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i Synopsis

SYNOPSIS

The central step in flotation is particle collection, with solids suspension together
with gas dispersion and reagent mixing as necessary preconditions to particle collection.
Solids suspension is therefore often identified as an important subprocess for effective
flotation. Yet, surprisingly little work has been published on solids suspension in mechanical
flotation cells, especially more recent studies since the advent of round mechanical flotation
cells and the subsequent dramatic increases in maximum cell sizes are largely lacking. This
despite Arbiter and Steininger (1962) having already proposed that what is needed is a dual
correlation between a solids suspension measure and floatability on the one hand and between
this solids suspension measure and system variables on the other. To this end Arbiter, Harris
and Yap (1969) proposed a suspension height correlation in terms of system variables.
However, suspension height has since been found not as reliable and consistent a predictor of
solids suspension conditions as the critical impeller speed (¥j;). Similarly, Schubert (1985)
used critical impeller speed as their solids suspension measure. They related the floatability
of a number of flotation processes relative to critical impeller speed, but did not relate is to
system variables. It follows that: solids suspension is important for effective flotation, that
most studies containing aspects of solids suspension are somewhat dated, and that although
critical impeller speed has been found useful no correlation relating Nj; to system conditions
could be found in the flotation literature. It was therefore decided to contribute to solids

suspension in flotation cells, by evaluating solids suspension in a mechanical flotation cell.

Fortunately, solids suspension had been the focus of many studies in the general chemical
engineering literature, mostly in solid-liquid two-phase systems, but increasingly also in
three-phase systems. From extensively reviewing these studies, the critical impeller speed
emerged as the most consistent and commonly used solids suspension parameter. The critical
impeller speed (Nj) is the impeller speed at the just suspended condition, where off-bottom
suspension is just complete. Zwietering (1958) and a number of further studies related Njs to
changes in particle size (d,), solids concentration (X), solid-liquid density difference (Ap/pL),
and liquid kinematic viscosity (v;) as solid-liquid variables, whilst geometrical variables were
also included by some. Later studies considered the effect of gas addition on Nj [e.g.
Chapman et al. (1983)]. Due to significant differences in the design of standard stirred tanks

and mechanical flotation cells (mainly impeller and stator design), it can be expected that the
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critical impeller speed in a mechanical flotation cell will be influenced differently by the
system variables. A 124 1 (T = 0.54m) pilot scale Bateman mechanical flotation cell was
selected for this study. It was decided that this cell size was sufficiently large to be
representative of larger scale effects, but not too large so as to be suffering from inaccurate
measurements. A detailed experimental programme was conducted to test the effect of each
of the solid-liquid variables (i.e. d,, X, Ap/pr, vi) on N;;. The effect of geometrical variables
(e.g. T, D/T, C/T) were not studied in this work. Visual observation of the tank bottom was

used while applying the 1s criterion to identify the critical impeller speed.

From the two-phase critical impeller speed (Ns) work it followed that particle size (d,) and
especially solid-liquid density difference (Ap/pr) had the largest effects on the critical impeller
speed. These effects were also stronger than that found in most stirred tank studies. The
effect of solids concentration was found to be relatively small and also smaller than most
stirred tank studies. The effect of viscosity was conflicting for two particles sizes tested, but

overall it was found small enough to ignore the effect of viscosity on Nj,.

The three-phase critical impeller speed (Njs) work considered two aspects. Firstly, the effect
of gas addition on N, and secondly, the effect of the solid-liquid variables under gassed
conditions. Gas addition was seen to cause a linear increase in Nj;; and that the slope of this
increase was proportional to the value of Nj,. It was further seen that the effect of the solid-
liquid variables were affected by gas addition, firstly increasing from ungassed to a gassing
rate of 1.1 vvm (Jg = 1.0 cm/s) before decreasing on further increased air addition. However,
considering the effect of the solid-liquid variables for the different gassing rates combined,
they emerged as being very similar to the ungassed effects, which led to the final correlation
being based on all the ungassed and gassed data combined. This analysis led to the final N,

correlation for both two and three-phase conditions in the tested mechanical flotation cell.

0,70+0.06
stg = K. dpo.ssxo.oa 0172003 (Psp' £ ] (V /Vw )0‘0510.04 (4K, .J,)
/1

Where, Ksiy = 52, K =0.40 (cm/s)‘1 or 0.36 vvm™!

This correlation demonstrates how the off-bottom suspension condition in terms of the critical
impeller speed was influenced by the full range of solid-liquid-gas variables in a mechanical

flotation cell. In applying this correlation, it was seen that solids density had the largest effect
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on Nj,, followed by gas addition and particle size. Solids concentration and liquid kinematic
viscosity had relatively very little effect on off-bottom suspension in terms of the critical

impeller speed.

