ulz interstitial downward liquid rate, m/s

The relative particle-fluid settling (slip) velocity can be

estimated from the general equation proposed by Masliyah (1979)

using a momentum balance for the particles and fluld:

2 € 2.7 ( -

1 pp psusp
U = 5.17
ps

18 u (1+40.15 Rep°'°°”’)

.d
89

-
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where dp : particle diameter, m
€ fractional liquid holdup in the froth

pp: particle density, kg/m3

L liquid viscesity, centipoise

Rep: particle Reynolds number, dimensionless

The above equation 1s valld for hindered settling systems

containing particles of different size and density.

The net downward intersutitial velocity is calculated from:

+ U 5.18

The drainage rate is given by:

R‘(h) = Ei(h) - Cl 5.19

f. The mass fraction of hydrophilic particles between h and h+Ah

is equal to:

E (h).e (h) R (h).¢ (h)
i g i i

dMl(h) = + dh 5.20

Jq Jb+Ups

and gangue concentration (i.e. ratio of solids to the total weight
of material suspended in the froth at a given location) is Gf
dMl(h)
Gt(h) T —— 5.21
LRGN
From Ga' it is possible to calculate fractional volumetric

solid holdup, € in the froth at certain level:



dM‘(h)

e(h)  —0u0 5.22
s p A dh
5 [+

where P, solid density, kg/m3

2
A : cell cross-sectional area, m
[+

5.1.3 Particle Rejection Mechanisms in the Froth Phase

The residence time of froth elements (air, water or particle
species) passing through the froth phase in mechanical flotation
cells is distributed over a wide range. Elements entering near
the overflow welr are removed rapidly while elements entering near
the back of the cell may in fact never be removed and fall into
the pulp phase due to long horizontal travel distances.
Therefore, the residence time distribution, Ec(t). will be an
important factor determining the recovery of water, gangue, and
weakly floatable particles. Ec(r) is a function of the propertles
of the component (e.g. hydrophoblcity), froth stability, cell

design, and operating variables.

The bubble residence time is always smaller than or equal to
the particle residence time and all liquld in froth is recovered
in the concentrate. Mininum and average bubble residence times in

froth can be calculated respectively from:

Tormin: — 5.23
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Bubble residence time distribution is given by (Moys, 1984):

1

- - T >
Ec(tb) 1: exp [ (‘tbr tb“m)/rbr)} for T > T

bf
5.25

F_‘c(tb)

L]
(@]

forz <=t
b bfmin

Upward bubble rise velocity in the froth is calculated using:

H
vb!‘= 5.26
T
bf
H
vbfmin = 5.27
T
max
_ H
= 5.28
T
bf
E(V ) = : - (V -y v 5.29
¢ bf ; exp be bfmin)/vbi‘
b
be
Ubf = 5.30
£
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Gangue contamination of froth will occur if the interstitial

upward bubble velocity exceeds the particle settling
velocity. Therefore, hydrophlilic particles will be rejected or

retained depending on following conditions:

u »>U rejected
ps bf

U < U retained
ps bf

For a given particle size, classification coefficient (21)’
i.e. weight fraction of the gangue particles of size i entering

the froth which 1is recovered in the concentrate, can be

calculated at U = U
ps bf

Ec(Ubf)

- 5.31
ZEQ(Ubf)

5.2 Experimental Procedure
Summary of experimental conditions is given in Table 5.1..

Table 5. 1: Summary of experimental conditions.

Jq Ju FT Cell Type

Gangue profile in the slurry phase

silica 0 0] 0 modiflied batch
silica 0.6 8 061 modified cont inuous
0.123

Gangue profile in the froth phase

talls 0.6 0 4 modifled continuous
0.076
tails 0.6 0 4 modified continuous
0.4 0 4

N: 1500 rpa, Frother: Dowfroth 250, 10 ppm, 10%

solid, and
distributor: spiral




5.2.1 Set-up and Material

Most of the experiments were perlormed contlinuously using the
modified cell. Particle size distributions were determined by a
sedligraph 5000D. Li concentrations for tracer tests were measured
by atomic absorption. The distributor was fixed 4 cm above the
froth phase. Residence time was adjusted by tallings flowrate and

slurry level by feed flowrate at constant water addition rate.

Two different solid samples were used to characterize gangue
entrainment: silica flour {(from Indusmin) and a reject (slimes)
from Niobec (St-Honoreé, Quebec, Canada); their size distribution

is given in Figure 5.3. Niobec slimes contain 65% carbonates

(dolomite and calcite), 21% silicates, 7% hematite, 2 % apatite

and less than 1% pyrite. Both samples are hydrophilic when

conditioned by frother alone.

5.2.2 Determination of Gangue Profile in the Slurry Phase

A sampler was developed to measure the gangue concentration
profile in the slurry phase. Samples were drawn from the slurry
phase at different levels by a sampling probe consisting of a S50
mL glass plpette connected through a flexible tubing to a
peristaltic (Masterflex) pump. A varliable speed controller
provided satisfactory control of sucking and facilitated easy
manipulation as required for the samplling procedure. The tip
of pipette was cut In order to enlarge the sucking orifice to 3 mm
which 1is at least four times larger than the coarsest particles

. present in the feed, but small enough to prevent bubbles from
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Figure 5.3: Particle slze distributions of the samples used.




entering. Since Just a small tube is plunged into the cell, the

actual flow patterns and hydrodynamic conditlons of the slurry
phase are not disturbed. A S50 mL sample is an adequate in slze to
determine %solid and the particle size distribution. Statistical
fluctuations in the resulting particle size concentration were

reduced by taking a minimum of three samples and averaging

concentrations.

The top view of the cell (see Figure 5.6) shows the sampling
points (B and F) which are on the talling discharge side of the
cell. Sampling from the feed side was practically 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 bottom, will not be

affected by the tailing discharge.

Samples were taken during continuous operation. After the
last sample was taken, the system was allowed to run 3 minutes;
the feed and tailing pumps and rotor were then turned off
immediately. The slurry in the flotation cell was discharged,
weighed, filtered, dried and reweighed. An ideal mixing line

was determined from the cell inventory.

First, the effect of agitation on gangue profile was
investigated to characterize mechanical entrainment. In the
presence of frother, the gangue concentration proflile was

determined without aeration and wash water addition 1r batch
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operation. Second, similar profiles were determined at three
different Ju at a constant Jq. FT and RPM with a feed of 104
silica by weight. This second series of tests show the effect of

wash water on mechanical and hydraulic entrainment together.

Mechanical entrainment in a flotation cell s mainly
influerced by the impeller pumping capacity (Qi)’ i.e. the volume
of fluid it discharges per unit time. It is proportional to the

impeller peripheral (tip) speed and its discharge area.

The calculation of pumping capacity for impellers with radial
flow 1is analogous to that of centrifugal pumps (Azbel and
Cheremisinoff, 1983).

q = n.N.b.D? 5.32

where N: impeller speed, rps

D: impeller diameter, m
b: impeller thickness, m

The superficial fluid pumping rate (Jl), {.e. the liquid flow

per unit cell area, depends on the impeller aspect ratio (D/T) for

square cells:
J o= n°.N.b. (D/T)> .33

where T: cell lenght, m
Ja: superficial fluid pumping rate, m/s

The flowrate per unit cell volume (V) is based on both the

impeller aspect ratio and inverse of cell height:




where H: cell height, m

Q’/V is also defined as a tank turnover rate 1.e. the number
of turnovers per unit time. The mechanical entrainment component
of gangue recovery can be lessened by decreasing superficial fluid
pumping rate (i.e decreasing impeller diameter or increasing 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 in the cell
height (i.e. deep cell) leads to reduced mechanical entrainment.
The use of baffles and different impeller types has some effect on

mechanical entrainment.

The pumping capacity of the impeller entrains considerably
more fluid as it passes out into the tank (Figure 5.4} (Oldshue,
1979). There 1is a nearly constant D/L ratio for the
different-sized members of the same family (desiy.s Most of the
industrial families are given ratios falling in the range of 0.3
to 0.5 (Denver, Wemco, Fagergren, Soviet, and Agitair flotation
machines). As the D/T ratlio approaches 0.6, there is a little
room for mechanical entrainment to take place. For the present

laboratory study, the D/L ratio was 0.47.
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Figure 5.4: Effect of D/T ratio on mechanical entrainment due to
impeller flow.

(from Oldshue, 1%79).



5.2.3 Froth Sampling Techniques and Gangue Holdup Profiles

There are various methods of obtaining known volumes of froth
sample (slurry and air) in the flotation literature: sllicing,

ports and multi-point sampling lance.

The most accurate method of obtaining the variations of froth
properties with height would be that of Watson and Grainger-Allen
(1974) i.e. using horizontal slides to partition the froth phase
into a number of segments and removing the samples by sucking. 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 is removed to allow a sample to flow 1into a beaker. Since
a sample of large volume removed from a hole would not necessary
be characteristic of the froth at that level (in the limit, all
the froth above any hole could removed through it). Small samples
are usually taken and this process is repeated at intervals long
enough to allow the froth to reestablish itself until a sufficient
amount of sample was obtained at each level. If there is a

horizontal concentration gradient, this technique may glve

unrealistic results.

A multi-point sampling lance was used to extract froth
samples for pulp density and grade analysis by Cutting et al.
(1981). A symllar technique was used to suck samples
simultaneously at different froth levels by vacuum (Ylanatos et
al., 1987). This sampler is more convenient for sampling thick

froths as in column flotation.




None of the above sampling methods were found adequate for
our experimental set-up with FTs up to 5§ cm, and eventually a
small sampler was designed and constructed to determine the
average solid, liquid, and gas holdups in the froth phase. Figure
5.5 shows the froth sampler, which is made of plexiglass (1.8,
1.8, 1.6 cm). Two siiding stalnless steel plates can open and
close the sampler box at the top and bottom. Two O-rings assist
closing. The sampler in open position 1is plunged into the froth
phase as soon as it {s full of froth, the sliding plates are
closed. It is then removed from the cell, washed, welighed, dried,

and weighed again.

5.2.3.1 Test Work

Solid, liquid, and gas content of the froth phase were
determined at two different aeration 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/s). For each
test, two samples in the froth and another one 1 cm below the
slurry-froth interface were taken (this sample is assumed to
represent the gangue concentration at the interface). At the end
of each test, the cell content was also measured to estimate

average solid holdup in the slurry phase.

5.2.3.2 Calculation Procedure
In order to simulate gangue holdup profile in the froth:
a. tnput J, J, J, A, H C, and C_ from three phase tests
9 w c c s i

b. 1input db and 8§ from two phase tests. The average bubble
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diameter in the slurry phase was assumed not to be affected by

wash water.

c. input parabolic gas holdup profile in the froth phase from two
phase measurements as a function of distance from the slurry-froth
Interface (H).

d. input dp. Particle settling velocity can be calculated for a 10
pum particle since the gangue particles entrained are finer than
this size. (Settling wvelocity, at dp=10 um, has a negligible
effect).

e. lnput cs at the interface level from pulp sampling.

A printout of the computer program can be found in Appendix
5.1,

5.2.4 Hydrophilic Particle Rejection in the Froth Phase

Gangue particle settling velocity in the froth phase were
calculated usling free settling in the Stoke's range and hindered
settling equations (5.17). In this calculations, cq, €. Jc. Jf

and J" were taken from the froth sampling tests. Size-by-size

classification coefficients were calculated using Eq. 6.31.

5.3 Results and Discussion

5.3.1 Gangue Concentration Profliles in the Slurry Phase

Gangue concentration profiles in the slurry zone were first
determined in the absence of aeration in order to characterize
mechanical entralnment and then with air, to assess

mechanlcal and hydraulic entrainment together,



Mechanical Entrainment: Figure 5.6 shows silica concentration

profile and sampling locations in the laboratory flotation cell.
Samples taken from the front (F) and back (B} parts of the
flotation cell slightly deviate from the ideal mixing line in the
absence of aeration. The recycle flow around the impeller-stator
assembly can account for the observed deviations from ideal mixing
(Harrls et al, 1975). The average solld concentration in the
upper-most pulp layer (close to the interface) is higher than

average, which is undesirable,

Ideal mixing of gangue particles provides no selectivity. It
implies complete particle suspension and dispersion throughout the

slurry volume. It is one factor responsible for gangue

contamination of the concentrate.

Since there is no aeration in these tests, all of the silica
particles should practically be carried by mechanical entrainment

rather than hydraulic entrainment.

Table 5.2 shows the particle size distribution of the feed
and at different 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 bottom, the particles are
much coarser. In the upper levels, coarse particles are more
difficult to suspend. At the lower level, they are centrifuged
out by the recycle action. Here, the flotation cell works like an

Inverted hydrocyclone in which flne particles are pushed towards
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underflow (upward) Iin the centre of the cell due to a high

centrifugal force.

Table 5.2: Particle size distribution of samples extracted at

different levels. (Cumulative mass percent finer than the
specified particle size).

Sampling Depth {(cm)

Particle size (um) Feed 10 15 20 25
70 35 99 g7 95 a8

80 g2 97 84 g2 g6

50 S0 85 80 89 a3

40 83 87 80 80 83

30 69 70 80 61 70

20 46 852 41 41 47

10 17 24 i8 17 24

8 13 17 12 12 16

6 8 10 5 4 8

Harris et al. (1983) also observed departures from the ideal
mixing in unaerated pulps in a laboratory Denver flotation
machine. They found that 1increasing impeller speed and

impeller-stator clearance caused less departures from 1ideal

mixing.

Hydraulic and Mechanical Entrainment: Figure 5.7a shows the

average silica concentration in the slurry zone in the presence of
air, but without wash water addition. The gangue concentration
appears to be maximum at 15 cm from the cell bottom. In the upper
part of the cell, gangue concentratlion is very close to ideal

mixing, a serious problem from an entrainment point of view.

L4
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Arbiter et al. (1969) showed that the degree of particle

suspension, and dispersion depends directly on impeller speed and

inversely on alr rate and particle size.

Filgures 5.7b and 5.7c show the gangue proflles throughout
the slurry phase at J“'s of 0.061 and 0.123 cm/s, respectively.
In the presence of wash water addition, the gangue concentration
decreases towards the slurry~-froth interface. The deviation from

the ideal mixing line is more significant at the intermediate than

high wash water rate.

Decreased gangue concentration at the top of the slurry

assists in decreasing the entry of flne free gangue Iinto the

froth. The effect, however, is small.

5.3.2 Solid, Liquid, and Gas Contents of the Froth Phase

Table 5.3 shows experimental solid, liquid, and gas holdups
at . Iferent levels in the froth phase along with average values.
In the absence of wash water, increasing Jg will increase the
average solid and liquid content of the froth phase. Adding wash
water decreases the hydrophilic solid content and increases the

liquid content of the froth.

Figure 5.8 shows predicted and measured volumetric gangue
holdup as a function of froth depth with and without wash water.
The gangue content of the froth significantly decreases
from the slurry-froth interface to the top of the froth phase.

Gangue holdup is higher in the absence of wash water and there is
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Figure 5.8: Gangue holdup versus froth depth in the presence and
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a good agreement between measured and predicted gangue holdups in

the froth phase. Dropback rate constants (k‘) are 0.34 and 0.86

without wash water at Jq of 0.4 and 0.6 cm/s and 0.55 with wash

water,

Table §.3: Solid, liquid, and gas holdups of the froth phase using
the froth sampler. (FT = 4 cm)

Holdups in the Froth

J (emss) J (emss) e (%) e (%) e (%)
w 9 s 1 q

pulp 0 0.4 3.70
interface 3.97 12.03 84.00
H=1.5 cm 2.25 4.50 393.00
H=2.5 c¢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 84.00
average 2.91 12.09 85.00
pulp 0.0786 0.6 3.55
interface 3.78 20.22 76.00
H=1.5 cm 2.72 13.28 84.00
=2.5 cm 1.80 6.20 92.00
average 2.51 19.489 78.00

3.5.3 Hydrophilic Particle Rejection in the Froth Phase

Figure 5.9 shows classification coefficients calculated for
free settling in the Stoke’s regime and hindered settling using
Masliyah’s equation (5.17) as a function of particle size with and

without wash water. If free settling dominates, particles
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coarser than 20 um should be rejected back to the pulp phase. If
hindered settling dominates, particles finer than 40 and 70 um
should be entrained and the rest of them should be classified in

the presence and absence of wash water, respectively. However,
experimentally determined classification coefficient values do no
fit to free or hindered settling conditions very well. With wash
water, the flit of data to free settling calculations at the fine
end and to hindered settling calculations at the coarse end 1is
good. At the intermediate size range, both settliing equations do
not represent the experimental data. Without wash water, hindered
settling represents the experimental data better than free

settling.

Particle settling in the froth phase 1is very complex,
and hindered settling conditlions are more realistic than free
settling in the presence of wash water. Therefore, it was declded

to use the Masliyah's equation for particle settling.

From these results, it can be concluded that fine particles
(>10 um) follow water and freely fall in the Plateau borders and
water fllms without ©bridging. However, well drained froths hinder

the settling of coarse particles.

The effect of superficlal wash water and gas rates on the
insterstitial particle settling velocity 1in the froth was
g calculated using equation 5.17 and plotted as a function of

particle size in Figure 5.10. Particle settling velocity
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increases with increasing both gas and wash water rates. The

effect 2{ wash water 1s more significant than gas rate.

Figure 5.11 shows the calculated classification covefficients
versus particle size at different depths in the froth phase with
and without wash water. Particle classification in the froth is
much sharper with wash water than without {t. The sharpest

classiflication occurs at the interface and its sharpness decreases

towards the froth surface, which makes it possible to reject fine
particles. Particles not rejected near or within 1.5 cm of the
surface have a high probability of being entrained into the
concentrate, because the froth at this level is well drained and

the settling of interstitial particles is strongly hindered.

These findings confirm that the maln cleaning action takes
very close to the interface. Mainly, the fine hydrophilic
particles (< 10um), which have insignificant settling velocities
and follow water, are entrained. The only way of rejecting them ls
to replace slurry water coming from the pulp with wash water

using a sufficlently high blas rate (Jw- Jc).

Moys (1978) found that the gangue grade decreased markedly at
the base of the froth due to settling of the larger particles 1in
the slurry entering the froth phase. Above a certain height the

concentration remalns constant.
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5.4 Summary
Following conclusions can be stated from this chapter:
a. Gangue concentration is not homogeneous in the slurry phase.

Wash water slightly dilutes the pulp phase and decreases gangue

content near the interface. The effect, however, is small,.

b. Gangue content in the froth phase decreases with increasing
wash water rate or decreasing gas rate. The locatlion of
cleaning action is near the interface. Estimation of gangue

content is possible using the froth model presented in this

chapter.

c. A criterion was developed to calculate the classification
coefflclent for hydrophilic particle rejection. It was found that
particle settling velocity is negligible for fine particles.
Theref'ore, the only way to reject them is to provide a sufficient

downward water flowrate, which can te only achieved by wash

water.
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CHAPTER 6

THE EFFECT OF WASH WATER ADDITION AND FROTH VBRATION
ON |
GANGUE ENTRAINMENT AT LABORATORY SCALE




Introduction

The applicability of froth washing and vibration in
mechanlically agitated flotation cells to lessen gangue entrainment
was studied at laboratory scale. In this chapter, the main
objective is to explore how, where, and how much wash water should
be added in mechanical flotation cells. The effect of superficial
alr rate, froth thickness, impeller speed, wash water superficial
rate, distributor design (geometry), and froth vibration generated
mechanically and ultrasonically on gangue entrainment was
investigated. At the end of this chapter, there is a comparison

between a laboratory cell and column with respect to entrainment.

6.1 Modelling the Entrainment Process

There 1s a strong correlation between the recovery of water
to the concentrate and that of hydrophilic particles. The
description of entrainment mechanisms by a classification matrix
has been postulated by Johnson et al. (1974). This diagonal
matrix is made of 21 elements such that for the i th size

fraction.

(mass of free gangue per unit welght of water)co

(mass of free gangue per unit weight of wate'r)lmlp




T

Gangue recovery 1is related to particle size and water
recovery. Laplante (1980) derived a model for the entrainment of
gangue particles in continuous flotation based on water recovery
and classiflicatlon coefficient. In the present work, his model

was slightly modified to take into account wash water addition.

At steady-state, assuming perfectly mixed slurry zone, the

following mass balance can be used:

where X : mass of the gangue mineral of size | in the slurry phase

(kg)
F: what flows in the slurry in the feed stream , kg/s
T: resldence time of the slurry in the cell, sec
x : total weight of water in the :ell, kg

2 : classification coefficient, i.e. weight fraction of the

gangue particles of size | entering the froth, which is
recovered in the concentrate.

Qsc: slurry water flowrate at the concentrate, kg/s

Gangue recovery is given by:

(xl/x”) Z‘Q'c

[(x /x) 2Q ] + (x /7)
i w 1 ‘sc i




Similarly for water:

w 8¢ ww we

where F": feed water rate, g/s

Q"c: wash water mass flow rate going to the concentrate, g/s

Fww: wash water addition rate, g/s

Water recovery can be expressed as:

Q +Q (Q +Q Irx
s8C we SC MC “
R" = = 6.5
(@ +Q )+(x /1) [(Q +Q )/x]+(1/t)
sC wWC w 1+ wo w
Rearranging:
Q-c+ch (Rw/r)
= 6.6
X 1-R
w ]

Let us assume that the fraction of water in concentrate from

the slurry is 8:

Q
8C
g = 6.7
Q +Q
sCc wC
rearranging:
(R /77).8.X
w w
Q = 6‘8
1+

1 -R




Rl may be expressed as a function of water recovery as:

(Zi'Rl/t)/(l - Rw) B.Z..R'
Rl = = 6.9
21 . R_/t 1 I’Rn(le"I )
+
1-Rw T

If we assume that 21. is equal to B.Z‘. the slope of gangue
recovery versus water recovery curve is roughly equal to 21'.
which 1is a good parameter to compare different operating
conditions. If 21. is close to one, there ls no classification {n
the froth (i.e. gangue particles entrained to the concentrate).