A secondary objective of this work was to consider solids distribution vertically in the cell
and to determine whether it is related to off-bottom suspension. For this, solids concentration
profiles were measured by sample withdrawal for a full range of impeller speeds (300-1100
rpm), for two particle fractions (75-106; 150-250 pm), and for both ungassed and gassed
conditions (Qg =0, 1 cm/s = 0, 1.1 vvm). The ungassed profiles had different characteristics
to the gassed profiles due to gas addition detrimentally affecting both the off-bottom
suspension and the solids distribution in the tank. The rising gas bubbles were seen to
contribute to the dispersion of solids in the uppermost, more quiescent areas of the cell. This
effect was more significant for the finer particle size. Finally, effectiveness measures that
could be derived from the concentration profiles were benchmarked against relative impeller
speed. These effectiveness measures included the extent of off-bottom suspension,
suspension heights, and the variation within the distribution. It was shown how definite
trends emerged for these off-bottom and solids distribution measures when plotted relative to
the critical impeller speed (N/N;). These concentration profile studies thus confirmed the
important role played by the critical impeller as a solids suspension parameter, both off-

bottom and distribution.
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Cs Impeller-bottom clearance, distance between m m
bottom of the blade and the tank bottom
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Dgs Solids dispersion coefficient m*s?! m’ s
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Nis Impeller speed for homogeneous solids rpm 5!
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CHAPTER1 INTRODUCTION

Flotation is undoubtedly the most versatile and widely used mineral beneficiation process,
both in South Africa and worldwide. The central step in the flotation process is particle
collection, following successful pérticle-bubble interaction under sufficient chemical and
hydrodynamic conditions [Ralston, Fornasiero and Hayes (1999)]. Solids suspension,
together with gas dispersion, and reagent mixing, are necessary preconditions to particle
collection and the effectiveness of these subprocesses depends largely on the hydrodynamic
conditions within the flotation cell [Schubert and Bischofberger (1998)]. Most early
mechanical flotation cell hydrodynamic studies, which included aspects of solids suspension,
were done by Arbiter, Harris and coworkers [Arbiter and Steininger (1962); Arbiter and
Harris (1962); Arbiter, Harris and Yap (1969)], and further by Schubert and co-workers
[Schubert and Bischofberger (1978); Schubert (1985)]. Solids suspension is also taken into
account during flotation cell scale-up [Harris (1976); Fallenius (1976)], and coarse particle
flotation [Weiss and Schubert (1989); Rodrigues, Leal Filho and Masini (2001)]. More recent
publications involving aspects of solids suspension either only extend on previous work
[Schubert and Bischofberger (1998); Schubert (1999)], or involves flotation work done in
standard stirred tanks and not in mechanical flotation cells [Hui and Ahmed (1998a)], or only
reports on industrial findings [Yianatos et al. (2001)].

It follows that most of the fundamental work on solids suspension had been done before the
late 1980°s using cell mechanisms that are mostly obsolete today and before the advent of
round mechanical flotation cells. The dramatic increase in cell sizes since the introduction of
round mechanical flotation cells further emphasizes the need for the better understanding of
all the hydrodynamic subprocesses, including solids suspension, in the design and operation
of these cells. Arbiter and Harris (1962) proposed that what is needed is a dual correlation,
between an effectiveness of solids suspension criterion and system conditions on the one
hand, and between the solids suspension effectiveness criterion and floatability on the other.
Yet, although solids suspension is often mentioned in flotation cell design and operation,
general methodologies for evaluating, or correlations for predicting, the effectiveness of solids
suspension in mechanical flotation cells are not generally available from literature. In
contrast, solids suspension has been the object of numerous studies in the general chemical
engineering literature. However, even in these studies, there is still a need for three-phase

solids suspension work. These studies are however done in standard stirred tanks and due to
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the large differences in especially impeller and baffling design as well as operating conditions

these results are not necessarily applicable to mechanical flotation cells, as is.

The objective of this work is therefore to contribute to the need for solids suspension studies
in mechanical flotation cells. This will be done by evaluating the solids suspension conditions
in a pilot scale mechanical flotation cell (124 1 Bateman mechanical flotation cell) and how it
is affected by changing system conditions. Considering that bubbles will not attach to
unsuspended particles, off-bottom suspension conditions are expected to play a large role in
mechanical flotation cell operation. The critical impeller speed (¥j), taken at complete off-
bottom suspension conditions, is the most widely used parameter for solids suspension in
stired tanks.  Schubert and co-workers measured N in mechanical flotation cells.
Considering the suggestion by Arbiter and Harris (1962), their work was aimed at relating
optimum floatability conditions for a number of processes to the critical impeller speed. They
did not relate Nj; to system variables. The primary focus of this work will therefore be to
determine how off-bottom suspension (V) is affected by the solid-liquid-gas system
variables, i.e. particle size (d,), solids concentration (X), solid-liquid density difference
(Ap/pL), liquid viscosity (v;), as well as gas addition rate (Jg). A secondary aspect of solids
suspension that will be considered in this work is the vertical distribution of solids as
measured by concentration profiles. Concentration profiles measured during some of the
critical impeller speed runs will be used to evaluate the effectiveness of solids suspension,

also in terms of solids distribution.

The layout of this thesis is as follows. The literature is reviewed in Chapter 2. This review is
extensive and wishes to expose the reader to the full breadth of work that has been done in the
chemical engineering literature. The experimental equipment, methods, materials, and
programme is considered in Chapter 3. The primary focus of this work, being the
investigation of critical impeller speed in the pilot mechanical flotation cell will be done in
Chapter 4, before considering the concentration profile results in Chapter 5. The conclusions

of this work is summarized in Chapter 6.
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This chapter introduces the field of froth flotation (cf. Section 2.1) before considering the
machine used most extensively for froth flotation, being the mechanical flotation cell in
Section 2.2. Solids suspension, as the focus of this work, is one of a number of related
subprocesses in the collection zone of the mechanical flotation cell. These subprocesses
affecting the collection zone is reviewed in Section 2.3. Solids suspension has been studied
more extensively in stirred tanks than in mechanical flotation cells, where a shortage of solids
suspension work has been identified. For this reason, solids suspension as treated in stirred
tanks is considered in Section 2.4. This then serves as background in the evaluation of solids
suspension work that has been published in the flotation literature, which is then considered in
Section 2.5. The scope and objectives of this work is delineated in the final section of this

chapter (cf. Section 2.6).