The lower the Z:. the better the gangue rejection.

The cumulative recovery obtained from a distributlon of Rl

over the entire size range:

n
R =L WR 8.10
i=1

where R‘: total gangue recovery

wi: weight of gangue particles in size class 1.

—
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6.2 Experimental
6.2.1 Set-up
Most of the experiments were performed continuously using the
modified and Denver 5L original cells. A plexiglass laboratory
flotation column was also used. Operating details are given in

Table 6.1.

The design of wash water distributor for homogeneous
additions was a serious problem. Different materials (e.g. cloth,
sponge, sparger, screen mesh, perforated funnel etc.) were tested
to create water droplets for gentle and even water addition. At
high flow rates, commercial garden sprinkles (e.g. Malnor), which
may be used for pilot-plant and plant applications, can be used
to create mists. A perforated copper pipe (2 mm, inner diameter
and 4 mm, outer diameter) with holes 1 mm in diameter at 1 cm

intervals was found to be the best distributor for low flowrates.

Figure 6.1 shows the wash water distributor designs developed
and evaluated for this study. First, a U-type distributor with
one water entrance port was used. Since water spraying was not
homogeneous, square and circle geometry with 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 inner circle) was

then designed. However, loss of pressure throughout the pipe
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caused uneven water flow. To solve this problem, the distributor
was wrapped with electrical wire; water then falls between
adjacent wires 1like droplets (Figure 6.2). The whole froth
surface can be covered using the spliral and square distributors
together. The number of holes, hole dlameter, and spacing are
important to minimize pressure drop In the pipe. The U and
square distributors have another disadvantage, which 1is the
significant pressure drop due to sharp corners.

A linear wash water distributor, not shown in Figure G.1, was
used to prevent short-circuiting from the front (overflow) side of
the cell. It is a 14 cm long stainless steel pipe fed at one end,
0.5 cm in diameter, with 10 manifolds, each 1 cm long with 1 mm
inner diameter. Since the front part of the froth is drier than
the back part, water addition with a linear distributor may

increase the wetness of froth and remove gangue particles.

6.2.2 Methodology

Effect of Cell Size on Entrainment: The effect of cell dimensions

on gangue entrainment was determined at constant feed flowrate,

feed density, FT, JH, Jq, impeller speed, impeller diameter, and

cell cross-sectional area.

Determination of Water and Gangue Recoveries: Pure silica and

Niobec talls were continuously floated with only frother at a J
9

of 0.6 cm/s and an impeller speed of 1500 rpm, unless otherwise

221



e s st St i e m

Figure 6.2: Spiral wash water distributor
wire for droplet generation.

wrapped

with electrical

222



s @

specified. Feed flowrate was always kept constant while tails

flowrate was adjusted to achleve the desired FT. Timed samples
from the concentrate and tall streams were collected at different
operating conditions At the end of each experiment, the samples
were welghed, filtered, dried, and weighed again to determine the
amount of gangue and water. For most runs, the content of the
cell was also collected and treated as above. For some
experiments, size-by-size classiflcation coefficients (2‘.) vere
determined from the slize distributions and flowrates of
concentrate and tailing. Table 6.1 summarlizes the experimental

conditions for all tests.

Entrainment Rate Constant Determination: In continuous flotatlon,

entrainment rate coastants in the slurry phase were determined
using cold (26°C) and warm wash water (50°C) The experlimental
and calculation procedure is from Kaya and Laplante (1986). Final

pulp temperature with warm wash water was 32°C (Test 14).

The effect of pulp water quallity on entralnment was also
determined by semi-batch tests, the pulp water was cold (24°C).
warm (42°C) or sonified (i.e ultrasonically treated 1in a
ultrasonic bath for 10 minutes). Water flowrate to elimlnate

froth formation was 0.061 cm/s (Test 15).




Effect of Superficial Wash Water and Gas Rates and Froth Thickness

on Gangue Entrainment: Tests 1 and 2 were carried out to

determine the effect of FT and Jq as a function of Jw on gangue
recovery using silica. First, FT and slurry height (SH) were
maintained constant by adjusting tallings flowrate at censtant Jq.
Second, feed and tallings flowrates were kept constant at two

different Jq. and at a higher Initial pulp density.

Slurry water and gangue recoveries were determined using
cold (22°C) and warm (36°C) wash water (Test 3). Initial pulp
temperature for both tests was 22°c and the final pulp
temperature with warm water addition was 32°C. 10 grams of
dlssolved LiCl were added to the feed tank., Samples from the tail
and concentrate streams were collected, weighed, filtered, dried,
and weighed again. The filtrate was analyzed for Li. Gangue
recovery and slurry water reporting to the concentrate, which is

the main cause of entralnment, were determined.

The effect of impeller speed (rpm) on gangue and water
recoveries was determined at constant Jq. J'. FT, and SH using

silica (Test 4).

Effect of the Water Distributor Geometry on Gangue Entrainment:

In these tests, three different distributors were used: spiral,
square, and linear. Distributors were fixed 4 cm above the froth

surface and/or 1 cm below the slurry-froth interface.




The effect of the distributor mechanism on gangue recovery

was determined using the spiral and spiral-square distributors

combinations (Test 5). Jq, J_. and FT were kept constant.

The effect of JH on gangue recovery was also determined during
two different distributors above the froth. Spiral and linear
distributors were used for above and front additions. The tube

distributor was placed at the interface directed a5° towards the

cell bottom (Test 6).

Distributor Location: The offect of wash water addition location

on wash water and gangue recovery was determined at a constant
Jq. JH, and FT (Test 7). The spiral distributor was placed below
the interface or above the froth surface. 2 grams of dissolved
LiCl was added to the wash water close to the distributor entrance
with a 50 cm® syringe. Timed concentrate and tall stream samples
were collected. Cell content was also collected. Gangue  and
water recoveries; concentrate and tall flowrates; % sollds for
concentrate, tailing, and cell content; and residence time in the

slurry phase were determined.

The effect of wash water addition location was also
determined using spiral and spiral-square distributor
combinations at a constant Jq, J“, and FT (Test 8). Three
different types of addlition were tested: below the {nterface with
the spiral distributor; below the |Interface with spiral

distributor and above the froth with the square distributor; and




-

above the froth with the spiral-square distributors.

Effect of Froth Vibratlon on Gangue Entralinment

Mechanical Vibration: Gangue and water dralning from the froth

may be regulated by vibrating a flow modifier or a screen mesh.
In this study, two different types of vibrators and vibrating
assemblies were used. Both vibrators were electromagnetic The
first has a constant speed (Frantz Isodynamic Magnetic Separator
Type) and the other 1is a variable speed Syntron (FMC) Model 4.
The Syntron vibrator has a rectified controller and operates at

frequencies up to 3800 vibrations per minute (vpm).

A plexiglass flow modification mechanism was designed to
prevent short circuiting near the concentrate weir and to
facilitate froth horizontal transport towards the cell lip for
particles entering the froth at the back part (Moys, 1984). The
objective is to minimize gangue recovery by lincreasing particle
residence time in the froth for the front part and by decreasing

travel distance for the back part of the froth.

Two parallel flow modifiers fur the front part and one froth
crowder for the back part were mounted in a plexiglas:; frame
(Figure 6.3). The flow modifliers force all bubbles to rise in
the centre of the ceil by diverting the flow patterns (see Figure
6.4). The froth formed then flows across the cell towards the

froth 1lip. The crowder mounted at the back part of the flow
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modification mechanism forces the froth towards the froth lip,

facllitates hortzontal froth movement and prevents froth
accumulation at the back part of the cell {subduction). Therefore,
all froth is subjected to a more unlform residence time and ls
better drained. The mechanism does not significantly reduce froth

volume.

A screw type shaft was used to connect the vibratlon source
and froth mechanisnm. Very gentle vibrations were applled to
facilitate gangue dralnage and {ncrease residence time in the
froth. The effect of vibration with and without wash water

additlion was determined at a constant Jq. J.. and FT (Test 9).

A screen mesh (0.5 cm) placed at the slurry-froth interface
was also vibrated using the variable speed vibrator at a constant
Jq, J., and FT in the absence and presence of wash water (Figure
6.5, Test 10). The aim here ls to deccelerate the fast rising

bubbles before entering the froth to Increase particle residence

time Iin the froth.

Ultrasonic Vibration: The effect of ultrasonic vibration on

gangue recovery was f{irst determined using Niobec talls (5% sollids
by weight) at constant FT and Jq An  ultrasonlc transducer
(Vernitron cylindrical type lead-zirconate-titanate plezoelectrlc
crystal, diameter: 5 0B cm, thickness 0 5 cm, and intensity 0.4

U/cuzl was placed in a waterproof plexiglass box, Uitrasonlic
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waves dissipate through the front face of the box where the

crystal was fixed (Figure 6.6). The power supply of a Brunsonic
12 ultrasonic bath was used. The intensity of the ultrasonic

field in the froth phase was not measured.

The ultrasonic transducer transforms low frequency AC voltage
into high frequency sound waves (40-80 Khz, beyond the audlble
range). Waves are set in motion by the process of cavitatlon
(l.e. disruption of the inner liquid cohesion and the formation of
cavities). These ultrasonic waves create and violently collapse
millions of minuyte bubbles In the cleaning solution, gently
scrubbing every surface the solution touches by the caplllary
action. The use of ultrasonics seems to be promising in reducing

entrainment and selectivity.

The ultrasonic transducer was placed under the overflow lip
in the froth phase. The front side of the cell was chosen due to
presence of short-clrcuiting of some material in this area.
Ultrasonlic waves propagate from the crystal surface towards the
centre of the cell. The effect of wultrasonlc vibration was
investigated at two different J_s. a thicker FT was used in order
to dissipate all vibrations into the froth phase Low percent
solids and J. were used because at high percent sollids the

dissipation of vibration may be difficult.




Second, two ultrasonic transducers were mounted on both side
of the flotation cell at froth level (Flgure 6.7). A Bransonic
220 power supply was used. The effect of ultrasonic vibration
generated by the two transducers and wash water was determined at
Jw of 0.078 cm/s. For these tests, 10 grams of LiCl was added into

the feed tank to determine the feed water recovery (Test 12).

Effect of Wash Water Temperature and Depressant Addition: The

effect of wash water temperature and depressant (sodium silicate
and tannic acid) addition in the wash water on gangue and water
recoveries were determined at constant Jq, Ju. and FT. Initial

pulp temperature was 12°% 2°C for these tests.

Comparison Between Modified Cell and Laboratory Column: Flotattion

columns are known to be entrainment free. Comparison of
laboratory cell with wash water and laboratory column helps to
understand the entrainment problem in detail. Continuous tests
were performed at ideal operating conditions for both units. Pulp
residence time was changed by talling flowrate for both units,
while slurry level is controlled by feed flowrate at constant wash
water superficial rate. Size-by-size classification coefficlents

were also determined.
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Figure 6.7: Two ultrasonic transducers mountced on the flotalion
cell walls and power supply.
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6.3 Results and Discussion

6.3.1 Effect of Cell Dimensions on Entrainment

Figure 6.8 shows the effect of cell slze c¢n gangue
entralnment using the modified and SL Denver cells. Gangue
particles stay Iin the deep modified cell at a longer time (3.85
min) than the original cell (2.32 min). Significantly higher
gangue and water recoveries were obtalned in the modifled cell due
to the increased residence time and decreased turbulence The net
downward bias rate is lower in the modified cell (0.027) than the
original cell (0.054 -cm/s). A higher bias rate reduces
entrainment and dilutes the pulp in the cell. Modifled cell was

chosen for the following tests to study gangue entrainment.

6.3.2 Visual Evidence of Cleaning Action in the Froth Phase

Niobec tails have a brown color, ylelding a brown looking
froth. The froth overflowing on the cell lip has white and brown
color strips depending on how uniformly water is distributed. The
cleaning actlon taking place in the froth can be visually seen
from Figure 6.8. Here, black froth is contaminated; white froth
is gangue free. In Figure 6.9a, there is no wash water addition
and the froth phase is completely dark; entrainment is severe.
Figure 6.9b shows the froth shortly after wash water was turned
on; it Is possible to see local cleaning ylelding a white froth,
almost free of geangue, Jjust above the Interface. In Flgure 6.9c,

the cleaning action 1s progressing. Flgure 6.9d and 6.9e show the
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Figure 6.3 Cleaning action in the froth phase with wash water
addition.

without wash water addition

start of wash water addition

progression of cleaning action in the froth

side view of cleaned froth with wash water

front view of cleaned froth with wash water

overflow of cleaned froth (Black froth means contaminated
froth, white froth means cleaned froth or gangue free froth).
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side and front views of the cleaned froth. Flnally, 1t s

possible to see the whiteness of overflowing froth from Fligure

6.9f.

6.3.3 Effect of Wash Water Superficial Rate and Froth Thickness on
Gangue Recovery

Figure 65.10 shows the effect of Jw on silica recovery at
three FTs. Gangue recovery first decreases with increasing J“
after reaching a minimum between O 0B and O 08 cm/s, 1t increases
again. There is also a decrease In sllica recovery with increasing
FT. The location of the minimum shifts towards a higher Jw with

increasing FT, making it posslible to add more water to thicker

froths.

At constant tailings discharge rate (i.e. FT and SH vary
with J'). gangue recovery significantly increases with increasing
J' and Jq {Flgure 6.11). From these results, it can be concluded
that level control in the flotation cell is necessary Otherwise,
wash water cannot decrease gangue entrainment. Comparison of
Figure 6.10 with 6.11 shows that the initial pulp density also has

a dramatic effect on gangue recovery.

6.3.4 Effect of Feed Size
Figure 6.12 shows the gangue recovery as a function of
superficial wash water rate for Niobec tails and pure silica

flour. There is a minimum in gangue recovery at an lntermedlate
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J' for both cases. Due to the fineness of the Niobec tails (see

Figure 5.3), the cleaning action in the froth is sharper and more

distinct than for pure silica.
6.3.5 Feed Water and Cangue Recovery

Figure 6.13 shows gangue recovery versus feed water recovery
using cold and warm wash water. Gangue recovery drastically
increases with Increasing feed water recovery. The effect of wash
water temperature on gangue entrainment s discussed in detail in
Section 6.3.11. At zero feed water recovery, the gangue recovery
is not zero because of entrapment. The contribution of entrapment
could be constant for both tests since the impeller and cell
diameters, cell height, and impeller speed are constant. Further

test work is needed to clarify this point.

Figure 6.14 shows feed water recovery versus J". Bias ratio
(1.e. talls flowrate/feed flowrate} is also indicated. A similar
minimum was found at intermediate J". The same type of
relationship was also obtalined in the two-phase system (Figure
3.5). At the same Jw. feed water recovery is 2-3% higher in the

three-phase system than the two-phase system.

Schematic flow patterns are shown In Fligure 6.15 at low,
intermediate, and high Jw. Without wash water additlion, the
upward water flowrate is significantly higher than the

downward flowrate, yielding a high entrainment. This condition is
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called negative blas. At low J'. there i{s a negative, zero or

very small positive blas. Under this condition entrainment \is

lower than without water addition.

In the intermedlate Jw's, the downward water flowrate exceeds
the upward water flowrate (positive bias), A significantly lower
feed water penetratlon into the froth yields minimum gangue
entrainment. As Jw increases, water recovery increases and
mixing is induced in the froth. Material s short clrculted from
the bottom of the froth into the concentrate; gangue recovery
increases. Slurry sampling close to the {nterface also supports
this finding (Figure 5.7). Liquld holdup, bubble rise velocity,
particle settllng veloclty, and superficlial concentrate rate
significantly increase, and bubble residence time in the froth

decreases with increasing J'.
8.3.6 Effect of Impeller Speed

Table 6.4 shows the effect of impeller speed. Gangue and
water recoveries increase with increasing lmpeller speed from 1500
to 1700 rpm. Finer bubbles with higher interfacial area are

produced at higher impeller speeds, which increases hydraulic

entralnment.
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Table 6. 4:

Effect of impeller speed on gangue entrainment (Test 4).

Jq FT SH N Rq Rv
(cm/s) (em) {em) {rpm) (%) (%)
0.6 3 30 1500 4.95 13.73
0.8 3 30 1700 6.10 19.25

6.3.7 Effect of Distributor Geometry

Table 6.5 summarizes results obtained with two different
distributor designs (spiral and spiral-square). Gangue recovery is

slightly higher with the spiral distributor at a significantly

higher water recovery. A combination of spilral-square

distributors, which covers the whole froth surface, does not

suppress gangue. Thus, the effect of distributor geometry on

gangue entrainment and washing efficiency is small

Table 6.5;: Effect of water distributor mechanism on gangue and
total water recoveries (Test 6).

Spiral Distributor

Spiral-Square Distributors
R R R R
[+ ] G W
8.56 33.36 7.72 25.786




6.3.8 Effect of Distributor Location

Table 6.6 shows that water recovery is strongly affected by
distributor location: it increases from 14.8 to 27.3% with water
addition above the froth. Adding water above the froth stabilizes
it and increases water flowrate into the concentrate, whose
density is decreased. Conversely, slurry and tailing density is
increased, compared to that obtained with addition below the
interface. Water added below the Iinterface mostly reports to the

talling and decreases residence time more.

Table 6.6: Effect of wash water addition location on water and
gangue recovery using Niobec tails (Test 7).

Below the froth Above the froth
Conc. Flowrate (1/min) 0.24 0.53
Talling flowrate (l/min) 1.89 1.58
Water to Conc. (%) 14.83 27.31
Water to talling (%) 85.17 72.69
% Solid in tailing 6.50 7.00
4 Solid in Conc. 1.68 1.29
% Solid in Cell 6.50 7.00
Residence time in slurry 3.46 4.12

(min)

(Jg: 0.6 cn/s, Jw: 0.072 em/s, FT: 3 cm, using spiral distributor)

Flgure 6.16 shows gangue recovery versus water recovery for
three different water addition locations: below the froth phase

with the spiral distributor, below and above the froth with the
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spiral and square distributors, and above the froth with a

combination of spiral-square distributors. Each point represents
the average of a number of samples, with 85% confidence intervals

for gangue and water recoveries.

The format of Figure 6.16 will be used extensively from now
on to compare different water addition schemes and deserves more
attention. For a glven scheme, it s expected that gangue
recovery will be proporticnal to water recovery. Thus, each scheme
will yield a line approximately straight (i.e. Eq. 6.9 for low
R"). which goes through the origin. A superlior scheme 1s one
which ylelds, at constant water recovery, the lowest gangue
recovery possible. It follows that iIf we draw a line between any
point on the graph and the origin, the line with the lowest slope

identifies the best operating point i.e. the lowest value of the

]

A
1

Minimum gangue recovery is obtained with wash water addition
above and below the froth using the spiral and square
distributors, respectively. Wash water below the froth with the
spiral distributor gives less gangue entrainment than above the
froth with the spiral-square distributors. However, water
recovery is significantly lower {f wash water is added below the
interface. Wash water additlon either above the froth or below the

interface using any distributor reduced entralnment significantly
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Figure 6.16: Effect of wash water addition location on gangue and
total water recoveries.
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as compared to no wash water additlon. It appears that above
additlons decrease 2: while below additions affect water recovery
and dilute the pulp phase. There was a plugging 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 same figure. Addition of wash
water both above and below and only above is best due to a lower

gangue recovery at a higher throughput rate (recovery).

Table 6.7 shows the result of two different types of
additions at three J“. Cenerally, water recovery is higher when
wash water is added above the froth wlith both distributors. At
low and intermediate J"s, gangue recovery with the above addition
is lower than with the two additions. The linear distributor was
not working sufficiently (i.e. wash water cannot create water jJets
to wash bubble wakes). At high wash water superficial rate,
there is very good water Jetting from tube manifolds, which can
reach half of the cell length and wash bubble wakes, which carry

gangue particles to the froth.
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Table 6.7: Effect of superficial wash water rate on gangue recovery
using spiral and spiral-linear distributors (Test 6).

J {em/s) R R
w G L}

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
0.126 8.71 6.06 37.90 29.06
7.11 6.81 37.78 30.63

(Jq: 0.6 ¢m/s, FT: 5 cm, above with spiral distributor and front
with linear distributor)

Addition of wash water above the froth Is simple and has some
advantages. First, there 1s an additional froth expansion
capability, which is beneficial to increase valuables recovery.

Second, the water distributor 1is malntalnance free (i.e. no

plugging problem). Third, poor distribution can be readily

detected and corrected. One possible disadvantage may be the kinetic

energy of water due to gravitational acceleration, which may
induce some mixing in froth, since water drops some distance above

the froth. This problem can be minimized with location. One of

the side effect of adding the wash water above the froth |is
short-circuiting to the concentrate stream, which may be

considered advantageous or disadvantageous.

¢




In column flotation practice, the wash water distributor is
generally placed a few centimeters below the overflow lip level
(i.e. in the froth) This type of addition minimizes wash water
short-circuiting. However, 1t should be borne in mind that
flotation columns 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. Flgure 6.17 shows that without wash water

addition and vibration, entrainment is 12.4%. With froth
vibration but no wash water, entrainment is reduced to 10.4%.
However, with wash water addition and without vibration,
entrainment {s almost halved to 6§ 54. Both with wash water and
vibration, the minimum entrainment, 4.8%, was achieved (a 60.5%
reduct ion). Wash water has a more pronounced effect to lessen
entrainment than vibrations, which can be used as an auxilliary
method to achieve 15-20% more reduction in gangue recovery. There
is an increase in water recovery with wash water

addition.Vibrations slightly reduce water recovery.

The results of froth vibration using the screen mechanism are
given in Figure €6.18. Percent reduction in entrainment for each
point is 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 obtalned. Vibrations alone

2
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at two different frequencles reduced entralnment down to 10.4%.

Combining of wash water and vibration ylelds slightly better
gangue rejection. From the three vibration frequencies tested,
the highest one has the lowest gangue recovery, with a 56%
reduction in entrainment Wash water signiflicantly increases water
recovery while vibration has a little effect on water recovery.
The effect of wash water and vibration 1is approximately
additive. The flow modifier appears to reduce gangue recovery
better than the screen wmesh and provides a constant water

recovery.

The cleaning action with vibration is related to wave motion,
which 1s the means by which vibration energy is propogated from
one screen bar to another. Although the waves travel, water which
makes up the waves does not move in the direction of the wave
motion. When the screen mechanism was vibrated on the water
surface, ripples were observed. These ripples are the combination
of longitudinal and transvelse waves. Between each square
openings, circular ripples spin very fast and create a new rough
surface with waves (see Figure 6.4). This means that wave
interference 1s destructive (i.e. the peaks and valleys of each
wave colncide and the amplitudes of the waves are added together
and the combined wave has larger peaks and valleys) rather than
constructive (1.e. the peak of one wave arrives at the same time

as the valley of the other, result is cancellation or constructive




interference). It is expected that the destructive interference
creates a kind of Jigging action to remove hydrophilic gangue

particles from bubble wakes near the interface.

The particle size distribution of the washed and vibrated
gangue particles recovered in the concentrate stream is given in
Table. 6.8. Particle size becomes coarser with increasing
vibration from 1080 to 3600 vpm. Vibrations reject flilner particles

(-10u) more effectively, which is desirable to reduce entrainment.

Table 6.8: Effect of vibration on particle size of recovered
gangue particles using the screen mesh mechanism.

Size No WW With WW With ww With Ww
{um) No Vib. 1080 vpm 2520 vpm 3600 vpm
70 100 100 100 a8
60 100 100 100 g8
50 100 100 100 a8
40 100 99 a9 a7
30 98 98 98 96
20 a5 g5 a5 94

10 87 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 effect of wash water and vibration on gangue and water

recoveries s summarized in .igure 6. 19. Without wash water and
vibration, 2: values are between 0.4 and 0.8. In the absence of
wash water, vibrations alone do not ‘mprove the overall

classification coefficient significantly. In the presence of wash
water, there is a significant reduction in 2:. A further decrease

in Z: can be achieved by combination of wash water and vibrations.

§.3.10 Ultrasonic Vibration

Figure 6.20 shows that in the absence of wash water addition,
ultrasonic froth vibration with a single piezo-electric transducer

alone reduces gangue entrainment about 29%. A small amount wash

water addition (0.Q5 cm/s ) will reduce entrainment more

significantly than ultrasonic vibration. Both ultrasonic
vibration and wash water addition will reduce entrainment by
about S3% at a wash water recovery rate of 14%. It should be

noted that wash water addition increased the total throughput at a

lower gangue recovery.

Better cleaning was achlieved al a reduced wash water addition
rate (0.024 cm/s) along with ultrasonic wvibration. The optimum
water flowrate and vibration intensity must be Jjointly determined.

Ultrasonic vibration may be used to reduce J“ to a mechanical

cell.
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Figure 6.21 shows the classification coefficient versus

particle size. 2: decreases with 1increasing particle size.
Without wash water, ultrasonic vibrations can reduce

Al slightly. Wash water significantly lower the classification
t

function wvalues, which shows that the most effective factor to

reduce entrainment is wash water Ultrasonic vibratlions with wash

vater shows the lowest classification coefficient

Figure 6.22 shows the effect of ultrasonic vibration using
double transducer and wash wate~ addition at 10% solids. Without
wash water addition, gangue recovery is 12.7% at 17.3% total water
recovery. Ultrasonlic vibrations alone reduce entrainmentby about
234 and wash water alone by 384 The combined effect of wash
water and ultrasonic vibrations 1s most effective. Feed water

recoverles, In parantheses, show significant decrease with wash

water and ultrasonic vibratlion.

6.3.11 Effects of Wash Water Temperature and Depressant Addition

The warmer the wash water the better the gangue rejection
and the lower the water recovery, (Figure 6.23). A slight
temperature difference between pulp and wash water appears to be

beneficial to enhance froth washing efficlency significantly.

Depressants are not effective in both cold and warm water
because of very short residence times in the froth phase. Both

deprassants (i.e. tannic acid and sodium silicate) increase water

i~
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Flgure 6.23: Effect of wash water temperature on gangue and water

recoveries,
Water Air

Kinematic Kinematic
Temperature Viscosity, u Visccsity, v Viscosity, u Viscosity, v

°C N-sec'm? m?/sec N-sec/m? m?/sec
0 1.781 x 107} 1.785 x {0°* 1.717 x 107! 1.329 x 197?
5 1.318 x 10™? 1.519 x 10™* 1.741 x 10™* 1.371 x 10°*
10 1.307 x 107 1.306 x 104 1.767 % 107} 1.417 x 10~*
15 1.139 x 107} 1.139 x 10°* 1.793 x 10~* 1.463 x 107*
20 1.002 x 10~} 1.003 x 107 1.817 x 10~? i.509 x 107°
25 0.890 x 1073 0.893 x 10™* 1.840 x 10°° 1.555 x 107}
30 0.798 x 10°? 0.800 x 107 1.864 x 10™* 1.601 x 10~
40 0.653 x 107} 0.658 x 10™* 1.910 x 10~} 1.695 x 107*%
50 0.547 x 107 0.553 x 107° 1.954 x 1073 1.794 x 10~¢
60 0.466 x 10~} 0.474 x 107 2.001 x 10™% 1.886 x 107
70 0.404 x 10™* 0.413 x 10°* 2044 x 107Y -| 1.986 x 10°*
80 0.354 x 107? 0.364 x 107 2.088 x 1073 2.087 x 107
% 0.315 x 1073 0.326 x 107 2131 x 1073 2.193 x 10”7
100 0.282 x 1073 0.294 x 107 2174 ~ 1071 2.302 x 107

Table 6.9: Viscosity of water and gas

at different temperatures.




recovery with cold and warm wash water. Tannic acld seems to

have more frothing characteristics than sodium silicate in both

cold and warm water.

The effect of wash water temperature on gangue and water

recoverles can be explained by viscosity effect and gas
expansion. The wviscosities of water and air (froth) at
atmospheric pressure significantly depend on temperature. Table

6.9 shows the water and air +.iscositles as a function of
temperat ure. Note that for gases at low density, viscosity
slightly Increases with increasing temperature, whereas for water
it significantly decreases. With warm wash water, the viscosity
of the inter-bubble water significantly decreases, which increases

the downward mobility of interstitial water.

Warm wash water also increases gas holdup in the froth phase
{this will be verified in Chapter 7), which leads to a higher
coalescence probability and water drainage through Plateau
borders. Smelter steam or any other source of waste heat can be

used to elevate wash water temperature to 30-40°C.

6.3.12 Comparison Between Mechanical Cell and Flotation Column
Figure 6.24 compares the modified cell and laboratory column.
Gangue recovery, in both systems, increases with increasing

residence time in the recovery zone due to increase in water
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recovery shown ln brackets for each data points. Gangue and water

recoveries are lower for the column.

Size-by-size 2: for laboratory cell and column 1s shown in
Figure 6.25 at different pulp residence times. For the flotation
column, 2: sharply decreases with increasing size up to 20 ux and
then levels off. For the mechanical cell with a 4 cm f{roth, the
decrease in Z: is not nearly as sharp as in flotation column with
a 30 cm froth thickness. 2: signiflcantly decreases with

decreasing pulp residence time.

6.3.13 Testing the Proposed Entrainment Model

The proposed gangue recovery model (Eq. €.8) was tested with
data from the present system, Laplante (1980), Lynch et al.(1974),
and Engelbrecht and Woodburn (1975). The objective is first to

evaluate the range of Z: obtained, and then assess the effect of

scale and wash water.

Data from Present System: Gangue recovery was plotted as a

function of water recovery at different Z: values from 0.2 to 0.8
(Figure 6.26). Most of the data obtained from the present system
fall between Z: values of 0.1 and 0.3. Water recovery changes f{rom

104 to 50% while silica recovery varies from 2% to 25%4.
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Data from Kaya (1985): An artificial mixture of sphalerite and

silica flour was floated continuously in the 6.5L laboratory cell
of the present study. 2: values vary between 0.4 and 0.6 (Figure

8.26).

Data from Laplante (1980): He used 2L shallow laboratory cell with

froth paddles. Sphalerite and quartz were continuously floated at
different gas rate and froth thickness. The Z: values are between

0.6 and 0.7.

Data from Lynch et al. (1974): They determined the relationship

between recovery rates of non-sulfide gangue and water 1in
several chalcopyrite and galena flotation stages in Australia.
The data from Mt Isa Rougher, Peko Rougher-Scavenger and North
Broken Hill Rougher sectlons are given in Figure 6.26. These
sections are flotation banks rather than a single cell operated
without wash water. Most plant data fall between Z: = 0.2 and 0.4.
In plant study, water recovery varies from 0 to 30% while gangue

recovery changes from 1 to 13%.

Data From Engelbrecht and Woodburn (1875): They studied the

effect of froth height, aeration rate, and gas precipitation on
flotation. They determined the gangue recovery at different water
recoveries in a continuous pilot-plant flotation cell without wash
water. Maximum water recovery was around 324 at 18% gangue

recovery. These data all show a Z: very close to 0.4.
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2: varies between 0.1 and 0.7, depending on cell size, and
geometry, use of wash water or paddles. At one extreme, very
small cells with froth paddles may yield a very small residence
time in the froth with virtually no cleaning and 2: values are in
excess of 0.6. Similar full scale operations yield Z: equal to
about Q.3; Engelbrecht and Woodburn’s 30L <cell vyielded
intermediate values, close to 0.4, and Kaya (1985), with a
slightly smaller cell, ylelded values around 0.4 to 0.8. The
effect of wash water in the same system was to reduce Z: values
down to 0.1 to 0.3, equal to or better than full scale results.
Full scale testing lis required to assess the applicability of wash

water when Z: values are already below 0.4.

The suggested model can represent well laboratory, pilot-
plant, and plant scale results, provided that an appropriate value
of 2: Is selected. It varies between 0.1 and 0.7 for wide
operating range. Z: in the plant s sharper than at laboratory
scale. Fligure 6.27 shows the comparison of classification
coefficient of laboratory and plant scales. 2: decreases
slightly with increasing particle size both for the present study
and for the data of Johnson et al. (1974). However, it decreases
more sharply for plant tests. Thils difference in 2: at coarse
particle sizes could be related to the different particle
residence time in the froth phase, usually much higher in

industrial cells due to longer horizontal travel distances.
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measured gangue recoveries.
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Figure 6.28 shows a good agreement between the predicted
gangue recovery from Eq. 6.8, using measured feed water recovery,
and an overall Z: determined for a 10pum particle and
experimentally measured gangue recovery (Test 3). Proposed
entrainment model can be used to estimate gatngue recovery by

knowing the overall Z: and feed water recovery.

6.4 Summary
1. The cleaning action taking place in the froth was visually
observed and verified using a colored sample. There is an
optimum wash water addition rate, at which the gangue recovery is

minimum, between 0.06 and 0.08 cm/s in the present systeim.

2. One of the most important requirements of an effective wash
water distribution 1Is that it must ensure uniform water
distribution throughout the distributor. Uneven distribution or
channelling of flow will lead to excessive water bypassing in some
parts of the froth phase and poor cleaning in others. Uniform
froth washing was achleved using the spiral distributor and

ylelded the better gangue rejection at higher production rates.

3. Adding wash water above and below the froth is as effective as
only above. However, below the interface addition requires
additional piping and maintalnance, is difficult to monitor, and

does not contribute to froth stability.
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4. The most effective way to reduce gangue entrainment is froth

washing. Wash water can reduce entralinment around 50%. Mechanical
and ultrasonic froth vibrations in conjuction with wash water can
be used as an auxiliary method to further lessen entrainment
(around 15-30%). Ultrasonic vibratlions do not require any type of
obstacle in the froth. The use of froth vibration in plant scale

seems to be difflicult.

5. A slight temperature difference between pulp water and wash
water affects the entralnment mechanism significantly. Warm wash
water can be wused to minimize water addition requirement.
Depressant addition in the wash water does not affect

significantly gangue recovery because of short residence times in

froth.

6. The proposed entrainment model was used and tested with
laboratory, pilot plant, and plant scale data avallable. It was
found that the overall 2: values fall between 0.2 and 0.4 in most
cases. For laboratory scale, the average Z: is 0.2, for
pilot-plant and plant scale 0.3. Thus, by knowing overall Z:. and
total water recovery, the gangue recovery (entrainment) can be

estimated using 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




e

Introduction

The main objective of this chapter 1s to evaluate the effect
of wash water addition on a pilot-plant scale flotation cell using
tracer technlques. Tracers were added into the wash water to
determine wash water split, into the cell to determine slurry
water rejectlion, and into the feed tank to determine feed water
suppression using continucus conductivity measurement and sample
collection.

Two different electrode assembllies were designed to monitor
horizontal and vertical conductivity variatlons. Perforated
pipes and spray nozzles were used to distribute wash water on the
froth surface.

All tracer tests confirmed that there was a minimum gangue
recovery at intermediate wash water addition rate. It was found
that continuous conductivity measurements are a powerful technique

to monitor the washing efficiency in the froth phase.

7.1 Theoretical Background

Wash water is divided into three streams when it is added
above the froth phase (Figure 7.1). A very small fraction of wash
water directly short-circuits to the concentrate (a), depending on
wash water distributor 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 to the pulp phase diluting the slurry in the cell. The maln

objective of wash water is to maximize (b) at minimum (a) and (c).
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Figure 7.2: Overal view of pllot-plant scale set-up.
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At steady state, feed water (d) and wash water dralning to

the slurry (c) called slurry water from now on, mix perfectly,
Some 1s swept into the froth by hydraulic and/or mechanical
entrainment (f). If there is no wash water (b) addition, all of
water in the concentrate 1s from the feed. With wash water
addition, then some of the feed water that would be recovered s
displaced with wash water and drains back to the slurry phase (h)
while the rest goes to the concentrate (]J). Thus, the froth
cleaning effliciency ls determined by the exchange between (g) and

(b).

7.2 Experimental
7.2.1 Set-up

The dimenslons and operating ranges of the pilot-plant
scale flotation machine and cell used in this study are given in
Table 7.1. The maln experimentél set-up consists of a Denver D8
flotation machine, a 65 L plexiglass flotation cell, a 200 L
plastic feed tank with a variable speed Lightnin mixer (1 HP), a
Ramoy progressing cavity pump with a Brooke motor (1.1 HP) for
feed, two 50L plastic wash water tanks, one Ramoy progressing
cavity pump and one Masterflex peristaltic pump for wash water
addition, and one 200 L plastic drum as a thickener (Figure 7.2).

All experiments were performed continuously.
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Table 7.1: Dimensions of the pilot-plant flotation machine and
operation variable ranges.

Flotation Machine : Denver D8

Impeller : Stainless steel, 20.23 cm in dlameter
Stator Stainless steel

Cell

Plexiglgss (40, 40, 45 cm)

Effective Area 1600 cm

Nominal Volume 65 L

Motor Drive 1.5 HP

Impeller Speed 600 rpm

Froth Removal free flow

Frother : Dowfroth 250, 10 ppm

Jg : 0.005 - 0.01 m/s (30 psi)
Jw 0.0004 - 0.0008 m/s

FT 0.10 - 0.15 m

T 0.08 m

H 0.025 - 0.07 m

Wash Water Distributors: Two different water distributors were

used in this study: perforated pipe and spray nozzle.

Perforated pipe distributor (PPD) was made of four 50 cm long
copper pipes (dia: 1.27 cm), with 1 mm diameter holes 1 cm
apart. Both sides of the copper pipes were closed with removeable
rubber caps. T-fittings were connected in the middle of pipes for
water entrance. Two of the pipes were at the back and the other
two in front (Figure 7.3). Plpes were fixed together by a frame,
which was placed on top of the cell. Plpes can easlly be cleaned

by removing rubber caps.

A four-way copper pipe splitter divides the wash water
equally to each perforated pipe, via plastic hoses, A Ramoy
progressing cavity pump was used to deliver wash water whose flow

rate was adjusted using a by-pass pipe and two manual valves.
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Figure 7.3: Wash water distribution system for pilot-plant
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A Malnor plastic garden water spray nozzle (SN) was used as
an additional wash water source for some experiments. Wash water
dellivered by a Masterflex pump can be sprayed over almost the
whole froth surface with a single nozzle. The spray nozzle
creates a round full cone spray pattern and was fixed 1S cm above
the froth surface. Coverage diameter can be adjusted by changing

the distance between froth surface and spray nozzle level.

For some tests, the perforated pipe and spray nozzle were
Jointly used to Iincrease wash water superficial rate,. Both
distributor mechanisms have separate pumps and wash water tanks.
Maximum superficial wash water rates with the perforated plpes

and spray nozzle are 0.066 and 0.023 ¢m/s, respectively.

Electrode Assembllies: Two different electrcde assemblles were

designed to measure the froth conductivity vertically and

horizontally. Each electrode assembly has four electrode pairs.

The horizontal electrode assembly (HEA) was used to measure
froth conductivity at four different locations on the same level.
Stainless steel electrodes are square (1*1 cm) and flxed in
plexiglass cublic prism cages (1.5%1.5%*1.5 cm) open at the top and
bottom to allow vertical liquid flow. These four electrode cages
are fixed at the corners of a large plexiglass frame (14%*12*1.5
cm). Two 30 cm screws were connected to the frame to adjust the

assembly location shown in Flgure 7.4a and 7.4b.
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Figure 7.4: Vertical and horizontal electrode assemblies for

conductivity measurement in the pllot-plant scale flotation
cell.
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Another quadruple electrode assembly was desligned and

constructed to measure the vertical conductivity profile in the
froth, in the slurry, and at the Iinterface. Copper electrodes
(1.5*2*2.5 cm) were fixed in plexiglass boxes open at the bottom
and top to allow slurry flow. Four electrode boxes were connected
vertically by two 30 cm screws on both sides (Figure 7.4).
Electrodes can thus be set at any level. This assembly was placed
on the right 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 cell.

Conductivity Measurements: Slurry and froth conductivitles were

measured with the data acquisition system described above.
Conductivity measurements were transformed inte gas holdups. Gas
holdup at the interface is assumed to be the average of gas holdup

in the slurry and froth phases.

In this study, KCI and LiCl] were used as electrolytes to
increase the conductivity of the liguid. The conductivity of an
electrolyte increases with increasing concentration. The increase
in lonic concentration may be the result of an increase in the
electrolyte concentration or changes in the extent of 1ionization
of the electrolyte. There are two groups of electrolytes: strong
and weak. Salts of alkall metals are strong electrolytes, which are
completely 1ionized. In water, lons become hydrated and the
hydrated 1ions disperse in the medium. The conductance of

electrolyte solutions.increases by more than 2% per degree, thus




Caia

close tempereture control 1is essential. KCl is a stronger
electrolyte than LiCl. For conductivity measurements KCl |is
better; however, its analysis with AA is more difficult due to

partial ionization in the flame.

7.2.2 Methodology

Three different 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 using the pilot-plant cell at a constant feed rate.

Tracers were added into:

a. the wash water tank to determine wash water split,
b. the flotation cell to determine slurry water recovery,
¢. the feed tank to determine feed water recovery.

Slurry height (SH) was maintained constant at 37 cm from the

cell bottom by adjusting talling flowrate. Experimental conditions

are summarized in Table 2.

Electrode Calibration: The effect of water height above the

electrode cage and contalner size used on conductivity was

determined using an electrode box.

The effect of water height above the electrode cage was
deternined in a 500 cm® graduated cylinder. It was filled with tap
water and the electrode cage was immersed in the cylinder at

different depths from 1 cm to 30 cm from the top of water surface.

280




Test No S 5, H T si Tracer Distributor Electrode Tracer addition Vash water
(cw/n) (cw/B) (cm) R (g) Typo essenbly iocation type Temperatuse
Effect of wmah wnier flowrate and tempninture on conductivity
Test a O 1 02 a a ar no "D HEA —AS
0 on9 12-45
Comparison of wah wnter distributoin
Test b 0 023 1 03 4 a a 40g LIC1 no REA wvash water cont 1nuous 12
SN tank
Effect of J- and J‘ on wash water dint: ibutllon
Test 10046 078 8 ¢ =1 40g LICI ) 1EA vash water continuous 12
0 066G "y tank
0 089 TSN
Test 200668 0 78 -] e k2 40g LICL iy HEA wash water cont | nuous 12
103 tank
0089 0 78 8 8 L1} 11'DISH '
10
Effect of J. on wunsh woter spliit
Test 30045 103 B e 37 40g XC} rrp VEA wash wvater cont 1nucus
0 066 D tank 12
0 089 'PD+sSN
Effect of J_ on slurry waler recovery
Test 4 5] 8 37 10g KC1 VEA pulp phase inpulse 12
Effect of J_ on feed water recovery
Test 5 0 045 1 03 8 8 37 1Sg KC1 PPD VEA feed tank cont tnuous 12
0 066 rPD
0o 089 PPD+SN
Test 8 0 066 1 O3 -] 8 s 15g KC1 rro VEA feed tank cont i nwous 12
0 078 iI'D
0 65 [k k]

HEA: lworlzontal electrade asccably, VFA verticnl clectrode
assembly, PPD  perforated pipe distributeor, 5N: spray nozzle

Table 7.2: Summary of experimental conditions.
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Conductivity was also measured using another electrode in

100, 250, 500, and 1000 c53 beakers fllled with tap water, the
electrode cage always immersed in the center of beaker at half-
depth. Once conductivity was measured in each beaker, then repeat
measurements from each beaker were taken for reproducibility. This

time, location of the electrode in the beaker changed on the same

horizantal plane at half-depth.