2.1 FROTH FLOTATION

This section serves as an introduction to the flotation process. After an overview
of froth flotation (cf. Section 2.1.1), the flotation process is analyzed in Section 2.1.2. The
last part of this section (cf. Section 2.1.3) provides a brief overview of different types of
flotation cells used in industry. This section on froth flotation was partly derived with
reference to reviews done by Deglon (1998) and Lewis (2003).

2.1.1 Overview of Froth Flotation

Froth flotation as a patented process is well over 100 years old and is the most
widely used separation method in the mineral processing industry, responsible for the
beneficiation of more than two billion tons of ore annually, consisting of over a hundred
different mineral species. The first patent involving mineral flotation was granted in 1860 to
Haynes who recognised differences in the wettability of mineral particles by oil and water
[Anon (1998)]. This was the starting point for a number of “o0il” flotation processes. Froth
flotation was first used commercially at Broken Hill to treat zinc-rich lead tailings in 1909
[Griffiths (1998)]. Originally used to treat lead, zinc and copper sulphide ores, froth flotation
is now applied to over one hundred different mineral species, including iron oxides, oxidised

minerals such as malachite, and also non-metallic ores such as coal. The selectivity of the
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process also means that complex orebodies, such as those containing lead, zinc and silver-

bearing minerals can be separated into specific concentrates.

Due to its prevalence in mineral processing, inefficiencies in flotation translate into both
enormous losses of revenue and unnecessary wastes of the world's valuable and steadily
declining mineral reserves. These losses are expected to compound in the coming decades as,
due to the preferential processing of high quality ores, mining companies are forced to treat
more, more complex, and finely disseminated ore bodies. In order to address the
inefficiencies in flotation processes considerable flotation research has been undertaken,
especially in the three major areas of flotation reagent, flotation cell, and flotation
fundamental research [Schulze (1984)]. Research into flotation reagents has focused on the
development of new reagents and an understanding of the role of these reagents in the
subprocesses of flotation. Research into flotation cells has focused on the development of
new flotation cell technologies and improved economies of scale from a better understanding
of cell hydrodynamics and the subprocesses of flotation. Research into flotation fundamentals
affects both the aforementioned areas of research, and has focused on improving flotation
efficiency through an increased understanding of the fundamental mechanisms behind the

sub- and microprocesses in flotation.

2.1.2 The Flotation Process

The process of flotation selectively separates different minerals by exploiting
differences in the surface properties of the various species. The addition of flotation reagents
selectively renders the surfaces of mineral particles either hydrophobic or hydrophilic. The
hydrophobic particles become attached to air bubbles and are carried upwards through the
slurry to a froth layer that forms at the top of the flotation cell. This froth layer is removed
and usually becomes the concentrate. Hydrophilic particles remain in the slurry in the
flotation cell and usually discharge as the tails in conventional flotation. In reverse flotation,
the gangue minerals are removed in the froth stream and the valuable mineral remains in the

slurry discharge stream.

Froth flotation is dependent on the successful completion of a large number of interdependent
sub- and microprocesses, all of which are required for a mineral particle to selectively report

to the flotation concentrate. As shown in Figure 2.1 these sub- and microprocesses can largely
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be divided into three stages of the process, i.e. the conditioning stage, the collection stage,
and the separation stage as also identified by Schulze (1984). Although a particle has to go
through these stages in sequence before successful recovery or rejection, it should be
remembered that these stages are interdependent and occur simultaneously in a flotation cell.

The conditioning, collection and separation stages will now be briefly considered in Sections
2.12.1t02.1.2.3,
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Figure 2.1 Schematic representation of the flotation process

2.1.2.1 Conditioning

Flotation is a three-phase process, which selectively concentrate solid particles in

a continuous liquid medium using gas bubbles. The aim of flotation is to separate liberated

solid particles of the optimum size correctly as either hydrophobic froth or hydrophilic slurry
discharge. The liquid (normally water) carries the reagents for regulating the process and
forms the continuous phase in which the process occurs under the right hydrodynamic
conditions. The gas phase (normally air) forms the bubbles, which are the vehicles
responsible for particle collection and removal. The action of the impeller causes solid

particles to be suspended into the liguid to form slurry, and reagents such as collectors,
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activators, depressants and frothers are added to the cell. The various reagents perform
different roles in the flotation process. Collectors are used to render the surface of the
valuable mineral hydrophobic, and therefore amenable to collection. Activators selectively
activate certain mineral species within the shlurry to allow a collector to render them
hydrophobic. Depressants are used to suppress the natural floatability of gangue minerals in
the shurry. Frothers reduce the gas-liquid surface tension and are added to aid in bubble
formation and to stabilise the froth layer at the surface of the cell. The successful completion
of the conditioning stage delivers solid particles optimally conditioned for either collection or
rejection based on their surface hydrophobicities as well as optimum chemical conditions in

the liquid phase for bubble formation and stability.