Effect of Wash Water Flowrate and Temperature on Froth

Conductivity: Before starting tracer tests, the effect of a step

change of wash water flowrate on conductivity was determined with
HEA {n the absence of any tracer at a Jg of 1.03 em/s. Cold and

warm wash water temperatures were 12°C  and 45°C (Test series a).

Effect of Wash Water and Alr Flow Rates on Wash Water Distribution

Using Horizantal Electrode Assembly: 40 grams LiCl dissolved in

water were added in the wash water tank in order to evaluate the

wash water dlstribution in the froth phase of the pllot-plant

scale cell (Test series 1).

First three different wash water addition flow rates were
tested (0 046, 0.066 and 0.089 cm/s) at Jq of 0.78 cw/s.
Conductivity of the froth phase was measured using the HEA in the
middle of froth. For low and intermediate addition rates, the
perforated pipe distributor was used. At high addl'.on rate, the
perforated pipe and spray nozzle were used together. Samples from

concentrate, tailing, and wash water were taken for lithium

analysis and flowrate meagsurements.




Second, the effect of alir flowrate on wash water distribution

was evaluated at two different air rates (0.78, and 1.03 cm/s) by
continuous froth conductivity measurements with the HEA (Test

serles 2).

Effect of Wash Water and Air Flow Rates on Wash Water Split: Wash

water split was determined by adding 40 gram KCl into the wash
water tank in order to create a sharp conductivity difference
between wash water and water coming from slurry phase (Test
series 3). Conductivities were measured using the vertical
electrode assembly (VEA). The first electrode was 7 cr below the
interface, the second at the interface (8 cm below the cell lip
level), the third 2 cm below the cell 1lip level, and the fourth
at the top of the froth. The effects of wash water flow rate and
air flow rate were Investigated by continuous conductivity
measurements. Samples from concentrate, talling, and wash water

were taken to determine flow rates and K content in each stream.

Wash water (tracer) split (RW) was determined by taking a
sample from concentrate at the beginning of each experiment (i.e.

first 30 second after wash water is introduced):
R =Q.C/Q .C 7.1
e [+ [+ wWw wW

vwhere Qc: concentrate flowrate (cma/s)

C : tracer concentration in concentrate (g/cma)
Q : wash water flowrate (cm>/s)

C : tracer concentration in wash water (g/cma)




Q =Q .R 7.2
we ww wu

Q =Q -Q 7.3
ws ww we

Q =Q -Q 7.4
SC c LS

where QHC: wash water flowrate going to concentrate (em’/s)

Q“: wash water flowrate going to slurry (cms/s)

Qsc: slurry water flowrate going to concentrate (cmz/s)

Figure 7.5 shows diagrammatically the notation for flowrates,

and concentrations. The transient mass balance of tracer in the

slurry phase:

Q“.Cu - (Qsc + Qc)'ct = Vz. (dCt/dt) 7.5
t c V_.dC
t 2
f dt = J‘ 7.8
(o] 0 Qws .CH - (QSC * Q. ).Cf.
\)
§ ¢
t= ——— In(Q .C - (Q +Q).C) | 7.7
ws v s¢ t t
-(Q_+Q) 0
sc t
-(Qsc*qt)'t Q“.C w_(Qsc:*Qt)'Ct.
= In 7.8
A2 Qus.Cw
Q“.C" - (Q“ + Qt).C‘ = Q“.Cw.exp(-t/r) 7.9

and Ct. can be calculated from

‘ (Q .C (1-exp(-t/T))
ws w
C = 7.10

Q +Q

[ L
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Figure 7.5: Definition of concentrations and flowrates for
calculations.




where T = (V./(Q + Q) 7.11
2 sc t

then, Cc is gliven by

Q .C + Q .C
WC W sc t

Q_+Q

sC wWe

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
KC1 were introduced into the flotatlon cell near the impeller by
an Inclined plexiglass pipe. The vertical electrode assembly was
used to measure conductivity profiles and samples were taken

from tailing and concentrate streams at known time intervals for K

analysis.

Conductivity measurements were corrected for tracer:

K{t,z) = (K(t,z,e ) - K(t.z,cq) 7.14

g with tracer without tracer

In order to quantify and compare results at different
operation conditions, tracer recovery, which corresponds to slurry

water recovery, was defined as follows:

J'xc(t,z).oc.dt).mo

R = 7.15
8w
IKc(t.z).Qc.dt) + IKt(t.z).Qt.dt)

where Kc(t.z): measured conductivity by electrode number 3

Kt(t.z): measured conductlivity by electrode number 1




Slurry water recoveries were calculated using electrodes 1

and 3, which are in the slurry and froth, respectively. The
conductivity in the slurry phase assumed to be equal to the
conductivity in the tailing stream considering a perfectly mixed
liquid phase. Due to reading variations from electrode number 4,
electrode 3 is used as a representative of the froth phase.

Experiments started with conductivity measurements without tracer

addition in the presence of wash water.

Effect of Wash Water and Air Flow Rates on Feed Water Rejection:

15 gram KCl was added into the feed tank (200 L) at the beginning
of the test and well mixed with the agitator (Test series S and
6). The cell was filled with this water. Conductivities were
measured contlinuously with the VEA. Samples were taken from
taillng and concentrate to determine flow rates and K' content.

First, the effect of Jw (0.045, 0.066, and 0.089 cm/s) was

determined at Jg of 1.03 cm/s. Second, J was kept constant at
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 t =0, C, =C, and it can be assumed that
cC =(qQ Q).C 7.16
[ 8¢ ¢ t

Q‘c can be calculated from the samples collected from the first
30 second.

Q. =Q -Q 7.17
we c ac
Q,=q -0 7.18

Transient mass balance for the slurry phage:
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Qr‘cf - (Qac + Qt).CL = Va' (dCt/dt.) 7.19
t c
t Va
I dt = '[ dCt 7.20
Qr .Cf - (Q“ 4»0").Ct
[+ c
£
-V
2 c,
t = ln(Q{.Ct - (Qsc + Qt).Ct) 7.21
Q_ +Q e
scC t
~t Qr.Cr— (Q“+Qt).ct(t)
= ln 7.22
(Va/(Qﬁ‘c + Qt) Qi“cr - (Q“ + Qt).Cf
~t/T Qf’cf - (Qsc * Qt)'ct
e = 1n 7.23
(Qf - Qt - Q,’).Cf
-t/T
(Qf - (Qf - Q‘ - Qsc).e
C =¢C 7.24
t f
Qsc * Qt
and
Qsc ' CL
C = 7.25
c
Q +4Q
wC s8C
Feed water recovery (Rr) is calculated from:
I Q.C.dt
[~} [
7.26

R =
f
IQc.cc.dt . I Q,.C,.dt




Estimation of the Water Flowrate Going to the Concentrate (Qc):

Some of the tests done were used to determine the amount of
water going to the concentrate (Qc). Continuous conductivity
measurements were converted into average gas holdups in the froth
phase. The distance between the Iinterface and thecell lip (T)
and between the cell lip level and the froth surface (H) were
measured. Timed samples from concentrate and talling were
collected. For these calculations, slurry height (SH) in the cell
was always kept constant (37 cm) (i.e. T 1is ccnstant). The
discharge coefficient (Kc) (Eq. 3.14), was evaluated using the

procedure ocutlined in section 3, depends mainly on H and T.

7.3 Results and Discussion

7.3.1 Electrode Calibration

As can be seen from Figure 7.6, there is almost no effect of
water height above the electrode from 1 cm up to 30 cm on
conductivity measured. The lon path between electrodes is almost
horizontal due to short distance between electrode plates.

Conductivity measurements in different beakers, which
contains different amount and height of water, are almost

ldentical as shown in Figure 7.7.

7.3.2 Effect of Wash Water Flowrate and Temperature on Conductivity
The effect of wash water on gas holdup and water balance is
shown in Table 7.2. Liquid content in the froth increases

significantly with wash water addition. There is also a slight




290

00

200} i

CONDUCTIVITY

. 1 3 10 0
TR { ]
1°° ——'-'-‘—r‘—'-.—'.—r‘-’-' o o'e’ G amd -
- 2 [ 18 -
p -
h -
= -
] St Lo Lt i gt 41 1 1 f &t £t & t ¢t
2 4 [} 10

T I M B, min
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increase in the liquid content of the slurry phase with wash

water. In the presence of wash water, upward and downward water
superficial rates are higher. Without wash water, there is a
significant negative bias; with wash water, there is a small

positive bias.

Figure 7.8 shows the conductivity versus time response curve
for a step change in wash water addition. At the beginning, there
is no wash water addition; therefore, conductivity is lowest
{i.e. liquid holdup 1is low). With wash water, conductivity
increases (i.e. liquid content -increases). A step lncrease in
wash water during operation leads to an additional increase in
conductivity. The warmer the wash water, the lower the f{roth
conductivity. Water drainage between bubbles is higher with warm
wash water because of decreased Iinter-bubble water viscosity.
Bubble expansion (gas holdup increase) due to warm wash water also
reduces the liquid content in the froth (i.e. lower conductivity),
Correcting conductivity for temperature would further increase the

difference between cold and warm wash water.
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Figure 7.8: Effect of wash water flowrate and temperature on froth
conductivity (HEA, average of four electrodes).

(lines are average responses from four electrodes)




TABLE 7.2: Effect of wash water on gas holdup and water balance.

Jw=0.066 cm/s Jw=0 cm/s
FT=14 cm FT=12 cn/s
SH=37 cm SH=37 cm

Ave.Reading
€, (%)

Ju (cn/s)
Jd (em/s)
Jc (cm/s)

ELECTRODE 4 (at the cell lip level)

6.48 4.25
75.56 82.56
0.357 0.218
0.366 0.177
0.087 0.041

ELECTRODE 3 (in the froth phase)

Ave.Reading 12.80 9.50
eq (%) 59.39 £68.91
Ju (em/s) 0.684 0.451
Jd (cn/s) 0.693 0.410
ELECTRODE 2 (at the interface)
Ave,Reading 31.48 29.00
eg (%) 45,31 50.31
Ju {cm/s) 1.243 1.017
Jd (en/s) 1.252 0.976
ELECTRODE 1 (in the slurry phase)

Ave. Reading 48.03 47.00
eg (%) 31.70 31.23
Jz (cm/s) 0.132 0.12

0.123 0.123

Jf (em/s)
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7.3.3 Evaluation of Wash Water Distributor for Homogeneous Addition

Effect of Wash Water Additlon Rate: Figure 7.9 shows conductivity

versus time at three different wash water addition rates.

Electrolyte was added to the wash water. The increase 1in
conductivity with wash water stems both from the increased liquid
holdup and liquid conductivity ,due to the electrolyte. Thus, the

effect of wash water on froth conductivity is extremely striking.

Conductivity in the froth is low and measurements from the four

electrodes are quite close in the absence of wash water. When the
wash water was Introduced, froth conductivity significantly
increased due to presence of salt In the wash water (Test serles
1). The maximum increase in conductivity was achieved at the
highest wash water addition rate. With the Intermediate and low
wash water addition rates, froth conductivity 1is lower and
measurements spread widely. The higher the froth conductivity, the

higher the liquid content of froth phase.

The wider the conductivity measurements from four electrodes,
the less homogeneous the water distribution in froth. The smoother
the conductivity readings from one electrode, the more gentle the
addition (i.e. less froth mixing) and the more stable the froth

phase (i.e. less froth disturbance).

Table 7.3 summarizes of flowrates and tracer concentratlions.
At constant feed rate and slurry height, concentrate and tailing

flowrates increase with increasing wash water rate.
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Denver D8 cell using the HEA.
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TABLE 7.3: Effect of wash water flowrate on water distribution.

Q (co’/ain) J (cass)
e L

4378(0.046)

6378(0.066)

8636(0. 089)

(3]

W

Q‘. (Jr) 11420 (0.119) 11420 (0.119) 11420 (0.119)
Qc (Jc) 4941 (0.051) 6245 (0.085) 6477 (0.0867)
Qr. (Jr.) 10857 (0.112) 11553 (0.120) 13571 (0. 141)
Qh ~563 +133 +2159

H (cm) 8 B 6

T (em) 8 8 8

SH (cm) 37 37 37

Q /Q 0.38 0.58 0.73

wa

Tt (min) 4.42 4.15 3.54

Li (ppm)

Concentrate 107.40 114.82
Tailing 27.48 33.32
Wash water 141.52 141.52

Concentrate and talling 1llthlum assays show that the
trangient lithium content of the concentrate is much closer to
that of wash water than that of tallings. As wash water flowrate
increases, the lithium content In both the concentrate and
tailing increases. An Increase in wash water additlon rate results
in a decrease In gas holdup and bubble residence time in the
froth. Therefore, bubbles rise much faster in the froth and carry

more inter-bubble water into the concentrate. Feed water recovery

may then decrease or increase depending on wash water,

Effect of Air Flowrate on Wash Water Distribution: The effect of

alr flowrate on wash water distribution can be seen from Flgure
7.10 where froth conductivity is plotted as a function of time.

There i{s a significant increase in conductivity with wash water
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Flgure 7.10: Effect of air flowrate on wash water distribution In
Denver D8 cell using HEA located in the middle of the froth (Li
tracer is added to wash water).
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addition due to presence of tracer in wash water (Test serles 2).

An lIncrease in Jq from 0.78 to 1.03 cm/s causes significant
variation (i.e. spread) in conductivity. The higher the aeration
rate, the less homogeneous the wash water distribution in the
froth phase. The conductivity of the froth phase decreases because
more slurry water is carried into the froth. Slurry water 1is
combination of feed water, which does not contain any salt tracer,
and some of the wash water,which trickled down to the slurry.
Thus, slurry water penetration into froth Increases with
increasing aeration rate, which leads to an increased liquid
holdup in the froth. Variations 1in conductivity on the same
horizontal plane confirm that wash water distribution is less

homogeneous at higher Jw. It appears that aeration increases

froth mixing more than wash water.

Average L1 concentrations of these tests are given in Table

7.4.

TABLE 7.4: Average Li assays at different air and wash water

flowrates.
Stream Jq(cm/s) J'(cm/s) Li(ppm)
Wash water 0.78 0.089 159. 55
Concentrate 0.78 0.089 128. 41
Tailing 0.78 0.089 25.29
Wash water 1.03 0.089 159, 55
Concentrate 1.03 0.089 121.53
Tailing 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




The tracer content of the concentrate is much closer to wash

water than that of tallings. 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 penetration of slurry water into the froth.

7.3.4 Comparison of Wash Water Distributors

Water dlistributors can be compared by measuring the
conductivity as a function of time using the HEA (Test series b).
Figure 7.11 shows the conductivity vs time curves for the PPD and
the SN at a J' of 0.023 cm/s. With the PPD, froth conductivities
are smoothly changing with time. Howeve;'. the SN gives very noisy

data due to pulsating nature of spraying operation.

Conductivity readings from the four electrodes are slightly
spreaded with SN because of more uniform wash water addition. The

SN can cover almost whole froth surface while the PPD cannot.

It can be concluded that addition of wash water by the PPD {s
more gentle but less homogeneous than the SN, which may disturb
the froth. The use of PPDs for thin and brittle froths and SNs
for thick and persistant froths is advisable. It should be borne

in mind that SNs may be easily plugged with recycled water,
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7.3.5 Wash Water Split

Figure 7.12 shows typical transient conductivity versus time
response curves using the VEA at a Jw of 0.045 cm/s. At the
beginning of the experiments, there is no wash water addition;
therefore, conductivities are low for electrodes 3 and 4, which
are In froth. As soon as wash water with KCl is added,
conductivity measured by electrodes 3 and 4 increases drastically,
while conductivity measured by electrode 1 in the slurry
increases exponentially. The sharp conductivity increase in the
froth is related to suppression of slurry water, which does not
contain any KCl. The exponential increase in the slurry is due to
the slow accumulation of KCl in the slurry, which follows first

order kinetics (time constant: MRT in the slurry).

It also corresponds to pulp dilution in actual flotation
operation after wash water 1is introduced. The response of
electrode 2 could be used to control interface level. If there is
a slight change in the slurry 1level, conductivity changes
immediately in the response curve. There is a good potential to
monitor slurry level by this type of conductivity measurements in
two phase systems. Sudden conductivity increases for elecrodes 3
and 4 yields important information regarding froth cleaning. It
appears that conductivity measured by electrode 3 1increases
exponentially with time, since KC1 concentration in the pulp
increases. Conductivity measured by electrode number 4 seems to be
remain constant with time, which means that the cleaning action is

largely taking place below this electrode level.
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Figure 7.12: Conductivity response curve using the VEA (tracer is

in the wash water).
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Wash water split at two different air flowrates is shown in
Table 7.5, At both air flowrates, tailing and concentrate
flowrates increase with increasing wash water addition rates.

Slurry residence time decreases slightly with increasing J".

Net bilas flowrate (Qb) and blas ratio (Br = Qt/Qf) increase
with increasing wash water superficial rate. Upward water flow is

considered as a negative bias and downward water flow as a

positive bias.

In the absence of wash water, talling and concentrate
flowrates are minimum and feed water penetration into the froth
and then Iinto the concentrate is maximum. Minimum feed water
penetration was achieved at the intermediate wash water rate,

Therefore, the effect of wash water is confirmed.

Even If percent wash water recovery (wa) to the concentrate
decreases with increasing Jw, the amount of wash water golng to
the concentrate increases. Wash water flowrate going to the slurry
phase also increases with increasing Jw. Interestingly, slurry
water penetration to the concentrate is minimum at the
intermedliate J" at both air flowrates. This is why maximum gangue

rejection is achieved at the intermediate J"s.
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Table 7.5: Effect of wash water flowrate and gas rate on wash
water split and water balance.

Q )
cm’/min (cm/s) 0 4358 (0.045) 6378 (0.086) 8838 (0.089)
Jg: 0.78 cm/s
Q.(J,) 13390 0.139 13390 0.139 13390 0.139 13380 O.139
Q) 11286 0.118 12490 0.130 14205 0.148 15503 O. 161
Q () 2104 0.022 5250 0.055 5563 0.058 6523 0.068
R, 75.77 73.39 65. 23
Q W, ) 3302 0.034 4681 0.049 5175 0.054
Q () 1056 0.011 1697 0.018 3461 0.038
Q () 2104 0.022 1948 0.020 882 0.092 1348 C.014
Q,(4,) -2104 -0.022  -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 3.10
Q, 0.32 0.48 0.66
FT (min) 12 14 14 14
T (cm) 7 7 7 7
(em®/min) (cm/s) 4383 (0.048) 6378 (0.066) 8636 (0.089)
Jg: 1.03 cm/s
Q.(J,) 16501 ©0.172 16501 0.172 16501 0.172
Q,(J,) 15437 0.161 16919 0.176 18226 O0.190
Q(J) 5453 0.057 5960 0.062 6911 0.072
R, 65. 32 60.19 53.96
Q (J ) 2867 0.030 3839 0.040 4660 0.049
Q) 1522 0.016 2539 0.026 3976 0.041
Q. (4, ) 2586 0.027 2121 0.022 2251 0.023
Q,(Jy) -1064 -0.011  +418 0.004 +1725 0.018
Br 0.94 1.06 1.10
T (min) 3.11 2.76 2.63
Q,/Q, 0.27 0.34 0.47
FT (cm) 14 14 14
T (cm) 7 7 7




3C4

Concentrate and tailing flowrates increase with increasing
air flowrate at constant T and FT. The higher the aeratlion rate,
the lower the amount of wash water going to the concentrate and
the higher the wash water going to the slurry. Thus, the amount of
slurry water going to the concentrate {s higher at high air
flowrates for a constant J'. Lower Q'c at lower aeration rate is
related to 2 higher Q“/Qf ratio and a higher net blas flowrate

(Qb). Blas ratlo appears to be similar for both feed flowrates.

Figure 7.13 shows K’ concentration versus time at three
different wash water additlon rates. K’ content of concentrate and
talling increases with increasing wash water addition rate at the

beginning of experiments ({.e. transient response). The tracer

concentration of the concentrate is much higher than that of
tailing. There is a very good agreement between predicted tracer

contents from Eqs. 7.10 and 7.12 and experimentally measured

tracer contents for all water flowrates.

Calculated fractional tracer or wash water recoveries versus

time are shown in Figure 7.14. The lower the wash water addition

rate, the higher the wesh water recovery. As time increases, wash
water recovery approaches a constant value (i.e. system reaches to
a steady-state condition), which is the actual wash water recovery
in the concentrate. In plant operation, this corresponds to
dilution of cell content with wash water. After a certain time,
‘ which depends on operating conditions, dilution becomes negligible

and the system reaches steady-state. In pilot-plant scale tests,
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1t was impossible to reach actual steady-state condition even with

the 200 L feed tank used in this study. Therefore, results given

here are the transient responses of the system.