21,22 Collection

In order to be collected hydrophobic particles have to interact with bubbles to
form particle-bubble aggregates, which are stable enough to withstand the disturbances in the
slurry and buoyant enough to reach the slurry-froth interface. The prerequisite conditions of
suspended solids, dispersed gas and sufficient turbulence set the scene for three fundamental
microprocesses to occur in flotation, i.e.

1 Collision - the particle must collide with the bubble.

2 Attachment - the disjoining film separating the particle and the bubble must thin,
rupture and recede to form a stable contact angle.

3 Detachment (unwanted microprocess) - the particle-bubble aggregate must be
sufficiently stable to withstand external stresses in the flotation cell caused by

turbulence in order to reach the froth phase for removal.

The probability of these occurring with particles has to be considered in order to evaluate the
efficiency of particle collection in a flotation cell. The probability of particle collection
(Pcotiect) can be expressed as a product of the probabilities of particle-bubble collision, P,, -
attachment, P, and - detachment, P,.

P

collect

=PF(1-F,)
..................................................... Equation 2-1
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Probability of Particle-Bubble Collision, P,

Collision is the process whereby conditioned and suspended particles are brought into contact
with dispersed gas bubbles inside the flotation cell. The main mechanism of collision is a
direct encounter between a particle and a bubble in suspension [Arbiter (1984)]. To collide
with a bubble, a solid particle must have sufficient momentum to resist the tendency to follow
the streamlines around the bubble [Ahmed and Jameson (1989)]. Many expressions exist for

the efficiency or probability of collision, P., but one of the more commonly used is given by:

d L
P o dp" ; Where m and n vary between 1-2 and 2-3, respectively
b

..................................................... Equation 2-2

While attempts at modelling collision in quiescent systems have focused on the influence of
hydrodynamic forces on the probability of collision, the analysis in furbulent systems has
focused on determining the rate of particle-bubble collisions per unit volume. The rate of
particle-bubble collisions is a function of the numbers of particles and bubbles, particle and
bubble sizes, and specific power input ¢. Increasing ¢ leads to increased rates of collisions,
whereas decreasing the bubble size may also increase the rate of particle-bubble collisions,

mainly due to increasing the number bubbles in the turbulent system.

Probability of Particle-Bubble Attachment, P,

Attachment between particles and bubbles is a complex interaction of both hydrodynamic and
surface forces. The probability of attachment is defined as, the fraction of particles that
remain attached to bubbles after collision has occurred, and is commonly modelled in terms of
contact and induction times. The contact time is the time that a particle and a bubble are in
contact for after colliding, while the induction time is the time taken for the disjoining film to
drain, rupture and form a stable contact angle. Schulze (1989) analysed bubble deformation
resulting from contact with a particle and found the contact time to be weakly dependent on
the particle-bubble relative velocity, but found the induction time to be stronger related to this
velocity. Increasing the specific power input, increases the relative velocities and should thus
lead to increasing attachment. Schulze further showed that sharp edged particles can promote
film drainage and reduce induction time to the order of contact time in turbulent systems.
Laskowski (1993) found increasing frother dosage to have the most significant influence on

induction time and leads to dramatic decreases in induction time.
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Probability of Particle-Bubble Detachment, Py

Detachment between particles and bubbles is an unwanted microprocess, controlled by both
the stability of particle-bubble aggregates and external shear stresses in the flotation cell. The
analysis of detachment is primarily of relevance to turbulent systems as detachment is
negligible in quiescent systems due to appreciably lower external stresses in quiescent
environments. The probability of detachment is defined as the fraction of attached particles
that detaches from bubbles in the flotation cell. It has been found that detachment is strongly
influenced by particle size (P, o d,**"®) [Mika and Fuerstenau (1968); Woodburn, King and
Colborn (1971)], is increased by the level of turbulence (g) [Schulze (1982)], and is more
difficult to occur with small bubbles than with larger bubbles [Holtham and Cheng (1991)].

The successful completion of the collection stage produces stable and buoyant particle-bubble
aggregates containing the hydrophobic particles, in conditions allowing these aggregates to

rise towards the froth phase, and hydrophilic particles to remain in the slurry phase.

2.1.2.3 Separation

The final separation and removal of wanted and unwanted mineral particles
happens during this stage. After collection, the particle-bubble aggregate must transition
towards and into the froth layer and be transported through this layer until removed from the
flotation cell. At the slurry-froth interface, the particle-bubble aggregates need to separate
from the hydrophilic gangue minerals, which should remain in the slurry. However, due to
bubble crowding at the slurry-froth interface considerable entrainment of slurry into the froth
occurs. Froth stability is very important as, liquid film drainage and rupture of bubbles with
age causes some of the particles to return to the pulp from the froth (dropback). The rate of
froth flow is dependent on a number of factors, most notably aeration rate, pulp chemistry and
cell geometry. The slurry stream containing the gangue minerals is normally removed lower
down in the cell. The unwanted subprocess related to slurry discharge is called shorz-
circuiting and occurs when particles from the feed stream bypass the collection stage and
discharge directly into the tailings stream. The successful completion of the separation phase
produces a froth loaded with the hydrophilic particles and very little unattached hydrophilic
particles, as well as a slurry discharge stream containing only particles that were

unsuccessfully contacted with air bubbles.
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2.1.3 Overview of Flotation Cells

The flotation cell has been under continuous development since the first years of
the Twentieth Century, although an understanding of the role of the cell itself in the flotation
process was slower to develop [Arbiter (1984)]. Many types of flotation cells have been
developed. Taggart (1945) makes mention of 171 different cells, although the majority of
these existed only in patent descriptions. A number of authors [e.g. Wills (1997); Skillen
(1993)] have discussed the types of flotation cells in use today and the following brief
overview are based on these reviews. Flotation cells can be divided into three broad
categories: mechanical cells, column cells and novel cells. Each category will be briefly

discussed here.