7.3.6 Effect of Wash Water on Slurry Water Rejection Using the VEA

A typlical conductivity versus time response curve is shown {n
Figure 7.15, for an impulse tracer addition in the slurry phase.
The response of electrode 1 shows a perfectly mixed slurry phase
with respect to 1liquid phase. Electrode 2 shows a similar
response. Electrodes 3 and 4 are iIn the middle and top of the
froth phase, and show only a very slight increase in conductivity
after tracer Iintroduction (Test series 5). Slurry water

penetration into the froth is very small.

Figures 7.16a and 16b show conductivity versus time responses
for four different J"s for the concentrate and talling streams.
For these tests, unfortunately, the sensitivity was very
poor, as the mass of tracer added was insufficient to yield
large conductivity increases. Tailing conductivity decreases
exponentially with time. Without wash water addition, the
conductivity decreases slowly due to a high residence time (l.e.
tailing flowrate is lower). The fastest decrease in conductivity
(i.e. fastest rejection of slurry water) was achieved with the
intermediate wash water addition rate. As can be seen from Figure
7.16b, maximum conductivity was achleved without wash water
addition in the concentrate. The maximum tracer (slurry water)
recovery i{s obtained in the absence of wash water. The lowest

conductivity values were measured at the intermediate J'. At low
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and high J"s, the conductivity 1s slightly higher than the

intermediate J", but significantly lower than without wash water,

7.3.7 Effect of Wash Water and Air Flowrates on Feed Water
Rejection

A plot of feed water recovery versus J' at three different
Jq’s is given in Figure 7.17 (Test series 6). Feed water recovery
decreases with increasing Jw; after reaching a minimum, {t
increases again with increasing Ju. Gangue recovery is minimum at
the intermediate J'. The lower the Jg, the lower the feed water
recovery to the concentrate. In the absence of wash water, the

feed water penetration is always higher.

Table 7.6 shows the average conductivity readings for some
experiments:

Table 7.6: Conductivity readings using the VEA at different wash
water and gas rates.

Electrode
J J 1 2 3 4

0.045 1.03 64.00 20.13 14.54 5.13
0.0686 1.03 62.52 19.16 12.25 4.82
0.089 1.03 59.80 18.00 14.55 ©5.63
0.066 0.78 63.76 17.77 11.81 3.62
0.066 0.65 ©64.96 16.06 10.84 2.35

At constant Jq, the conductivity measured by electrodes 1 and
2 decreases with Increasing J“, which dilutes the pulp tracer
content. The minimum conductivity, which corresponds to the lowest

feed water penetration, was measured in the froth at the

intermediate Jw.
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At constant J". the higher the Jg. the lower the conductivity
in the slurry phase because of Increased gas holdup. However, the
opposite was observed in the froth, due to increased feed water
entrainment with increasing Jqs: at the interface, the same effect

is felt, but to a lesser extent.

Figure 7.18 shows concentrate and tailing K' concentration
as a function of time at three different Jw's. Full llnes were
calculated from Eqs. 7.24 and 7.26. Slurry water dilution by wash
water occurs very fast at the beginning of the experiment and is
then more progressive. The hligher the Jw‘ the lower the tracer
concentration in the concentrate and tailing. The agreement

between calculated and experimentally measured tracer

concentrations 1s very good.

7.3.8 Estimation of Water Recovery (Qc) in the Pilot-Plant Cell
At constant SH and T, Kc is constant and Jc can be
determined from the weir equation (3.14) by measuring H and e ,

1
obtained from conductivity measurements.

For the pilot-plant scale cell, Kc determined from the slope
of Qc versus WHI‘S.cl was 0.0125. Figure 7.19 shows experimentally
measured versus predicted Jcs. There 1s agaln a reasonably good
agreement between experimental and predicted Jcs within a #15%
error limit. A similar agreement was obtained for the laboratory

cell in Chapter 3.

3N
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4. Conclusions

a. Wash water significantly increases liquld content of the froth
phase. The warmer the wash water, the higher the liquid drainage
in the froth phase. Warm wash water decreases gangue entrainment

more than cold wash water due to increased inter-bubble water

mobility.

b. Measurements with the HEA revealed that froth conductivity
increases with increasing Jw due to an increased liquid content in

the froth phase and more homogeneous wash water distribution.

c. At constant J", increasing Jg increases liquid content in the

froth and ylelds a less homogeneous wash water distribution.

d. The HEA can be used to compare on-line wash water
distributors and monitor froth washing efficliency. Noise 1in

conductivity readings are due to froth disturbances.

e. Slurry water penetration into the froth and then into the
concentrate is minimum at the intermediate Jw. The higher the J“.
the higher the amount of wash water going to the concentrate and
slurry. Increasing Jg at constant FT and J' leads to significantly

higher feed water recovery in the concentrate.

f. Impulse tracer ‘ests verified that slurry water rejection is
maximum at intermediate Jw (0.05-0.07 cm/s) and minimum in the

absence of wash water.




g. Transient tracer concentrations in the talling and concentrate

can be predicted by Eqs. 7-10 and 7-12, and 7-24 and 7-25 for

tracer tests.

i. Water recovery in the pllot-plant cells can be predicted
reasonably well with the welr Eq. 3.14. Two parameters (Kc and

eq) must be determined experimentally.
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CHAPTER 8

LABORATORY AND PILOT-SCALE 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 using pure
gangue were reported. Successful cleaning of froth by wash water
addition improved the flotation process and reduced gangue

entrainment up to 60%.

This chapter assesses the potential of wash water addition in
laboratory and pilot-plant scale mechanical flotation cells using
the Strathcona Cu-Ni ore, Results will be used to select the

plant stream most likely to respond to froth washing.

8.1. Defining the Problem

One of the major problems for the Strathcona concentrator
appears to be the separation efficliency between Cu/Po, Ni/Po, and

Ni/Cu. It is expected that even small Improvements i{n separation

efficiencies would generate significant savings.

Concern for the environment as a result of damage caused by
acid rain has focussed a lot of attention on the SO2 emissions;
governmental regulations are increasingly stricter. Reduction of

SO2 emissions from the smelter can be primarily achieved by

rejecting more pyrrhotite (Po) to the mill tailings. Non-sulfide
gangue reduction is also important. The cost of additional nickel

losses is then partially offset by savings in smelting costs.




8.1.1 Geology of the Ore Body

The Cu-Ni deposits of the Sudbury basin in north-eastern
Ontario represent the largest single source of NI in the world as
well as being one of the richest complex sulfide ore bodles.
Besides Cu and Ni, the ore also contains significant 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 sulfldes present;
the balance consists of nickelliferrous Po, which contalns 12% 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 five mines in the Sudbury area contains
between 1 and 24 Nl and 0.8 and 1.1% Cu. The Strathcona mill

processes a Cu-Ni sulfide ore whose major mineral constituents are

given below.

Primary Minerals:

Pentlandite (Fe, Ni)s.sB
Chalcopyrite CuFeS2

Nickelliferrous Pyrrhotite (Fe7SB)

contains 0.2 to 1.2% Ni

monoclinic pyrrhotite (magnetic)-—=-=--- magnetic separation
hexagonal pyrrhotite (non magnetic)----floats well in natural pH
Pyrite FeS2

Secondary Minerals:

Cobalt, selenium, silver, platinum, palladium, rhodium, iridium,
and ruthenium.

Gangue Minerals:

Feldspar, quartz, mica, talc, and chlorite.




All these may occur as disseminations in the host rock, as

stringers, or as massive suifides with varying amounts of rock

inclusions.

8.1.3 Strathcona Mill

The Strathcona mill flowsheet {s shown in Figure 8.1.
It consists of three separate grinding circuits, feeding two
flotation circuits. Each flotatlon circuit treats approximately
4100 ton per day. The crushing, concentrator, and tailing fill
plants are operated from one central control room making use of
numerous sensors and actuators, an X-ray fluorescence analyzer,

and an on-line digital computer.

Ore is ground to B80% -74 um (200 mesh) to achieve
liberation. A simplified flotation flowsheet is shown in Figure
8.2. In this operation, a bulk Cu-Ni concentrate is obtalned from
the primary rougher circuit using 14 g/t (0.031 lbs/t) Dowfroth
250 and 25 g/t (0.056 lbs/t) NaIPX at a pH of 9.2 adjusted with
lime. The main objJective is to recover a good bulk Cu-Ni

concentrate, and leave as much Po behind as possible.

The Cu-Ni concentrate 1is separated into Cu and Ni
concentrates by floating the Cu minerals, while depressing NI and
iron sulfides with lime at a pH of 12 and small amounts of
cyanide. 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 virtually no Po.
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The primary rougher talls are floated for Ni in the secondary
rougher circuit at a pH of 9.2. Its concentrate, which should

contain little Cu and Po, is combined with the Cu rougher taills

and shipped to the Falconbridge smelter by truck, after thickening.

The secondary rougher talils are scavenged for nickelliferrous
Po at a pH of 8.2 adjusted by HZSO‘. In this circult Po is
activated by CuSO‘. The scavenger concentrate is fed to two
banks, each with 1000 gauss Eriez magnetic separators
{(0.9m*1.8m). The magnetic product is reground to 80% =~45um (325
mesh) and then floated in the mag circuit., The concentrate isg

combined with the Cu-Ni concentrate and the tails are discarded.

The non-magnetic fraction 1is first thickened and then
floated to recover nickelliferrous Po at a pH of 8.2 using NalPX;
the taills are sent to the backfill plant. The non-magnetic
circuit contains large amounts of easily floating gangue
particles, some of which are recovered into the non-magnetic

concentrate.

8.2 Experimental
8.2.1 Set~up

In this study, a laboratory scale flotation cell (6.5 L),
a flotation column (2.3 L}, and a pilot-plant scale flotation cell
{65 L) were used to evaluate the potential of wash water additlion

for the Strathcona mill. Experimental conditions are summarized in

Table 8.1.

322




¢

TABLE 8.1: Operating conditions of the flotation cells, and column.

LABORATORY FLOTATION MACHINE

Machine
Cell

FT

SH

RPM

J
9

J

Distributor

: Modified Denver D1

Plexiglass, (15%15°32 cm)
4 cm

: 30 cm

1500

: 0.6 cws
: 0~-0.11 cw/s
: Spiral

LABORATORY FLOTATION COLUMN

Column
FT
SH

J
9

J

L
Sparger
Distributor

Plexiglass, (dia: 3.81 cm; height:
30 cm

170 ¢m

1.2 c/s

0.8 cm/s

: Ceramic

Circular copper plpe

PILOT-PLANT SCALE FLOTATION MACHINE

200 cm)

Machine Denver D8
Cell Plexiglass, (40%40%45 cm)
FT g - 15 cm
SH : 37 cm
RPM : 600 rpm
Jq 1.03 cn/s
Jw 0 - 0.089 cm/s
Distributor Perforated pipe and/or spray nozzle
8.2.2 Samples
For this study, four different samples were

Falconbridge's

Strathcona mill (see Figure 8.2).

a. Primary rougher concentrate (PRC)

(combined concentrate from first 2 banks A, B, C, and D rcws at
#5 surge tank)

b. Combined (final) Ni concentrate (CNC of FNC)
(%4 thickener U/F going to #13 tank)

c. Final tails (FT)
(cyclone O/F)

provided by




d. Cu rougher concentrate (CRC)

Samples were recelved from the Strathcona concentrator in
palls. Wet samples were kept in closed double-plastic bags to
minimize the oxidation of Pe, which happens easily oxidize in air.
Before each laboratory test, the required mass of feed was dried
in the oven and then repulped to the desired density. For the
pilot-plant scale tests, the copper rougher concentrate sample as
recelved was well agitated and then split in two, to be used for
two test series; before each series, percent solids was adjusted

in the feed tank.

Samples were assayed by the Metallurgical Technology Centre
(MIC) 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

following empirical equations developed at Falconbridge:

Pentlandite = 2.8*Ni(%) - 0.045 (S(%) - Cu(%))
Pyrrhotite = 2.55%S(%) - 2.58*Cu(%) - 2.33*Ni({%)
Chalcopyrite = 2.9%Cu(%)

Nonsulfide Gangue 100 ~ (pent. + chalco. + pyrrho.)

The particle size distributions and sample densities used in
this study were determined using a cycloslizer and a null

picnometer, respectively; they are shown in Table 8.3.
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TABLE 8.2: Ni, Cu, and S assays of feed samples.

Nt (%) Cul%) S{%) Gn(%)
Primary Rougher Conc. (PRC) 12.3 10.4 31.2 12,3
12.1 10.4 30.1 15.1
Combined N{ Conc. 8.9 1.2 25.0 33.7
{CNC of FNC) 6.5 0.8 26.6 30.1
Cu Rougher Conc. 3.0 22.8 29.4 16.6
(CRC) 3.0 22.6 29.1 17.4
Final Talls (FT) 0.2 0.1 0.6 98.4
Artificial Mixture {calc.) 10.1 8.5 25.6 27.9
Artificial Mixture (exp.) 11.4 8.7 25.5 27.8
(PRC + FT)
Artificial Mixture (exp.) 10.4 8.8 23.3 28.8
(PRC + FT)




TABLE 8.3: Particle size distribution and density of the samples
used.

Size (um) % retained % finer density (§/cm3)

Primary Rougher Concentrate (PRC)

+ 34.7 17.42 82.58
-~ 34.7 + 21.8 27.40 55.18
-21.8 + 14.9 12.98 42.20 4,18
- 14.9 + 10.1 9.68 32.52
- 10.1 + 7.3 6.28 26.24
- 7.3 26. 24

Combined Ni Concentrate {(CNC)

+ 37.1 19.74 80.26
- 37.1 + 22.9 26. 40 53.86
-22.9 + 16.1 10.68 43.18 3.87
- 16.1 + 10.8 8.02 35.18
- 10.7 + 7.8 5. 40 29.76
- 7.5 29.786

Final tails (FT)

+ 39.6 2.88 97.12
- 39.6 + 24.5 3.83 g93.29
- 24.5 + 17.1 10.83 82. 46 3.50
- 17.1 + 11.58 17.03 65. 43
- 11.8 + 8.4 13.53 51.980
- 8.4 51.90

8.2.3 Test Procedure

8.2.3.1 Laboratory Scale Tests

Two different types of experiments were performed using six

different samples:

a. determine the effect of superficial wash water rate on overall
metallurgical performance at constant feed rate; the talls
flowrate was used to keep slurry level constant.

b, generate grade-recovery curves by changing residence time at
constant wash water rate; slurry level was controlled by feed
rate,




Table 8.4 shows the experimental conditions for test 1 to 4.

In test 1, the effect of wash water superficlal rate and wash
water temperature on overall metallurgical perfurmance was
determined wusing the artifictal mixture of primary rougher

concentrate and final tails with the laboratory flotatlon cell.

The main objective was to understand better the effect of
wash water on the flotation behaviour of each individual mineral.
Experiments were started without wash water addition, then wash
water flow rate increased to the desired level. Timed
concentrate and talling samples were collected to determine
grade and recovery of each mineral. None of the minerals were
depressed in these tests, as the majn objective of the
corresponding plant stage 1is to achieve a good bulk Cu-Ni

flotation.

In test 2, grade-recovery curves were determined with and
without wash water in the laboratory cell and compared with the
laboratory flotation column using the artificial mixture. The main
objective of this comparison is to evaluate the performance of
units in parallel for different minerals. For each unit, the best
operating conditions were used (i.e. Jq. Jw. FT, etc). Residence
time can be Iincreased by decreasing tailing flowrate. Since the
slurry level was kept constant and adjusted by feed flowrate, an
increase in residence time required a reduction in feed flowrate.
Solid and water recoveries increase with increasing residence

time in the cell.




TABLE 8.4: Experimental conditions for laboratory tests (1-4).
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Sample

: 4.5 kg PRC + 1 kg FNC
Percent Solid :

TEST 1

104

pH : 9.2 with lime

Jq ;: 0.8 cm/s

FT : 4 cm

Frother : 14 g/t Dowfroth 250

Collector 1 25 g/t NalPX,

T : 23 C

pulp ° °

Tww : 23 C and 45 C
TEST 2

Sample : 2.25 kg PRC + 0.5 kg FNC

Percent Solid : 5.2%

pH 1 8.2

J9 : 0.6 cn/s

J“ 0.04 cm/s

FT : 4cm

Collector : 25 g/t NalPX

Frother : 14 g/t Dowfroth 250
TEST 3

Sample : FNC

Percent Solid : 5%

pH : 9 -9.2

J9 : 0.8 env's

J" : 0 - 0.0786 cws

FT : 4 cm

SH : 30 em

Collector : 25 g/t NalPX

Frether : 14 g/t Dowfroth 250
TEST 4

Sample : FNC

Percent Solid : 5%

pH : 9 -9.2

Jq 0.6 cm/s

J" : 0.05 cv/s

FT 4 cm

SH 30 cm

Collector 25 g/t NalPX

Frother 14 g/t Dowfroth 250




The effect of JH on final NI concentrate flotation was

investigated at constant feed flowrate (Test 3). pH was 3.2 to
favour Pe flotation. In test 4, The grade-recovery curve was

determined using the final Ni concentrate as feed.

8.2.3.2 Pllot~-Plant Scale Tests

The effect of wash water was investigated using PRC, CRC, and
FNC as feed. Experimental conditions are summarized for test
series § to 8 in Table 8.5. Percent solids were much lower than
the corresponding plant operation. In test 9, the effect of

superficlal wash water rate on gangue recovery was determined

using silica flour,




TABLE 8.5: Conditions for pilot-plant test series 5 to 9.

TEST S
Sample : 28.5 kg PRC
Percent Solid: 7.2%
pH : 12.19 with lime (sample as received 7.2)
Jq : 1.08 cn/s
FT : 9 em
Collector : 25 g/t NalIPX
Frother 14 g/t Dowfroth 250
Depressant : 350 g/t NaCN
TEST 6
Sample : CRC
Percent Solid: 8.9%
pH . 11.8
Jq : 1.03 en/s
FT 15 cm
Frother 14 g/t Dowfroth 250
TEST 7
Sample : CRC
Percent Solid: 14.68%
pH : 11.8
Jq 1.03 cn/s
FT : 15 cm
Frother ! no
TEST 8
Sample : FNC
Percent Solid: 5%
pH : 9.2 with lime (sample as recelived 8.3)
Jq 1.03 cm/s
FT : 12 cm
Collector : 25 g/t NalPX
Frother : 28 g/t Dowfroth 250
TEST 9
Sample : silica flour

Percent solid:

J .
9

J

FT
Frother

10%
1.03 cm/s

: 0 - 0.09 cnv/s

: 9 em

10 ppm Dowfroth 250
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8.3 Results and Discussion

8.3.1 Laboratory Scale Tests

Table B.6 shows the effect of wash water on metallurgical
performance for test 1. witﬂout wash water addition, N and Cu
recoveries are very low. The concentrate Nl grade ls lower than
the feed; however, the Cu grade is almost doubled. Wash water
significantly Iincreases Ni, Cu, and Po recoverles, which
indicates that all sulfides are hydrophobic, but gangue is not.
Despite a decrease in residence time with increasing wash water,
recovery Increases due to froth stabllizatlion. The overall effect
is an increase in N1 and Po grade, a sllght decrease in Cu grade
and a significant drop in non-sulfide gangue content. The gangue
profile confirms the previous results. In these tests, the main
objective is to achleve good bulk Ni-Cu flotation --i.e. good Ni

and Cu recovery. Bulk Ni-Cu recovery significantly increases with

wash water addition.

Table 8.7 shows the effect of superficial wash water rate
and temperature. In the absence of wash water, Nl and Cu
recoveries are agaln very low; Cu grade is maximum and NI grade
minimum. The recovery of pentlandite almost triples with wash
water addition; that of chalcopyrite more than doubles. The net
effect is a slight increase in the concentrate Ni grade and a
slight decrease in Cu grade. Gangue recovery is halved with wash
water. The effect of wash water flowrate is small between 0.078
and 0.110 cm/s; the higher rate would not be attractive, because

of the increased water requirement and slurry dilutlon. The




effect of wash water temperature 1is also small: warm water

slightly increases the recovery of all hydrophobic species,

Heating wash water is not attractive for this feed.

TABLE 8.8: Effect of wash water addition on metallurgical
performance. (Po: pyrrhotite, Gn: non-sulflde gangue).

GRADE RECOVERY
J Ni Cu Po Pe Ch Po Gn

W

cm/s (%) (%) (%) (%) (%) (A) (%)

FEED (calc) 10. 1 8.5 18.9

Conc. 0 9.8 17. 4 17.8 24.0 44.0 21.0 5.1
Conc. 0.0681 12.0 16.3 19 5 35.6 89.0 32.85 2.7
Conc. 0.076 12.9 14.8 20.2 43.0 68.5 46.0 2.5
Conc. 0.110 13.2 13.6 20.8 51.0 68.0 47.0 4.1

TABLE 8.7: Effect of wash water addition rate a.ng temperature on
metallurgical performance. (c: cold wash water 23 C, w: warm wash

water 45°C, Tpulp: 23°C).

GRADE RECOVERY

J" Ni Cu Po Pe Ch Po Gn

cn/s (%) (%) (%) (%) (%) (%) (%)
FEED (exp) 11.4 8.7 18.0
Conc. 0 9.5 18.5 16.8 15.0 30.5 14.0 5.0
Conc. 0.076¢ 12.9 15,1 186.9 41.0 57.0 34.5 2.1
Conc. 0.076w 11.5 16,6 17.7 42.0 651.0 38B.5 2.1
Conc. 0.110c¢ 13.1 14.8 18.7 43.0 62.0 38.5 1.9

The low Cu and Ni recoveries are due to a low residence time
in a single flotation cell --i.e. with much short-circuiting. The

amount of solid and water going to the concentrate increases with




increasing wash water addition rate, which leads to an increased

recovery, despite the lower reslidence time. Percent solids in the

concentrate and tailing are lower with wash water (Table 8.8).

Figure 8.3 shows Ni and Cu grade-recovery curves along with
Pe and Po/Gn recoveries with and without wash water. Wash water
increased both the Ni and Cu recoveries at a higher Ni and lower
Cu grade. In the insert recovery-recovery graph, the diagonal
line shows no separation between species. Since the Po data
points show little gseparation, either there is a locking or
selectivity problem. Gn ls mainly free due to the presence of

artifliclially mixed final tails.

TABLE 8.8: Effect of wash water on slurry residence time (T), %
solid and solid and water recoveries.

CONCENTRATE
J" T % solids rec. water rec.
em/s min Conc. Talil (%) (%)
Feed 10
0.000 2.88 39.5 8.0 15.0 4.0
0.061 2.80 25.0 6.0 31.5 11.8
0.078c¢c 2.58 18.8 5.5 41.0 16.3
0.076w 2.38 15.5 4.5 38.5 9.5
0.110¢ 2.37 1.5 4.8 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 without wash water addition
for test 3. Cu and Ni grade-recovery curves are given in Flgure

8.4a. The best Cu grade-recovery curve was obtained with the
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laboratory cell In the absence of wash water addition. With wash
water, performance was slightly poorer because wash water floats
Pe-Po and lowers Cu grade. Column flotation ylelded the worst
performance for Cu in these particular tests. However, a better
grade-recovery curve was obtained with the column for Ni. The
laboratory cell without wash water gave the worst grade-recovery
curve for Ni. Addition of wash water improved Ni grade and
recovery at the expense of the Cu grade. It is quite possible
that differences in hydrodynamics cause the column to be less
selective: better froth recovery or lower detachment from bubbles
for weakly hydrophobic particles (i.e. pyrrhotite). The net
result is that the column yields much faster flotation rates, but
with decreased selectivity. The performance of the cell with
washed froth 1ls intermediate between that of the cell without wash
water and the column. This suggests that the main differences

are in the froth, rather than the slurry phase.

In flotation, grade and recovery are significantly dependent
on residence time in the cell. Residence times were varied from
3.9 to 9.1 min without wash water, from 2.8 to 10.2 min with wash
water, and 1.3 to 2.8 min for column flotation (higher residence
times could not be achieved due to the column height). Figures
8.5a, b, ¢, and d show the effect of pulp residence time in the
cell and column on mineral recoveries. All data points were
plotted and straight lines were drawn using linear regression,
Cu, NI, and Po do not behave much differently in the three

systems; gangue does.
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Flotation column recoveries for Cu, Ni, and Po sharply

increase with increasing residence time. In the mechanical cell,
increases 1in recovery are more gradual, because of slower

flotation kinetics.

Figure 8.5d <clearly shows that cleaning (i.e. gangue
rejection) is more effective in the cell with wash water than in
the column. This result is surprising, as the column would be
expected to outperform the mechanical cell, even with wash water.
This suggests that either gangue has some residual hydrophobicity,
or that the quiescent environment of the column does not achleve

full dispersion.

The effect of residence time on NI and Cu grades 1s given in
Figures 8.6a and b. It Is most 1important in the flotation
column: Nl grade increases and copper grade decreases sharply with
increasing residence time. In the cell, residence time has little
effect on nickel grades. Higher Ni grades were obtained with wash
water. Copper grades decrease with lncreasing residence time, but
tc a lesser extent than in the column. This is largely due to an

increase in Po recovery.

Figure 8.7a shows the Cu recovery versus Ni recovery for the
laboratory cell and column. The laboratory cell performs a
better Cu-Ni separation than the laboratory column. The best
Cu~-N1 separation (i.e. selectivity) occurred without water

addition in the laboratory cell.
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A plot of Cu recovery vs. Po recovery is given in Flgure
8.7b. At lower recoveries (< 50%), the worst Cu-Po separation was
obtained with the flotation column and the best with the
laboratory cell in the absence of wash water. Figure 8.7c shows

there is almost no Ni-Po separation. The performance of the three

units appears nearly indistinguishable.

Effect of Wash Water on Final Ni{ Concentrate Flotation: Table 8.9

shows Ni grade and recovery increase with increasing Jw from 0 to
0.076 em/s (Test 4). The Cu content of Nl concentrate is lower
with wash water than without it. Ch, Po, and Gn concentrate
contamination increases with increasing Ni grade and recovery.
Here the dominant effect of wash water 1is to stabllize froth and
increase recovery of all specles. In these test series, gangue
recovery is very high, presumably due to Pe-Gn locking. Final N1
concentrate should not contain much free gangue. Re jection of
locked gangue seems to be difficult. Ch recovery is lower than

that of other species, possibly because it 1is partially

deactivated.

TABLE 8.9: Effect of wash water addition rate on Final Ni
concentrate flotation (Test 4).

GRADE RECOVERY
conce. concentrate
J Ni Cu Pe Ch Po Gn

w

(em/s) (%) (%) (%) (%) (%) (%)

FEED 6.69 1.22

0 7.01 1.01 35.2 25.4 32.3 36.5
0.050 7.72 0.85 46.7 23.86 3F.7 45.1
0.061 8.03 0.89 50.0 27.2 40.4 49.3
0.076 8.085 0.94 52.7 31.8 47.8 58.6
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Figure 8.8 compares the grade-recovery curves with and

without wash water using the final NI concentrate (Test S). It is
possible to achieve a better grade-recovery curve with wash water,
Cu contamination of the NI concentrate is lower with wash water.
As can be seen from the bottom graph, Gn and Po behave like Pe,
suggesting that it is not fully liberated. However, the behaviour

of Ch is different maybe largely due to a good liberation and pH

effect.

8.3.2 Pilot-Plant Scale Tests

The effect of J“ on gangue recovery was determined at four
different Jw using silica flour (Test 9). Figure 8.8 shows that
gangue recovery is minimum at an intermediate J"; it is higher
without water or high Ju. The optimum wash water addition rate lis

around 0.07 cm/s, similar to the optimum Jw found for laboratory

scale flotation cell.

Effect of Wash Water Addition Rate on the Primary Rougher

Concentrate Flotation: The primary roughers produce a bulk Cu-Ni

concentrate. This product was floated with and without wash
water addition to characterize the Cu Rougher circuit where the
main objective is Cu and Ni separation. N1 and Po are depressed
with NaCN at a pH of 12 while Cu 1is selectively floated. Since
the Cu rougher tails is sent directly to the smelter as a Cu-Ni
concentrate, Pe recovery must be minimized In the bulk
concentrate. The Cu rougher concentrate is cleaned in the Cu

cleaner circuit to produce a final Cu concentrate at 29% Cu, less
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than 0.6%4 NI and virtually no Po. Therefore, Cu recovery is not

crucial.

Figure 8.10 compares of metallurgical performance with and
without wash water. Feed grades were 12.7% Ni and 14% Cu.
Average pulp residence times are 3.5 and 4.9 minutes with and
without wash water, respectively. Average water recovery is 24.9%
without water additlon, and 27.2% with wash water. The following

conclusions can be drawn:

- wash water significantly decreases pentlandite recovery (from
14.3% to 5.6%)

- the concentrate Cu grade is 2.7% higher at a reduced
chalcopyrite recovery with wash water addition.

- wash water significantly rejects Po and Gn to the tailings.

Non-sulfide gangue rejection by wash water is more significant
than Po rejection.

- gangue recovery lis high.

Effect of Wash Water Addition on the Cu Rougher Concentrate

Flotation: The Cu rougher concentrate is cleaned in the Cu
cleaner cells to produce a Cu final concentrate at low Ni, Po, and
Gn content. A high Ch recovery is not crucial. The talils are
returned back to the Cu rougher circuit for Cu-Ni separation. Feed

grades were 3.0% NI and 22.6% Cu.

Figure 8.11a shows the effect of wash water addition on Cu
grade-recovery. Higher Cu grades can be achieved at lower Ch
recovery in the presence of wash water addition. Wash water

improves the grade-reéovery curve by about 3% at low Cu recovery,

L
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and 2% at high recovery. Pe rejection to the talls can be seen

from the inserted graph. Cu concentrate NI contamination is lower
{n the presence of wash water. Recovery-recovery curves for Ch-Po
and Pe-Gn show that wash water rejects Gn and Pe quite

significantly, but little Po. This suggests a natural Po/Ch and

Gn/Pe associations.

Effect of Wash Water on Final Ni Concentrate Flotation

The metallurgical objective for this stream is to reduce its
Po content as much as possible. The final Ni concentrate is the
combination of four different streams: the secondary rougher
concentrate (SRC) the copper rougher tails (CRT), the mags
flotation concentrate (MFC), and the non-mags flotation
concentrate (NMFC). Table 8.10 shows their contribution to final
Ni concentrate (provided by mill staff). Po content was not

available, but must be different for all streams.

TABLE 8. 10: Contribution of different streams to the final nickel

concentrate.

Stream Wt¥% % Ni % Cu
SRC 46 5.5 1.9
CRT 30 13.4 3.0
MFC 10 3.0 1.8

NMFC 14 4.7 4.4

Froth formation was difficult; therefore, the usual frother
dosage was doubled to achieve good froth recovery over the cell

lip. Flotation operation was difficult, due to poor froth




stablility; thus, only two samples in the presence and absence of
wash water were taken. Feed grades were 6.5% Nl and 0.8% Cu.
Average residence times were 3.0 and 4.2 min with and without wash

water, respectively.

Concentrate Ni grade is 9.5% without and 12.2% with wash
water. Pe recovery decreases from 22.7% to 17.2% with wash water
(Table 8.11). Po and gangue recoveries decrease even more, from
about 13% to about 6%. Wash water achieves significant Ni

upgrading at the expense of some Pe recovery.

TABLE 8.11: Effect of wash water addition on final NI concentrate

flotation.
GRADE RECOVERY
conc. talls concentrate
Ni Cu Pe Ch Po Gn
(%) (%) (%) (% (%) (%)
6.5 0.8 FEED

WITHOUT WASH WATER ADDITION

9.7 0.8 20.2 20.6 12.6 13.4

9.3 Q.6 25.3 30.3 13.9 13.2

9.8 0.7 22.7 25.4 13.2 13.3
WITH WASH WATER ADDITION

12.1 Q.7 16.7 15.9 5.9 6.1

12.2 0.6 17.7 17.0 6.0 6.0

12.2 0.8 17.2 18.5 6.0 6.1
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8.4 Summary
8.4.1 Laboratory Scale Tests

Primary Rougher Flotation:

- Ni, Cu, and Po recovery slgnificantly increases with increasing
wash water rate. There {s a higher gangue rejection with wash
water. The effect of wash water is clearly to stabillze froth.
Thus, wash water can be utiiized in the primary rougher circuit to

increase bulk Cu-Ni flotation.

- In the concentrate, Ni and Po grades increase with increasing
wash water flowrate; however, Cu grade decreases, because recovery

increases are more substantial for Ni and Po than for Cu.

- The effects of wash water flowrate and temperature are small.

~ Better Cu-Ni separation ls obtained with the laboratory cell

without wash water addition.

Final Ni Concentrate Flotation:

- Wash water can be used to increase concentrate Ni grade at a
lower Ch, Po, and gangue content. The higher the Ni grade, the

lower the N1 recovery. Here, gangue and Po are not free and could

be locked with Pe.

8.4.2 Pilot-Plant Scale Tests

Primary Rougher Flotation:

- Wash water significgntly increases the rejection of Pe, Po, and

gangue to the tails at a higher Cu grade, but a lower Ch recovery.
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Cu Rougher Flotation:

- Wash water rejects Pe, Po, and gangue to the talls and

increases Cu grade by 2-3%, at a reduced recovery.

Final Nickel Flotatlon:

- Ni can be upgraded at a reduced recovery with wash water. Both

Po and gangue are then significantly rejected.

In most cases, wash water significantly decreases gangue
entrainment and increases concentrate grade. In some cases, wash
water can also stabilize the froth and increase recovery. Free
gangue can easily be rejected by wash water, but locked and/or
hydrophobic gangue rejection is difficult. This study showed that
the effect of wash water should be evaluated size-by-size. For
the Strathcona Cu-Ni ore, a liberation study and mineralogical
examination of the concentrate and tail products with and without

wash water are strongly recommended.




CHAPTER 9

PLLANT-SCALE WASH WATER AMENABILITY TESTS
AT
THE STRATHCONA MILL OF FALCONBRIDGE




Introduction

Wash water amenability tests carried out at the Strathcona
mill involved plant-scale bank tests in the Non-magnetic circuit.
Cumulative grade-recovery and recovery-recovery curves were

generated and compared with and without wash water.

Eleven tests were performed to determine the effect of wash
water rate and distributor design on metallurgical performance.
Grade profiles of nickel (Ni), copper (Cu), pyhrrotite {Po), and

insoluble gangue (Gn) were determined.

g9.1. Previous Investigations on the Non-magnetic Circuit:

Flint and Dobby (1986} performed laboratory-scale column
tests using the Non-mag circuit feed to compare the circult and
column performance. The multliple pass method was wused to
increase residence time and generate grade-recovery curves. The

Non-mag circuit performance was determined by a sampling campaign.

They concluded that the column operated under present circuilt
conditions did not offer any advantage over the conventional cells
used in the Non-mag clircuilt. They claimed that the gangue was
naturally floatable (l.e. hydrophobic) due to presence of talc in
the ore. Incomplete gangue/sulphide libteration {locking), slime
coating, and CuSO‘ activation, which is added in the scavengers,

were the other reasons suggested. Thelr column tests showed about

30% gangue recovery.




Recently, del Villar (1988) conducted column flotation tests,
using a § cm diameter and 10 m high column, to determine the
amenability of flotation columns for the Non-mag circuit. Column
and mechanical cell (50L) grade-recovery curves were compared. He

concluded that laboratory cells outperformed the column both in

upgrading and Po rejection.

Figure 9.1 shows one of the most recent mill sampling
campaign results performed by the Falconbridge personel (Dec.
1987). Ni, Cu, Po, and Gn grades are 1.2%, 0.5%, 72.1%, and 23.8%,
respectively. Ni 1is upgraded to 3.84 and Po and Gn grades

decreased to 44.8% and 40.2%, respectively, at the primary stage.

There are two identical rows (l.e. N-J and P-L) and two
stages 1in the Non-mag circuit. The first stage includes ten 2.8
m3 (100 fta) cells in series (N18-28 or P18-28) and the second

3

stage has eighteen 1.4 m” (50 £t%) cells in series. All cells are

separated from each other by dividers (l.e. cell-to-cell type).

Since the Non-mag circuit has a high gangue content, it may
be a good candidate for testing the effect of froth washing. For
this test work, row N (cells number 19 to 24) was used. Feed is
pumped from thickener #3 underflow into the feed box adjacent to
the first cell. In the Non-mag clrcuit, slurry level |is
malutained by the height of the overflow pipe (l.e. ring riser

system) in the taliling box.
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9.2. Wash Water Distributor Design Considerations

The following criteria were used to design plant scale wash

water distributor:

- uniform and gentle water distribution throughout the froth
surface. Poor distribution will lead to local excess of wash
water (causing channelling) and will leave some sections of the
froth poorly cleaned.

- the distributer should be maintenance free. Blinding of holes

due to use of recycled water or precipitation of dissolved salts
should be prevented.

-~ the wash water distributor should not prevent normal maintenance
such as impeller replacement, cell cleaning etc., and should
easily be cleaned.

- the distributer material should be durable, inexpensive, light,

easily machined (for threading and drilling holes), and resistant
to circuit reagents.

To obtain uniform water distribution, proper conslderation
must be given to the flow behavior in the distributor, The
criterion used for uniform distribution was to achieve 60% of

pressure loss at the hole, even for holes furthest away from the

water source.

A BASIC computer program was written to evaluate the effect
of the maln operating parameters on the total pressure head loss
in the wash water distributor designed for a bank. The
program calculates the necessary pressure head at the beginning of
the main pipe to maintain equal water flowrate. The computer
program takes into account pressure losses across all holes
(nozzles) and frictional losses in the pipe between nozzles. It

neglects pressure losses due to fittings and valves.




The program requires the input of the superficial wash water
rate, washed cell cross-sectional area, perforated and main pipe
diameters, hole diameter and interval, number of perforated pipes
in each cell and distance between perforated pipes, number of
cells in each bank and distance between cells (i.e. cell length).
The program is capable of calculating water velocities in the
pipes, pressure drops, and determine the necessary head to

maintain a target wash water rate for the bank.

Table 9.1 shows the effect of the maln operating 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 head required to maintain homogeneous water
distribution strongly depends on hole diameter and the number of
holes on each perforated pipe (i.e. hole interval). The bigger
the holes and the higher the number, the lower the pressure head
required to maintailn homogeneous water distribution. Increasing
perforated pipe diameter and main pipe diameter leads to a reduced

pressure head requirement, but the effect is smaller.
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‘ Table 9.1: Effect of operating variables on pressure drop and wash
water flowrate for a bank.

Operating variable PRESSURE FLOWRATE
(kg/em®)  (PSI) (L/min) (USGPM)

Superficial wash water rate (cm/s)

0.050 6 85 204 54
0.075 13 181 302 80
| 0. 100 23 340 404 107

Perforated pipe diameter (m)

0.0127 28 403 404 107
0.0181 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 3358 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




Table 9.2 shows operating varlables chosen for the plant

distributor design.

Table 9.2: Operating variables chosen for the plant wash water
distributor.

main pipe diameter : 3.81 ¢m (1 1/2 inches)
perforated-branch pipes : 1.805 em (374 inch)
diameter

hole diameter : 0.3 cm

hole interval : 1l cm

superficial wash water rate* 0.075 cm/s

number of perforated pipes 4

in each cell

number of cells in each bank : B

cell length : 150 cm

distributor height from froth : 30 cm

surface

"optlnun for laboratory and pllot-plant scale tests

For a 6-cell Denver D30 (100 ft>) bank, the total wash water
flowrate is 302 L/min (80 USGPM) and the total pressure required
to maintain homogeneous water distribution is 1.5 kg/cm2 (21 PSI).
Under these conditions more than 604 of the pressure is lost at

the nozzles rather than in the pipes.

For a given distributor, there exists a minimum superficial
water velocity at which ali holes become active. However, in a
start-up situation it s necessary to exceed the minimum velocity
in order to initiate complete operation of all holes. At low J“s.
water droplets detach from the holes when the gravity forces
overcome the interfacial forces. At high J"s, a Jet 1s formed,
which breaks up into drops. Jet height depends on dis‘ributor

height, orifice spacing, etc.
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The height of the distributor network from the froth surface
also has a very significant effect on the impact energy upon
hitting the top of the froth. Water droplets discharged from the
perforations fall with a constant acceleration. The distance (S)

travelled is gliven by:

S(t) = —— g.t%+ vyt 9.1

vwhere t: time in seconds

g: gravity acceleration (880 cn/sec?)
v : initial water discharge velocity from the perforated
0
pipe hole (cm/s)
S: the distance between the distributor network and the

froth surface (cm)

The collision (impact) velocity of water droplet with the
froth surface (vc) Is given by:

v.= Futo+ A 8.2
Table 9.3 shows the calculated impact velocities for varying
Jw and distances between the distributor and the froth surface,
Both increase impact velocity, but height has clearly the most

important effect.

The collision velocity can be reduced by 42% by lowering
the distributor from 30 cm to 10 c¢m above the froth surface.
Since excessive impact velocities can reduce froth stability, the

height should be as small as possible.
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Table 9.3: Effect of distributor height and superficial wash water
rate on water droplet discharge and collision rates.

S J v t gt v N
W 0 c p

{(cm) (cm/s) (emrs) (sec) {cm/s) {cm/s)
30 0.0216 1.52 0.24538 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 0.C85 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
10 0.016 1.52 0.1413 138 139.8 4
10 0.033 3.13 0.1397. 137 140. 1 4
10 0. 043 4.08 0.1388 136 140. 1 4
10 0.081 4.83 0.1380 135 139.8 4
10 0.037 3.51 0.1393 137 140.5 2
10 0. 055 5.21 0.1376 135 140.2 2
10 0.070 6.63 0.1363 134 140.86 2
10 Q.08§ 8.06 0.1349 132 140. 1 2

9.3 Experimental Procedure

Bank tests were performed using a plastic and portable wash
water distributor network. The following tests were carried out
to determine the amenability of wash water for the Non-mag

circuit:

- determine the effect of wash water on metallurgical performance
at different wash water rates.

- determine the effect of wash water distributor geometry on

metallurgical performance (i.e. number of perforated pipes in each
cell).

~ sample the froth by a suction tyve device (Figure 8.2). Two
samples in the froth, one sample at the Iinterface, and another one
in the slurry phase were taken to evaluate grade profiles. The
effect of wash water on selectivity was determined.

- measure size-by-size metallurgical performance in the presence
and absence of wash water.
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9.3.1 Test Program: Eleven successful tests were performed on

the primary Non-mag bank with and without wash water to evaluate
the effect of wash water on metallurgical performance: three
tests without wash water and four tests with wash water using
four and two of the perforated pipes in each cell. For the two
pipe tests, the intermediate valves were turned off and therefore

only the two front pipes were in operation.