2.1.3.1 Mechanical Flotation Cells

Mechanical flotation cells are the workhorses of the flotation industry and, despite
competition from a large variety of alternative flotation technologies, are still responsible for
the bulk of world flotation. These cells were traditionally square but recently became
cylindrical in shape with increased maximum volumes of up to 250 - 500 m’. Mechanical
agitation is delivered by an impeller mechanism, responsible for producing solids suspension,
gas dispersion, and turbulence for particle-bubble contacting. As high levels of agitation are
required for efficient particle suspension and gas dispersion, these flotation cells are thought
to be best suited to the flotation of fine to intermediately sized particles due to strong

detachment forces acting on coarser particles in vigorously agitated systems.

2.1.3.2 Column Cells

Column cells are a technology that has struggled to find acceptance in the
minerals industry, although in recent times columns have become more widely used. A
column cell is either round or square and can be up to three metres in diameter and over ten
metres tall. Feed enters the cell near the top and flows downward in the cell under gravity,
countercurrent to the gas, which is introduced into the cell near the bottom through gas
spargers. This countercurrent flow results in good contact between the bubbles and the

particles. Higher-grade concentrates can also be achieved using wash water at the top of the
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cell, which helps to wash entrained gangue minerals out of the froth and back into the pulp.

Due to the high grades achievable with column cells, they have become more widely used in

cleaning applications.

2.1.3.3 Novel Cells

Numerous novel cell designs have been made since the inception of froth
flotation, each attempting to improve on certain aspects of the subprocesses occurring in
flotation. The two focus areas have been in microbubble generation and improving the
particle-bubble interaction through a combination of high levels of agitation, and decoupling

the processes of solids suspension and gas dispersion.

Section 2.1 has aimed to introduce the process of froth flotation. It follows from
the overview of flotation in Section 2.1.1 that froth flotation is the most widely used mineral
separation technigue, responsible for the treatment of billions of tons of many ores annually.
Inefficiencies in flotation thus translate into enormous losses of revenue and wastes of
mineral reserves. To address inefficiencies in the flotation process, research has focused on
Sflotation reagents, flotation cells and flotation fundamentals. The research presented in this
thesis is mainly relevant to the area of flotation cell and to a lesser extent flotation
Jundamental research by contributing to the unravelling of the solids suspension subprocess
in mechanical flotation cells. In Section 2.1.2 it was shown that the flotation process consists
of many sub- and microprocesses, which can be divided as occurring during different stages
of the process, i.e. conditioning, collection and separation stage. The importance of solids
suspension was highlighted during the collection stage where solid particles have to interact
with dispersed gas bubbles in order to be collected. Solids suspension is strongly related to
the level of agitation in the cell. The level of agitation (turbulence) furthermore (in addition
to bubble and particle size) has a strong influence on the collection microprocesses through
its influence on the rate of particle-bubble collisions, the probability of attachment and the
probability of unwanted detachment. At high levels of turbulence (¢), detachment starts to
become the collection limiting microprocess. Section 2.1.3 very briefly considered different
Sflotation machine technologies and highlighted the importance of mechanical flotation cells
as being responsible for the bulk of world flotation.
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2.2 MECHANICAL FLOTATION CELLS

As this stady was conducted in a mechanical flotation cell, this section serves to
introduce mechanical flotation cells. Section 2.2.1 presents an overview, focusing more on
general design considerations snd developments in mechamcal flotation cells, before
considering the different types of mechanical flotation cells being supplicd today in Section
2.2.2. In the next section, the attention will be focused on some of the subprocesses occurnng

in mechanical flotation cells, of which solids suspension is an important one {cf. Scetion 2.3},

2.2.1 Overview of Mechanical Flotation Cells

Mechanical flotation cells are the most widely used of all flotation machines

[Wills (1997}, being charscterised by 2 mechanically driven impelier, which agitates the
slurry and disperses the incoming air into small bubbles, Flotation cells are designed to
produce magimum recovery of valuable minerals, at high product grades and the lowest
possible cost. These machines are therefore designed such that the following objeclives can
be achieved simultaneously from the cell [Young (1982)]:

. Mainienance of parficles in suspension

. Dispersion of air into small bubbles in the slurry

. Creation of adequate conditions for particle-bubble contact

. Creation of yquicscent condilions towards the froth zone of the cell

. Ensuring the easy separation of particles into the concenfrate and tailings sireams

. Ensuring easy start-up after stoppages caused by breakdowns, power outages, efc.