Froth samples were sucked using a 1.2 c¢m in diameter pipe
connected to a peristaltic Masterflex pump by a flexible tublng.
The samples were collected in Erlenmayer flasks. The sampling
probes were located in the centre of the cell and 40 cm apart from

the cell lip (Figure 9.2).

The effect of particle size on grade and recovery was
determined for two test series; one with wash water and the other
without. Feed, concentrate, and tailing samples were dry and wet
screened for 10 and 15 minutes, respectively, using 147, 74, and
37 um screens. The Ni, Cu, and S content of each size fraction was

determined.

9.3.2 Installation of the Wash Water Distributor Network: The

PVC portable wash water distributor was made at McGilll and
transported to the mill. Threaded pipes and fittings were combined
together near the flotation bank and the network was then fixed ~n
the existing metallic supports, which are 30 cm above the froth
surface. Installation and dismantling of the distributor network

were easy and did not cause circuit disturbance. The first cell
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had only three perforated pipes, due to space limitation, and the

remainder four (A, B, C, and D).

A water cutlet near the bank was used as a wash water
source. This water is recycled and normally used to wash froths In
launders. Figures 9.3a and 3b show the overall view of the

assembled distributor on the supports.

8.3.3 Wash Water Flowrate Calibratlon: At the beginning of the

tests, wash water from each perforated pipe was separately
collected at known time intervals to determine flowrates and check
distribution homogeneity. Figures 8.4a and 9.4b show the wash
water flowrate from each perforated pipe for each cell number,
Wash water flowrate in cell one is slightly higher because it has
three perforated pipe. Pipe B in cell number four was poorly
punctured and has less wash water. However, as a whole, the
distributor network worked as designed for a large range of J's.
Figures 9.5a and 9.5b show that water distribution ls homogeneous
and droplets, rather than jets, are formed. Jvw was calculated on
the basis of the froth surface sprayed: 1.5 m * 1 m with four

plpes and 1.5 m * 0.5 m with two pipes.

9.3.4 Sampling Procedure: Three types of samples were

collected. Feed samples were taken from the plpe flowing in the
feed box using a diversion pipe. Timed concentrate samples were
collected from the cell lips using 1lip samplers. Cell lips were
cleaned before sample collection. A bank talling sample was also

taken using a plunger type bottle sampler (Flgure 8.6). The
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Figure 9.3: Overall view of the plant wash water distributor
network at the non-magnetic bank.
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Figure 9.5: Water addition homogenity and droplet generation.
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sampler in a closed position was immersed in the talling pipe; the

bottle lid was opened from the handle to fill it with slurry

sample, and then closed when full.

After each change, the circuit was allowed 30-40 minutes to
stabilize. Before sampling, stability was checked from the control
room. The sampling campaign was started by taking feed and tailing
samples and then concentrate samples from cell lips were collected
starting from cell number 1 to 6 Since the first cell length is
slightly shorter than the rest of the cells, a smaller lip sampler
was used for it. Another sampler was used for the other cells.
The lip sampler was cleaned with one litre of water after each

cell sampling. Three cuts were taken from each stream over a 40

minute period.

9.3.5 Sample Preparatlion: Wet samples were first welghed, vacuum

filtered, and dried on a low heat hot plate. Drlied samples were
weighed, screened with a 595 um (30 mesh) screen and splitted
using a riffle. 40 to 50 gram samples were taken for Ni, Cu, and
S assays. Feed and talling samples were pulverized for 20
seconds. Some rejects were also kept for size analyses. Samples
were analyzed at the Metallurgical Technology Center of

Falconbridge.

3.3.6 Calculation Procedure: A schematic top view of the

distributor network 1Is shown in Figure 9.7 along with the
variables wused 1{in calculations performed with LOTUS 123.
Cumulative (bank) and stage {(individual cell) recoveries were

calculated using the following equations.
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C= C‘ + C2 + Ca + C‘ + Cs + Ca 8.3
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1 2 3 "4 8§ 8

Overall bank recovery:
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c.C
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Mass balanc ng the total feed concentrate and tail data was

also completed (o verify that the above procedure did not

introduce significant errors.

9.4 Results and Discussion

8.4.1 Washing the Entire Froth Surface with Four Perforated Pipes
in Each Cell

Figures 9.8a, b, ¢, and d show the cumulative concentrate
grade and recovery curves at different superficial wash water
rates for Ni, Cu, Po, and insoluble Gn. The same figures also show
the results of laboratory column flotation and mechanical cell
tests performed by del Villar (1988) at the Strathcona mill using
the non-magnetlic feed. Cumulative concentrate grade decreases with
increasing recovery. In the absence of wash water addition, Ni
and Cu grade-recovery curves are lower (Figures 9.8a and 9.8b).
Wash water addition at a superficial rate of 0.033 ¢m/s Iimproves
the concentrate N1 grade slightly, others do not. Cu grades are
higher with wash water additlion. It appears that conventlonal
flotation even without wash water addition outperforms column

flotation for the non-magnetic circuit. Tests with a laboratory
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cell at 1B% and 28% solids seem to underestimate the real circuit

performance,

As can be seen from Figure 9.8c, the Po grade remains almost
constant in the absence of wash water addition. Wash water
significantly decreases both Po grade and recovery. The decrease

in Po recovery is 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 additlon rates. Gangue recovery ls
around 21% without wash water, and is reduced down to 11% with
wash water (Ju = 0.033 cm/s), which corresponds to a 4B% reductlon
in entralnment. Gangue recovery 1in column flotation appears

similar to cilrcuit performance in the absence of wash water

addition.

Overall bank concentrate grades are shown in Figure 9.9 as a
function of superficial wash water rate for Ni, Cu, Po, and Gn.
There is an increase in Ni and Cu bank grades with wash water. The
numbers on the data points represent percent Iincreases in grade
with respect to no wash water. The maximum increase in Ni and Cu
grades were obtained at a Jw of 0.033 cm/s. The change in Po and

Gn grades are not very important as they constitute most of the

concentrate.
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Overall bank (combined) concentrate recoveries as a function

of superflcial wash water rate 1s given in Figure 9.10. Numbers
represent decreases In recovery. A 48% gangue and 15% Po recovery
decrease was achleved at reduced Cu and °* recoveries. The

opt imum JH was determined at the maximum grade increase for Nl and

maximum Po and Gn rejection.

Figure 9.11 shows the stage (individual cell) gangue recovery
as a function of cell number in the bank at difterent superficial
wash water addition rates. Gangue recovery is higher in each cell
in the absence of wash water addition. Wash water significantly
decreases gangue recovery Iin each cell. Maximum gangue stage
recovery was obtained in cell number 4 due to the one perforated

pipe with uneven distribution.

9.4.2 Washing the Front Part of the Froth Surface with Two
Perforated Plpes in Each Cell

Flgures 9.12a, b, ¢, and d show the cumulative grade-recovery
curves for Ni, Cu, Po, and Gn at J s of 0.037 (99 L/min), 0.055
(148 L/min), 0.070 (190 L/min), and 0.085 (265 L/min) cm/s along
with laboratory column flotatlon results. Again column flotation
offers no advantage over the circult even without wash water. A
signiflcant increase in concentrate N1 grade was achleved with
wash water at lower recoveries (Figure 8.12a). Two pipes addition
is much better than four pipes. The best wash water superficial
rate is 0.056 cm/s. The results at superficlal wash water rate
0.070 cm/s seem to be suspicious, especially for the last cell.

Superficial rate of 0.085 cm/s 1s above the optimum, presumably

because of froth aixing and froth bed destruction.




375

10

0 cmis QGn
0018
00

O» « O =

STAGE RAECOVERY, %

CELL NUMBER

Figure S.11: Stage gangue recovery from each cell using four
pipes.




<

%

CUMULATIVE GRADEK,

%

CUMULATIVE ORADEK,

20
Nt Plant data
"o
F % 1ab column ¢ 0037
g ocss
0 o070
12
O oo08s
D¢ 0O ¢ o
oo e ¢
o} . ¢
(]
NO 00 o
= _“Cqo
4p ° ﬁ.\.\
*"‘~-.__:‘l-.
) ?o "O e.o 80 100
CUMULATIVE RECOVERY, %
100
Po
* lab column
sol.
8ok p—0— s —8_s
a 3 0
°D 0a g Oq Q
o ¢ ¢ Q¢ ® 007"
ol
Plant dats 0 o088
lol
t I O o070
¢ 0037 O o.o08s
0 20 40 80 0 100

CUMULATIVE RECOVERY, %

%

CUMULATIVE ORADE

%

CUMULATIVE QGRADK,

376

Cu Plant date
18 o
* Jab column ¢ 0037
LY of O ooss
0 o070
118 Q o0.088
s}
]
t a 8\03 NN
Q ¢ )
o 32yl
18 \.'--'
LN
o .
o 20 40 8o 100
CUMULATIVE RECOVERY, %
sof an
X jab column
Lok
0 Le’”
+ .
1 4
]
4]
°°- O o
0 o
06’ .
a—"
(4
¢
i O . Plant dats
)
C’ qu .0
& 0037
a
WIOD 0 oonss
0 2070
O 0088
1 2 g
9 10 20 10 40

CUMULATIVE NRNEBCOVERY, %

Figure 89.12: Cumulative grade-recovery curves for Ni (a), Cu (b),

Po (c), and Gn (d) at the non-magnetic circuit using two plpes.




There is a slight increase in Cu grade at superficial wash
water rates of 0.037 and 0.055 cm/s (Figure 9.12b). Po grade again
remains almost constant in the absence of wash water (Fligure
8.12c). Significant decreases in both grade and recovery were
achieved 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. Significant reductions 1in
entrainment were obtained with wash water addition. Again results

at superficial wash water rate of 0.070 cm/s are suspicious.

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
superficial rates of 0, 0.037, 0.055, and 0.085 cmn/s,
respectively. The grade ratios are much higher with wash water.
Figure 9.13 also shows Ni grades with the lab column and cell
(batch operation without wash water) obtained by del Villar (1988)
using the non-magnetlic feed. Head grades are lower for lab column
and cell tests, but their grade ratios are 2.24 and 2.42,
respectively. For the non-magnetic circuit mechanical cells

outperform flotation columns for Ni upgrading even without wash

water.

Due to variations in bank feed assays, the use of grade-
recovery curves may be mlsleading, therefore recovery-recovery
curves will be used for better comparison. Figures 8.14a and b

show the overall bank recoveries at different wash water rates.
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Clearly, the effect of wash water is to decrease the recovery of

all specieé. The decrease in 'recovery for Po and Gn is more
substantial than that of Ch and Pe. At the optimum J“ (0.055
cm/s), Po recovery decreased from 77% to 41%, Gn recovery from 20%
to 7.7%, and Pe recovery from 77% to B63%Theflotation column
performance is worse than mechanical cells both in NI upgrading
and Po rejection. The performance of batch lab tests is close to

the non-magnetic circuit performance without wash water.

To better compare operation with and without wash water, the
cumulative recoveries of Pe, Po, and Gn were compared (individual
sampling of the cell concentrates makes this possible). The
recovery-recovery curve without wash water was obtalned from three
separate tests; although not all points were identical, all sat on
the same curve. Figure 9.15 shows that cumulative Po and Gn
recoveries are lower with wash water (for 0.055 and 0.085 cm/s).

Overall bank Po and Gn recoveries, ldentified with arrows, are

lower with wash water.

The flotation feed 1is relatively coarse (60% -74 um), which
minimizes entrainment effects and may cause liberation problems.
Another masking effect is the natural hydrophobicity of Po, which
is evident from lab and pilot results. Examining size-by-size
behaviour, especially in the fine range, will minimize liberation

considerations and maximize the effect of entrainment.
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Figure 9.16 shows the size-by-size cumulative recoveries at

the J“ of O and 0.055 cm/s. At constant Pe recovery, wash water
decreases fine gangue recovery by half, and fine Po recovery by
about 25%. In the coarse range, gangue rejection 1is also
significant. Po recovery appears higher in the first cell, but
lower in gsubsequent cells; after the sixth cell, overall
performance with wash water sits on the same recovery-recovery

curve as no wash water. More plant tests are necessary to clarify

these results.

Figure 9.17 shows size-by-size metallurglical performance
with and without wash water addition (J"=0.0SS cm/s). Bank Ni
grades from all size classes are higher with wash water. Ni
recovery from +147, +74, and -37 um are lower and from +37 um are
higher with 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.

Cell-by-cell Ni grades along with feed, tailing, and combined
concentrate grades are given in Flgure 9.18. Without wash water,
only the first three cell in the non-magnetic circuit achieves Ni
upgrading, while the rest fails. There is a steady decrease in
the cell grade along the bank. With wash water, all of the cells
achieve Ni upgrading. Ni grade 1s more uniform throughout the
bank. Combined concentrate grades from each size classes are much

higher with wash water. This may be caused by the decreased mean

residence time.
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The effect of superficial wash water rate on cumulative

{bank) gangue and water recoveries is shown in Flgure 8.19. There
are minimums for both water and gangue at the same Jw; both curves
are similar. However, gangue recovery lis greater than water’'s
presumably because it {is not fully liberated or weakly
hydrophobic. The presence of talc in the ore would suggest the
latter. Flgure 9.20 shows the effect of JH on Po and water
recoveries for the 2 and 4 pipe additions in each cell. Po does
not exactly behave like water (i.e. it may be locked with

pentlandite and/or chalcopyrite or be hydrophoblc}.

9.4.3 Effect of Wash Water on % Solld\

In the primary non-magnetic bank, feed grade, feed size
distribution and % solid vary significantly. Due to sampling
problems, it was found that % solids were not very relliable.
Figure 9.21 shows the % solid changes 1n the bank at three
different Jws. There is a significant decrease in % solid 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 CGn grade profiles as a
function 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 while Gn grade
significantly decreases. Clearly Po behaves as a hydrophobic

species. Ni and Cu grades always are higher in the presence of
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wash water, Po grade is always lower with wash water. Po
rejection is very substantial in cell 4 and 6. Gangue re jection

in cell 2 1s significant, while in cell 4 and 6, gangue grade is

higher with wash water.

9.5 Conclusions

1. With four pipes, cumulative N1 and Cu grade increases 43% and
38%, respectively with wash water (Jw: 0.033 cm/s) at lower

recoveries. Gn and Po recoveries were reduced by 48% and 15% with

wash water. In the systems examined in this chapter, mechanical

flotation always outperforms column flotation in Ni upgra.ing and

Po rejection.

2. With two ©pipes, the cumulative Ni and Cu grades are
significantly higher, and Gn and Po grades are substantially
lower at a J" of 0.055 cm/s. At the same Pe recovery, wash water
decreased fine gangue recovery by half, and Po recovery by about
25%. Variations in both bank feed assays and feed flneness make
the direct comparison difficult. Washing the frontal froth surface
with two pipes appears to be metallurgically better than a large

surface with four pipes.

3. In the non-magnetic bank, gangue particles follow water, which
indicates that they are mostly free, while Po does not , which

indicates a possible locking or naturally hydrophoblicity.

4. Upgrading of Ni and Cu, and rejection of Po and Gn in the froth

was verified with froth grade profiles with wash water,




5. Ni recovery may be increased by decreasing the distance between
wash water distributor and the froth surface, which decreases the

collision rates between bubbles and water droplets.

6. Slze-by-size metallurgical performance is a very useful tool to
evaluate the effect of wash water for the non-magnetic circuit,

which may contain coarse and locked particles.
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CHAPTER 10

PLANT-SCALE WASH WATER TESTS
AT
EASTMAQUE GOLD MINES LTD .




10. 1 Background About Eastmague

Eastmaque Gold Mines Ltd. has the first commercial project
recovering gold from mine tailings deposited in the Kirkland Lake
area. The company has 9 ML of tailings that were dumped in the
lake during the early years of gold mining in the area by five
gold producers from 1918 to 1934 (Wetjen and Irvine, 1988). The
tailings, which have an average grade around 1.4 g/t, are
recovered from a maximum depth of 14 m by a dredge using a

submersible pump.

The material, which contains pyrite with gold and silica
gangue, is pumped 600 m to the mill where extraneocus debris is
removed. The tailings are then ground to about 80% ~45 um (325
mesh), activated with Aero 350 and 3477, and fed to two
cylindrical Maxwell cells, which recover most of the fast floating
gold-bearing pyrite at a high grade. Maxwell tails are floated in

3 (500 ft®) Denver cells, which have free flow to

twelve 14 m
launders on both sides. These cells are arranged in rougher and
scavenger stages. Rougher and scavenger concentrates are cleaned
twice to produce a concentrate assaying 56.7 to 70.88 g/t Au (2 to

2.5 oz/t) (see Figure 10 3). The cleaner cells are 2.8 mo

(100
fts) Denver with overflow paddles. The flotation cell slurry
level is maintained constant by the discharge weir height. Froth

thickness in the secondary cleaner cells is around 25 cm. MIBC is

used as a frother,
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The final concentrate {s thickened and pressure flltered

before being trucked to the Noranda Horne smelter. The Eastmaque
mlll treats around 650000 t/y. The annual gold production is 24000

0z at a direct operating cost of $US 182/0z.

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 plastic wash water
distributor network with two branches in each cell was fixed
behind the froth paddles (see Figure 10.1). The distributor was 30
cm above the froth surface. Flgure 10.2 shows the distributor
preducing gentle water droplets. Wash water was Introduced
counter-current to the bank slurry flow. (i e. highest wash water
flow was applied to the last cell wnere the gangue grade in the
concentrate is highest. Superficial wash water rate was 0.05 cm/s,

which was the optimum determined at the Falconbridge Strathcona

mill.

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,
while the others took only two hours each. During wash water
tests, flotation cells were operated as usual by the operators who

increased or decreased the air flowrate to the banky as deemed
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Figure 10.1: VWash water distributor network.
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Figure 10.2: Wash water distributor is in operation.
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necessary. According 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 is to compare overall
flotation circuit performance without and with wash water,
respectively. Eight cuts from 13 streams were taken by appropriate
samplers (l.e. cutters, plastic bottles, and metallic contalners)

over an 8 hour period (see Figure 10.3).

For test 2, wash water was added to the 2nd cleaner bank
overnignt before sampling to achieve steady-state condition. A
salt tracer test using 250 g LiCl was also carried out in test 2.
The dissolved salt tracer was added to the first cell of the bank
and samples from the bank feed, tailing, and concentrate were

collected to determine the feed water suppression with wash water.

Tests 3 and 4 were carried out using the front branch pipe in
each cel]l at the same Jw. 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) with and without wash water, respectively.
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Table 10.1: Summary of plant test work at

398

the Eastmaque mill.

Test Test Sampling Dist. Tgmp. Trac. Size

No Date Objective Location  Type C LICl1 Anal.
circuit perf rmance All flot

1 Sept.5 without was! water circuit Tp=17 no yes
cell nor 1 to 4 13 samples
circuit performance All flot.

2 Sept.7 with wash water circuit 2 Tp=17 yes yes
cell no: 1 to 4 13 samples
bank performance 2nd cleaner

3 Sept.7 with wash water bank 1 Tp=17 no no
cell no: 1 to 4 4 samples
bank performance 2nd cleaner

4 Sept.7 without wash water bank Tp=17 no no
cell no- 1 to 4 4 samples
cell performance 2nd cleaner

5 Sept.8 without wash water cell Tp=17 no no
cell no: 4 3 samples
cell performance 2nd cleaner Tp=17

6 Sept.8 with warm wash cell 2 Hu=45 no yes
water 4 samples Tf=23

cell no: 4

(dist: distributor, trac: tracer, anal: analysis, p. pulp,
ww: wash water, and f: final pulp)

The effect of warm wash water with two branch pipes 1n each
cell was determined using only 4th cell of the 2nd c¢leaner bank in
test 5 and 6. The use of whole bank was not possible due to lack
of warm water.

wash water was 17°C. wash water temperature 45°C“ and final pulp

For these tests,

temperature with warm wash water was 23°C.

the pulp temperature without




L o andl

10.2.3 Sample Preparation

Fach sample was weighed, flltered, drled, weighed, rolled,
and screened at the end of each test. Samples were assayed for
geld at the Swastika Laborateries Ltd. Products from tests 1, 2,
and 6 were sized. First, samples were screened at 147 um to break
the lumps and then wet screened at 37 um for 10 minutes. The +37
pum fraction was dry screened with 105, 74, 53, 44, and 37 unm
screen sets for 15 nminutes. Some of the =37 um fractions were
cyclosized for 10 minutes. All products were classified into six
size classes for Au assaying. For test 2, liquid tracer samples

were filtered and analyzed for Li by an atomic absorption.

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. % solids 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 flotation circuit performance without
and with wash water as a function of % mass, % -10 um, gold grade
and recovery. Feed grade without wash water is slightly lower.
Final concentrate grades are 2.66 and 2.33 oz/t with and without

wash water, respectively. A 14% increase in final gold grade at a
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slightly higher recovery reduces f{inal concentrate tonnage for

shipping to the smelter and increases quality. With wash water,
the percentage of ~-10 um is significantly lower. Fines are

returned to the first cleaner and then to the roughers and

scavengers.

Figure 10.4 shows the % solids in the flotation circuit in
the absence and presence of wash water. The secondary cleaner
concentrate and talls are significantly diluted with wash water
due to a low feed flowrate to the bank. Final tailing is also more
dilute (which may be advantageous to reduce pumping and plugging
problems in the long talllng discha;*ge line), but this is not
primaraly due to wash water, whose flowrate could not possibly
have a significant effect on final tail density. During wash water
tests, the thickener and filter easily handled the additional
water. Since the wash water is added in the last stage of

cleaning, there was no flotation capacity reduction.