. Ensuring that cell geometnies fit easily into circuits (in serie configurations)

. Easy froth removal
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Air Inlet
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Froth Launder Separation Zone

Mechanism
{Impeker and Stator)
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-— Bischarge

Fisure 2.2 Conventional mechanical flotation ccll

The benefits of increasing cell sizes were already recognised early in the development of
mechanical Mlotation cells. Degner and Treweck (1976) discussed “large’ fAotation cell design
and development of up to 85 and 14.2 m’ (300 and S00ft") and listed the following
advantages:

. Reduced capital costs

. Less floor space

. Reduced operational complexity (less cells)

L] Less mainienance

Degner und Treweek (1976) further qualified the aspects given above as advantages only 1f
the following two aspects are not compromised:
. Metallurgical performance

. Solids suspension capability of the cell

The development of flotation cells through the vears 1s discussed by Arbiter (1999), Jenaitis
{1999) and Weber ef al. (1999), The cell sizes quoted by these authors combined with the
latest supplier information are graphically displayed in Figure 2.3 {a). In Figure 2.3 (b)
approximate tank diametets or length, 7, were included (assumed: V ~ /4. 77),
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Figure 2.3 Increase in flotation cell sizes in terms of {(a) volume, (b) tank diameter

It follows that cell sizes have dramatically inercased sinec the 1960°s when maximum cell
gizes was 1.7 to 5.7 m", until today with maximum design cell sizes quoted as 150 [Gilbert
(2004)], 200 [Anon (2003a)], 250 [Anon (2003bh)] and 300 m’ [Anon (2004)]. This
graphically demonstrates the vhservation by Arbiter (1999) that flotation cells have increased
more than ten fold over the last two decades and 100-fold since the 1950%! The most

dramatic increase in cell sizes occwrred since the early 90°s with the advent of round

mechanical cells.

2,22 Types of Mechanical Flotation Cells

Mechanical flotation ceils can be classified by the method of air supply to the
flotation cell. At sufficient impeller speed, the rotation of the impeller causes a pressure drop
in the standpipe due to vortex formation and cavitation behind the impeller blades. With seff-
aerating flotation cells this pressure drop, caused by the impeller rotation, 15 the only driving
force for air to flow into the cell from ambient pressure, With forced-aerated cells, additional
pusitive pressure is applied to the air feed to the cell by wsing air blowers, This requires
additional energy for the air blowers but allows greater control over the air addition rate into
the cell. Further classification of mechanical flotation cells can be made in terms of the
design of the vessel in which the impeller mechanism is fitted. Previously all mechanical
flotation cells were square or rectanguiar. These conventional cells were at first Atted
together in banks of cells in series with or without dividing plates between them (“cell-to-ccll’
va. ‘open-flow’), As the sizes of conventional cells increased, the numbers of cells down the

bank decreased until large single conventional cell units were used separately (cf. Figure 2.2).
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Conventional flotation cells have lurgely been replaced by round flotation cells m recent
years. Also, while, more than 10 suppliers supplied many different types of conventional
flotation cells until the mid-50°s, have the number of suppliers of round flotation czlls
decreased to around four at the momemt. The current suppliers of mechamical flotation cells

and thetr products are given in Table 2.1.

Table 2.1 Round Mechanical Flotation Cells Supplied as at 2004

Supplier Round Cell Air Feed Cell volumes
Bateman Round BOR Cell Forced-aerated <510 150 m’
Metso Minerals RCS™ Machines Forced-aerated 5 to 200 m’
Outokumpu TankCell™ Forced-acrated 5to 500 m°
Wemeo SmartCell Self-aerated 5to250m’
(Dorr-Oliver Eimco)

Self-uerated and forced-aerated Notation cells will now be discussed briefly.

2221 Self-aerared Flotarion Celly

Wemco is the only supplier of self-acrated flotation cells today. A schematic of a
Wemco SmartCell™ is shown in Figure 2.4. It is clear that with this cell, the mechanism is
not submerged very deep down into the pulp zone of the cell. The impeller mechanism
cofisists of a rotor with a disperser and disperser hood fitted over it. Slurrytlow from the
bottom of the tank to the rotor is enhanced by a draft tube fitted below the mechanism and
connected to a false bottom. This false bottom directs flow along the bottom of the tank for

sofidy siispension purposes,

Degner and Treweek {1976) described the operation of Wemco self-aerated cells as follows,
The rotation of the rotor generates a liquid vortex from the draft tube and extending down to
the standpwpe. The vacuum generated by this vortex will draw air into the standpipe and rotor
core, This vacuum s strongly dependent on the rotor speed &, and the rotor submergence §;
below the slurry surface. which is the reason for the high mounting of self-aerated
mechanisms. In addition to the air, 1s slurry drawn into the rotor from below through the draft

twbe. The slurry 15 mixed with the air before being discharged from the rotor with significant
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tangential as well as radial velocity veetors. When this fluid reaches the disperser, the
tangential vectors arc tumncd into radial vectors causing high local turbulence (shear)
conducive to small bubble generation and good solid-slurry mixing. Once the air-slurry
mixture fcaves the disperser, it enters the mam fluid body of the cell and only specic

scparation is still to be accomplished in the relatively quicscent region above the stator

mechanism.
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Fizure 2.4 Wemeo SmartCell A

Some of the collection zone benelits of the Wemeo SmartCell™ can be highlighted as

follows.

Wemco SmartCelP™ [dnon (2003b)]

- Blowers are not required
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. Rotors are located in an clevated position allowing easy startup and reduced wear
. Draft tube and bevelled tank improves

o Hydrodynamic mixing

o Sohds suspension

o Coarse particle recovery

2 R2 Forced-gerated Flotation Celly

Forced-acrated or supercharged flotation cells arc currenily supplied by Bateman,
Metso Minerals and Outokumpu. Examples of their round cells are shown in Figure 2.5
Remarkable overall similarity 1s ¢lear from these schematics. The basic feature of the forced-
air cells is the impeller mechanism consisting of an impeller-stator combination fitted Jow
down in the tank with relatively low impeller clearances from the bottom of the tank, The
supercharging of the air allows freedom in the vertical placement of the impeller mechanism,
and 1t 15 therefore placed lower in the cell for effective solids suspension and gas dispersion
pumposes.  In addition, supercharging also allows more freedom over the control of the air
flowrate Lo the cell. Though differences in the impeller designs do exist, they all have radial
blades with vertical profiles reducing the impeller diameter from the top to the bottom of the
blade. The Cutokumpu impeller is differentiated from the other two with the use of a doublc
blade configuration separating the air and slurry flow through the impeller. Other differences
in the forced air cells are differences m the slurry feed and discharge arrangements, froth

crowding -, and froth laundcr arrangements.
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(a} Bateman BQR Cell

(¢) Outokumpu TankCell”

Figure 2.5 Forced-aerated round flotation cells

Unique features of cach cell’s mechanism design are briefly given as follows,

Bateman BOR Cell [Gilbert (2004)]

i Open rotor
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o Excellent solids suspension
o Good air dispersion
o Reduced power consumption
. Overhung stator
o Easter start-up under load
o Complete mechanism is removable
o More stable froth-pulp mterface

- Closed stator and open impeller

Metso Minerals RCS™ Celt [Anon (2003a)]
o Deep Vane DV™ Mechanism
o Powerful radial slurry pumping to the cell
© The only mechantsm to give slurry recirculation to the upper part of the
impeller

. Open stator and open impeller

Qutokumpu TankCell™ [Anon (2004}]

e Free flow Mechunism
o For coarse and medium sized particles
o Keeps the sturry in motion without excessive turbulence

. Multi-Mix Mechanizsm
o For fine to medium sized particles
o Maximum contact in the shear zone between the rotor and the stator
o Improved recovery of especially fine particles

. Open stator and closed impeller

Apart from these ‘unique’ features, all the suppliers claim to provide optimum flotation
performance through,

. Maximum particle-bubble contacts

@ Effective sofids siuspension

= Effective air dispersion
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It 15 thought that forced-aerated cells can be more effective in fine particle recovery due to the
high levels of turbulence possible by placing the mmpeller mechanisms low down in the tank

without disrupting the quiescent and froth zones.

Ay this study on solids suspension was conducted in a mechanical flotation celi,
Section 2.2 specifically considered mechanical flotation cells. It stgried by giving an
overview of mechanical flotation celly in Section 2.2.1, where it was seen that solids
suspension Is an important objective in the design of mechanical flotation cells. The increase
in mechanical flotation cefl xizes to achieve greater economies of veale was alvo highlishied
here especially xvince the advent of round mechanical flotation cells in the early 90's. Scale-
up normally reguires a good understanding of all the subprocesses (including solidy
suspension) in order to be applied successfully. The different tvpes of round mechanical
Hotation cells were discussed in Section 2.2.2 wherve they were divided mto self-aerated and
Jorced-aerated cells.  The importance of solids suspension as one of the subprocesses
occurring in these machines is evident from the discussion. This work was done in a forced-
aerated mechanical flotation cell, which in terms of design were shown to he significantly
different from the self-aerated machines. The work in this thesis is thus more related to the

Sforced-aerated mechanical flolation cells as shown in Secrion 2.2.2,.2.
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2.3 SUBPROCESSES AFFECTING THE COLLECTION ZONE

As already discussed in Section 2.1.2, the flotation process can be divided into the
stages of conditioning, collection and separation. Each of the stages consists of a number of
sub- and microprocesses, which influences the effectiveness of the flotation process (cf.
Figure 2.1). Compared with the mostly reagent controlled conditivning stage, the collection
and separation stages are the main functions of a mechanical flotation cell. In terms of
collection and separation subprocesses, a mechanical flotation cell can be divided mto
different zones as indicated in Figure 2.6. These zones are not always that clearly definable
as 1s especially evident for the pulp phase zomes {i.e. collection and quiescent zones), and only
demarcate areas where certain subprocesses are expected to dominate. This study focuses on
solids suspension, which is an important subprocess in the collection zone of the mechanical
flotation cell. This section will therefore mainly focus on the eoflection zone subprocesses in
a mechanical flotation ¢ell. Considering the colizction zone subprocesses as shown in Figure
2.7, they are solids suspension, gas dispersion and particle coliection. These subprocesses are
all regulated and controlled by the Avidrodviamic conditions in the collection zone, which
should thus form part of an overview of the collection zone subprocesses, The particle
collection subprocess, consisting of the collision, attachment and detachment microprocesses
was aiready discussed n Section 2.1.2.2, Suffice to reiterate here thal increased agitation
increases all the particle collection microprocesses of collision, attachment and detachment,
but that detachment becomes controlling at high levels of power addition {£). This section
will thus give an overview of hydrodynamics {Section 2.3.1), gas dispersion (Section 2.3.2)
and solids suspension {Section 2.3.3) in mechanical flotation cells. Later, sofids suspension
will be considered in more detail in Sections 2.4 and 2.5 of this chapter.