Size-by-size gold grades with and without wash water are
glven in Figure 10.5. Feed size for both cases are very close to
each other, The final concentrate with wash water contains
significantly less fines. Concentrate gold grades with wash water
are higher for all size classes. Gold loss in the final tails is
significant for the coarsest size class, whlich may indicate that

gold bearing pyrite is not well 1llberated and requires further




[ eastmmae

QOLD MMNES LTD. FLOTATION FLOWSHEET J

e Lgﬂr ol ot

Scale: Fuil plant sampling
Date : Sept. 5. 1988

Jw: 0 cm/s

% Sokd

oz/t Au

% Rec

|

i S

EASTMAQUE GOLD MINES LTD  FLOTATION FLOWSHEET ‘

— r:\l (] 23] 22
\ ___’th

SCAVS

1
—l l Froth washing with
o CLIRS —{ i 200 cLIRS, wath walwr
I __tos
5au<13]

Fined Conc
wes
200078
Scaie: Full plant sampling ~“ Sobd
Date: Sept. 7, 1988 oz/t Au % Rec

Jw: 0.05 cm/s

—»l wmaxs -
Fesd Tale
I —
r——— e - -
e | e——lakd [bvd

Figure 10.4: % solids in the flotation circuit with and without wash

water (Test 1 and 2).

oo




so o em 403

na [ X 11}
111 gaa
941 g
[ 1] LEH )
BT ]
14 0l e oew
1M o HW o m 1eey sl
& B e w2 s
') [COTEEE L T I it
o e IR e ang
12,04
1is
4.42 246 o002
I?-! : woe 10
Fna Ry e
Wiy gon
[ gy om
o e
[/ ]
0 4%
210
nIsz
o 034
b 1o
+ 18t CLURS =3 270 CLIRS el
tis o 1 3 KR
€11 8 s | a 41000 g g8
IR | aes g
e g% V %38 018
(X1} om 100 o0
e o
100 00 | S
X
| TR
T
w7 m Frial Cone
*n 1 . '
nw L1 seeium) ‘) Wien t}
~.® ce ot
s» e
LR 108478
nm 1 Sluee
[ AT 1o
(L3 t v 2)ei8
1.1 0
-10
T e.ow
10.6)  0.088
M e
N Lom
645 S.am
' _e v® LA uem r.e8 Qe
1008 (oM sl eal
2.4  LVE 2.4 &
. 508 \ l 5.5 zam s 00l
e e AN e 613 eon
e wa SR L M o
D8 u:: e » 1om.0n
IR e
——— e
A3 s [ l - ]
Fral 12, e
MAXS AGHRS SCave 1.5 el
— 613 0210
215 44N
108.08
¢
“m aen
b X1} (L)
18 1
W% 2o
INTRERR ] v Final Conc
YRR
o8 475 T odd
e o [T sire o U wientt
R e ————
NIRY) A4y
560 2 M e
43 [ 30y
120 W s
"
)

Figure 10.5: Size-by-size gold grades in the flotatlon circuit with
‘ and without wash water (Test 1 and 2).




grinding. Concentrate gold content of the intermediate size
classes is higher than the coarsest and finest size classes. This
further suggests the hypothesis of poor pyrite liberation and also

suggests that hydrophilic entralinment can be further curbed down.

Size-by-size gangue and gold recoverles with respect to feed
are shown in Figure 10.6. Gangue content is determined by assuming
that pure pyrite assays 3.56 oz/t Au, which was the maximum gold
grade achieved. Gangue recovery to the final concentrate Iis
significantly lower for the finest size class with wash water.
The maximum gold losses to the final tails are from the coarsest
and finest size classes. Coarsest losses, e.g. 868% in the +74 um
(200 mesh), are likely due to poor liberation; finest losses, e g.
70% in the -10 um, could be due either to oxidized pyrite or poor

flotation kinetics.

It is likely that gold in the -10 um is associated with liron
oxides; this could be veriflied with cyanidation tests. If this is
the case, its recovery by flotation s virtually impossible. The
-10 um constitutes about a third of the feed mass; fortunately,

its gold content is the lowest of all slze classes, 0.04 oz/t.

10.3.2 Effect of Wash Water on Bank Performance

Figure 10.7 compares the 2Z2nd cleaner bank performance with
and without wash water, which is added by a single pipe in each

cell. Final concentrate gold grade is 2 82 oz/t with wash water,
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Figure 10.7: Effect of wash water on the 2nd cleaner bank
performance (Test 3 and 4).




which 1s 23% higher than without wash water. However, the

concentrate recovery decreased from 98% down to 894 with wash
water, probably due to the strong water discharge rate from the

distributor. The use of two pipes per cell appears to be more

attractive than a single pipe.

The first two tests showed that although bank gold recovery
decreased from 838.7% to 895.4% because of wash water, overall
recovery was not affected. If this would be the case here, clearly
the use of a single strand would be extremely advantageous. This
would need to be demonstrated over a long time period before the

decislon is made to use a simple washing strand per cell.

10. 3.3 Temperature Effect

Table 10.2 summarizes test 6 results with warm wash water in
the 4th cell of the 2nd cleaner bank (no wash water to the first
three cell). With wash water the 4th cell concentrate contalns
the minimum amount of -37um fraction: 954 of the -37um fraction,
which contains less gold, is rejected to the tails. Generally, Au
grade goes down significantly along the bank. The 4th cell
concentrate grade is higher than the 3rd cell showing that warm
wash water helps the Increase gold grade. Thus, wash water
eliminates the decrease in concentrate grad< “rom cell 3 to 4, and

yields a slight increase. More test work is needed to confirm the

results.




Table 10 2 Test 6 results with warm wash water on the 4th cell.

+37um -37um Calc. Overall Average
WITH WARM WASH WATER

4th cell tail

Mass (%) ] a5
Au(oz/t) 0.211 Q112 0.117 0.20 0.159

4th cell conc.

Mass (%) 60 40
Au(oz/t) 1.550 0.550 1.180 1.10 1.125

3rd cell tall

Mass (%) 18 82
Au(oz/t) 0.183 0.126 0.136 0.25 0.193

3rd cell conc.

Mass (%) 43 57
Au(oz/t) 0.610 1.450 1.080 1.10 1.085

10. 3.4 Tracer Test Results

Figure 10.8 shows L1 concentration versus time curves for
tailing, concentrate, and feed. L] content lIs highest {n talling.
The concentrate Li content 1is significantly lower than tha!
of tailing's due to dilutlion of feed water with wash water. There
is a small amount of tracer recycle Iln flotation circuit. All of
the tracer exits the bank within three hours. The average

resldence time in the 2nd cleaner bank is 51 minutes.

Feed water recovery, R'. was calculated from:




409

Li (ppm)

>
4.5
4
3.5 |
3
2.5
2
1.5*“
11+ A
0.5 A A"

|

e
)
oip SAY
0 60

TIME (MIN)

—f— Taiing
A Concentrate

'~ Feed

120 180 240 300 360

Figure 10.8: L] concentration versus time for the tracer test

(Test 2).




t
Ic (t).q_ dt
O [

RH ® t t 10.1

fC(t).Q dt o+ JC(t).Q dt
0 ] cw t tw

Cc concentrate tracer concentration
Ct tailing tracer concentration
ch: concentrate water flowrate
Qtw: tailing water flowrate
Total water recoveries are 48.5% and 77.7% with and without
wash water. Feed water recovery with wash water 1is 334 as

compared to 77.7% without wash water, which corresponds to a 58%
reduction in the feed water recovery. Figure 10.9 {llustrates the
composition of concentrate water in the presence and absence of
wash water, Replacement of feed water contalining gangue particles

with wash water is the maln reason for Increased concentrate grade

in these tests.

Gangue recoveries and classificatlon coefficlents (1.e.
gangue recovery/water recovery) in the 2nd cleaner bank is given
in Table 10.3. The lower the classification coefflcient (2'), the
better the gangue rejection Gangue recovery (Rq} f'or each size
class {g drastically lower with wash water {n the 2nd cleaner
bank. The classification coeffliclients are significantly lower

with wash water than without it
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Table 10.3: Classificatlion coeffliclents and gangue reccveries in the

2nd cleaner cell (Test 1 and 2).

With wash water. Without wash wate;

Size (um) Rq('/.) 4 Rq(‘/.) 2
23+15 18 0.38 51 0.66
15+10 37 0.76 68 0.87
-10 18 0.31 B85 0.83

10.3.5 Economic Impact of the Wash Water on Flotation Performance

As can be seen from the results of test 1 and 2, flnal
concentrate grade can be increased by about 14%. Although gold
recovery is higher with wash water, thls Iincrease will not be
taken into account in the economic evaluation to be on the
conservative side. There 1is a very good possibility that the

recovery lIncrease ls real, and due to the decreased retention

time, which limits pyrite surface oxidation More experimental
data over a long time period is necessary to support this clainm.

Table 10.4 shows the summary of results

10.4 Summary
It 1s clearly shown that wash water can {ncrease final
concentrate grade about 14% possibly at a slightly higher gold
recovery. Wash water does not have any detrimental effect to
Eastmaque current mill operation, |t can generate an extra yearly
revenue of about a quarter of a million dollars at almost no cost

{i.e distributor for the 2nd cleaner bank costs less than 500 $§).




The use of froth washing at the Eastmaque mill 1s strongly
recommended to reduce the concentrate tonnage and possibly to
increase gold content. Warming wash water may provide
further savings, but this should be economically and
metallurgically tested in a bank scale before reaching a firm
conclusion. Further grinding of mill feed may reduce coarse gold

loss to the final talls.

Table 10.4: Economlc impact of wash water.

Without wash water With wash water

Feed (t/d) 2500 2500
Grade (oz/t) 0. 0869 0.269
Gold content (o0z/d) 172.50 172.50
Final Concentrate

Recovery (%) 66.50 66. 50
Grade (o0z/t) 2.33 2.68
Gold content {(oz/d) 114.71 114.71
Concentrate (t/d) 49.23 43.13

Yearly additional economic benefits

(assuming 330 d/y, transportation and smelting costs: 135 $/t)

SAVINGS - $272.000

-
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GENERAL CONCLUSIONS




CONCLUSIONS

11. 1 General Summary

Gas holdup in the slurry phase 1ls one of the most important
factorscharterizing the hydrodynamics of a mechanical flotation
cell. Overall gas holdup In the slurry phase can be predicted
using Calderbank’s model. Local and point gas holdup measurements
showed that the gas phase was not homogeneously distributed.
Superficial gas rate significantly increases gas holdup in the
slurry phase leading to higher gangue entrainment into the froth
phase. As the size of the flotation cell increases, the
superficial gas rate has tc be increased, to maintain a constant
alr flow number, an i{mportant scale~up criterion (Harris, 1976).
Thus, entrainment into the froth phase 1s expected to be more

important in plant-scale.

Two different zones In a washed froth were recognized: an
expanded bubble bed, 1-2 cm thick, near the interface and a packed
bubble bed above. This structure is simllar to that described by
Yianatos (1987) for column flotation froths. The expanded bubble
bed is made of small bubbles (2-3 mm) generally homogeneous in
size, and is relatively wet (el > 26%). The packed bubble bed is
drier, 5%<cl<15%; but unlike Ylianatos's (1987) model, retalns
highly spherical bubbles. The higher bubble content 1s achieved by
coalescence, which ylelds a wider bubble size distribution (2-10

mm). The gas holdup profile in the froth phase strongly depends




'™

on the superficial gas and wash water rates, frother dosage, and

impeller speed.

A predictive water recovery model depending on the weir and
momentum conservation equations was established. Ceil discharge
coefficients were determined as 0.009 and 0.013 for laboratory and

pllot cells, respectively.

The effect of some operating variables on mean residence time
and feed water recovery was determined at laboratory scale. It
was found that wash water decreases the bubble residence time both
in the slurry and froth phases, which is one of the deleterious
effect of wash water addition. An increase in gas rate on froth

thickness lncreases gas residence time in the froth phase.

The effect of superficial gas and wash water rate on gangue
profile in the slurry phase is small. GCangue content In the froth
decreases with increasing wash water rate or decreasing gas rate.

Most of the gangue 15 rejected near the slurry-froth interface.

A criterion was developed to calculate the classiflcation
coeffliclient for hydrophilic particle rejection. It was found that
particle settlling veloclity is negligible for fine particles (-10

pm}.

e
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The cleaning action taking place in the froth was visually
verified. The perforated pipe type of distributor was best for
homogeneous and gentle water addition in laboratory scale cells.
Wash water addition location has a significant effect on gangue
rejection. Additions above the froth phase have more advantages
However, distributor geometry has 1little effect on gangue
entrainment. There is an optimum wash water addition rate between
0.03 and 0.07 cm/s. Excess wash water {s not attractive due to
increased water requirements and excessive pulp dilution. It also
increases gangue recovery due to froth mixing, which
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 50%. Mechanical
or ultrasonic vibration and temperature gradlent between pulp and
wash water can be used to further reduce gangue entrainment

(around 10-20%).

A classification coefficient and water recovery |were
correlated to predict gangue recovery. This classification
coefficlient was originally derived to quantify the effect of
particle size on entrainment. It was adopted here to predict
overall free gangus recovery for full size distributions with
a reasonable success. Results from different scales (2L to plant)

strongly suggest that Z. decreases with increasing cell size, from




Q.7 {(2L) to 0.3 (plant). The 2‘ versus gangue size relationship 1is
virtually non-existent at lab scale. This partly explains why 2‘
can be used irrespective of gangue size. At plant scale, where
horizontal and vertical travel distances are longer, the effect of

particle size on 2 {s much sharper, and the simplified

entrainment model should be used with caution

The dynamic response to wash water and gas rate was
determined in the pllot cell using tracer and conductivity
techniques. Two types of electrode system (HEA and VEA) were
developed to compare wash water dlistributor performance and
monitor froth washing efflclency. Tracer tests confirmed that
there was a minimum feed water penetration at an intermediate wash
water rate. Higher gas rates have deleteriocus effects on froth

washing capability.

Laboratory and pllot~scale flotation tests with the
Strathcona Cu~Nl ore provided from different streams showed that
in most cases, wash water significantly decreases gangue
entrainment and increas¢s concentrate grade; in some cases, wash
water stabllizegs the froth and increase recovery. Rejection of
free gangue particles is readily achleved, but locked and/or
partially hydrophobic particle rejection may be achlieved,
depending on the nature of solids (l.e. particle size,
hydrophobicity, population density etc.), froth stablility, froth

wetness and wash pattern.



Plant-scale wash water amenability tests at the non-magnetic
circult of Falconbridge showed that N{ upgrading and non-sulphide
gangue rejection with wash water are higher at a decreased Ni
recovery Due to the relatively coarse nature of the feed, the
effect of wash water was much more clearly observed in the -37 um

fraction.

Full plant scale wash water tests performed at the 2nd
cleaner bank of Eastmaque showed that filnal Au grade can be
increased by 14% at a slightly higher Au recovery. For this plant,
a high water recovery without wash water was identified. Dilution
of pulp with wash water reduced residence time, and possibly
pyrite oxidatlion problems. Wash water reduced feed water recovery
from 78% down to 33% and fline gangue recovery (-10um) from 65%

down to 15%.

11.2 Scale-Up

The effect of wash water scales-up remarkably well from 6.5L
to 2800L. At plant-scale, water consumption can be minimized by
washing the froth surface adjacent to the overflow weir. This
section corresponds to the most severe entralnment (Moys, 1978).
Thus, it becomes difficult to estimate superficial wash water
rate, as the sprayed surface is clearly not the total surface. In
this study, the sprayed surface was estimated at the total surface

when washing with four pipes (1.5m"im) and half that when using

(]



only two pipes per cell (! Sm*C.Sm) The resulting superficial

wash water rate then varies between 0 03 and 0 1 cm/s for the
flowrates used There is some evidence that 0 1 cm/s Is above the
optimum addition rate, whereas 0 02 cm/s is below Between 0O 03
and 0 O7 cm/s, there is little evidence of much effect for wash

water rate, as laboratcry and pllot results suggests

11.3 Limitations of Wash Water

The iimitations of wash water are two-fold. First, gangue
rejectlon is only partial The Eastmaque case could be an extreme
as water recovery without wash water was unusually high, above
70%. With wash water, tne dramatic increase in tails flowrate and
replacement of feed water by wash water in the concentrate both
contributed significantly to a reduction of entrainment, by a
factor of three. More realistic expectations may be to reduce
entrainment by half, as observed 1In most laboratory and

pilot-tests.

A second limitation 1s the decrease In resldence time due to
dllution (a similar problem is observed with flotation columns).
This is particularly apparent with the Strathcona data, which show
decreased recoveries with wash water At Eastmaque, the flotatlon
circult has extra capacity, and gold recovery dropped {n the 2nd
cleaner with wash water. However, the lost gold was later

recovered in the first cleaners. Thus, no visible loss of



recovery was obse:'ved;, rather, overall gold recovery actually went

up with the use of wash water.

11.4 Practical Implications of Wash Water for Plant Applications

In flotation cells, a substantial amount of waste ls carried
into the froth by inter-bubble water, which degrades separation.
Fine gangue particles (>20um). which are weakly attached or held
in the inter-bubble water, have a negligible settling velocity
and virtually behave llke water. One of the most effective ways
to reject them is to provide a downward water flow (l.e. positive
blas) with wash water added above the froth surface. Wash water
forces fred water, which contalns gax‘\gue particles, down to the
slurry phase, and stabilizes froth by compensating water loss and
reducing coalescence. With wash water, bubbles remaln spherical
and are further apart from each other. There |s less surface
shrinkage and competition for sites on bubble surface. Wash water
can also prevent overloading, which inhibits drainage, by
lightening the froth and allows the concentrate to be pulled

harder.

In general, wash water is most beneficial for single stage
flotation (e.g. coal), thin froth flotation (e.g. potash or
phosphate), fine feed (e.g. reground feeds) or low grade material.

{e.g. tall reclamation}.




Generally, It |s necessary to wash the entire froth surtace

in laboratory and pllot cells due to the short horizontal and
vertical travel distances in the froth, while washing the front
froth surface with one or two pipes 1is sufficlient in plant

However, froth stabilization is then lost, and the recovery of

hydrophobic species is lowered

Although economies in water usage and cost may be reallzed by
limiting its use to the latter stages of separation, one recent
experience shows that in some cases, entire circults (e g. 2inc
Corporation of America, New York) can be retrofitted

advantageocusly (R. Kemp, private communication, 1989}.

The use of wash water in flotation plants can be economically
and metallurgically attractive, simple and, most importantly
lnexpensive to test and {mplement. Before making signiflicant and
expensive changes In existing flotation circult flowsheets (e.g
implementing flotation columns), froth washing, which may achleve

comparable results, should be fully tested.




11.5 Suggestions for the Future Work

1. The combined effect of wash water and gas rate should be
quantified at plant scale. The deleterious effect of high gas
rates may be overcome by washing the entire froth surface at
higher superficial wash water rates.

2. Scaling-up of the classification coefficent should be
investigated. Existing data do not include results from various
scales with the same feed.

3. The decrease in the recovery of hydrophobic species with wash
water 1s potentially harmful. Various means of restoring recovery
should be investigated, such as increased froth thickness, gas
rate, distributor height etc.

4. The effect of depressant and frother addition in the wash water
should be tested in plant scale where longer retention times may
make them more successful than at laboratory scale.

5. The use of flow modifier to locally increase froth residence
time in froth or a screen mesh at the interface to decelerate the
bubbles before entering the froth phase along with wash water
should be further tested both in mechanical and column cells.

6. Conductivity techniques to monitor froth washing efficiency or

to select best operating conditions should be applied to three
phase pulps.
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FOR [ =1 70 3

READ GH(I)

NEXT 1

DATA 0.32,3.86,0.39.0.93.7.94,2.95,2.96,3.975
FOR [ =1 708
LH([) = 1 - GH{I) - 2871
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APPENDIX 2.1
SLURRY ZONE TORTUOSITY

Take a cross-section of dispersion in between the electrodes,

(D*1), 1in which there is a large number of bubbles (Figure a}.
Consider a simplified cross-section (Figure b) where n is the
number of circles of diameter D equivalent to the cross-sectional
area occuplied by gas. The gas holdup equals the fraction of the

cross—-sectional area occupied by gas, l.e

n.n.(Da/4) n.n.D

e = ) =z 2a

To estimate tortuosity (LE/L) consider the length of the path
in the cross-section containing these n circles (Figure c¢).
Assuming the path lines follow parallel contours the mean length
(dashed line) is
Le = L+n(1 8465D~1.4142D) = L+0.4322nD 2b

Substituting Eqs (2a) and (2b) yields

Le/L = 1 + 0.55¢ 2c




APPENDIX 3.1
FROTH Z0ONE TORTUOSITY
In this zone tortuosity is associated with polyhedral bubble

shape. Consider a cross-section, (D*1), as described in Figure a.
The equivalent cross-section is shown in Figure b, with D now
being the diameter of a sphere with the same volume as regular
dodecahedron, a shape commonly assumed. The gas holdup will again
be related by Eq. 2a, provided the circles can be overlapped

In order to estimate tortuosity, consider the length of the
path for a dodecahedral bubble of edge length "a", Figure c
Assuming that 1ion 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 5a). Taking the average equivalent to two

parallel resistances, the mean length is

L 2
n . ((173a)+(1/5a))

= 4.444a 3a

From the properties of the pentagonal dodecahedron D=2.444a,
so that
L = 1.818nD 3b
[

Substituting Eqs (3a) and (3b) yields

Le/L = 2.315¢ 3c