Literature: Subprocesses Affecting 'The Collechon Zone

Ar

Froth rone

Quiescent zone

Collection rone

Stator ———
Imgprellar

Figure 2.6 Schematic of a mechanical flotation cell showing different zones in cell

Collection -
3 i
Bubble % e :
e |
5 :n.-.n-n..-...u..-. -I-i-ihi--b: :I
IR 2 Collection L9
" b i :  hydrodypamics: P =P P {1-P ) s Foe
- . w R S
i y............. ; b
% | Particle poNe= ; I Taidls
'.}- i -
Wy R i’
T 1 P -Ik'.
et A =
Salid Pan
: '-\..__\I . ..-"I-I
i o -.-I-"-n.-.-||-..|.-|---.-|"'-I 2
i e Agitation

Figure 2.7 Colleclion zone subprocesses in mechanical tlotalion cells.



24 Chapter 2

2.3.1 Hydrodynamics

As dlready mentioned in the previous section, the hydrodynamics in the collection
zone of a mechanical flotation cell controls the other subprocesses of solids suspension, gas
dispersion, and patticle collection. Hydrodynamies is the study of fluid motion. In stirred
tanks, this motion is caused by the rotation of an impeller. Hydrodynamics is thus influenced
by the impeller speed (dynamic variable}, the properties of the fluid (fluid vanables), and the
geometry of the system {geometrical variables). In flotation, the term hydrodynamics 15 ofien
used more broadly when referring to any variable related to the propertics or motion of the
three-phase slurry in a cell, e g impeller speed, impeller diameter, slurry density, liqud
viscosity, liguid surface tension, gas addition rate, gas holdup, power addition, etc. These
vanahles are normally combined into certain fvdrodynamic parameters, which are then
normally related to other subprocesses or overall flotation performance. These parameters
used to characterise the hydrodynamics in a mechanically agitated flotation cell will be

disgussed in this scetion.

Dimensional analysis 1s needed in problems that cannot be solved completely or rigorously
with mathematical models [De Nevers (19913, 1t reduces the number of independent
variables that has to be correlated, and in this way attempts to simplify the problem. This
simplification in turn leads to increased understanding of the problem. There are different
technigques that can be used m the application of dimensional analyses, i.c. the method of
governing eguations, the mcthod of force ratios, and the Buckingham [ methed
Dimcnsional analysis however still requires good judgement to be applied effectively, The
Buckingham /fi-theorem is often used and it states that »f there is a dimensionally
homogeneous equation relating # quantities defined in terms of » refcrence dimensions, then
the equation may be reduced fo a rclationship between #-¢ indcpendent dimensionless

produets {77 ;3, provided that the reference dimensions are independent [Dickey {1992)].

The main varrables influencing the hydrodynamics in 2 mechanical flotation cell is indicated

in Figure 2.8.



I~
AL

Literature: Subprocesses Affecting The Collection Zone

N

B s Qb ___"I".

b eseesi| (Yoina;ter

Stater —-- 4

" Imaoeler

Figure 2.8 Hydrodynamic variables in a mechanical flotation cell

The thirteen hydrodynamic variables in Figure 2.8 can be divided nto geometric, flmd and
dynamic variables.  The geometric variables include the tank diameter T (m), impeller
diameter D {m), impeller width # (m), impeller midpomt clearance C (m), and the liquid
height 7 (m). The fluid variables nclude, slurry density pg {keg.m™), the liquid viscosity g
imPa.s = 0.001 kg.m'1.5'1 y. and the gas-ligud surface tenston oy (N.m!=k g,s“E]. The Huid
density pr and viscosity e should theoretically be the cffective three-phase fluid valucs in the
vicinity of the impeller bui, due o difficulties of m-situ determination or estimation, are ofien
taken as the slurry density py; and the liguid viscosity g, The dynamic variables include the
impeller speed & (s}, impeller slurry discharge flowrate O {m:"fs}, gas flow rake Oy (mjfs},
shaft power draw P (kKW = 1000 kg.m®s7), and the acceleration duc to gravity g (m/x’).
Assuming that these variables are all related and taking power draw P 1o be the dependent
variable, as 15 traditionally the case; the following correlation can be proposed [Edwards and

Raker (1992)].

Pa (N DI CT L 000500 5200
..................................................... Eguation 2-3
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It follows from the Buckingham fI-theorem that these thirteen variables in three independent
dimensions {i.e. kg, m, and &) will lcad to the formation of ten dimensionless groups as shown
in Table 2.2, In the formation of these dimensionless groups, the variables are combined in

such a way that the dimensionless groups will have physical meanings (often force ratios) as

indicated in the last column of Table 2.2,

Table 2.2 Hydrodynamic Dimensionless Groups in Mechanical Flotation Cells

Dimensionless Group Formula Range” Physical Meaning
Power Number (Np) B P 05—5 Ratio of actual imposed to imertial
S Py N forces on stmdard rotor
Reynolds Number (N} N D ND* Selir — 2x10° i Ratio of inertial to viscous forees
= Hy
Froude Number (Ng,) __N'D = Rano of inertial to gravitational
Ner g forces
Flow Coefficient (Nga) | . _ O, 0.56-1.00"" | Ratio of actual impeller pumping rate
TRy 055" to standeed votor pumping rate
Air Flow Number {Vgg) i Q. .01 — (.20 Ratio of actual air flowrate 1o
sy 0.05-030 standard rotor pumping rate
" Weher Number (Vge) o NN Ratio of ingrtial to surface tension
i i = i forces
Geometnie Groups: | Detines the relative geometnic setup
[ Rel, Impeller Diameter T 1/4 (1/2% #*
Rel. Impeller Widih WD 110 - 1%
Rel. Impeller Clearance c/r 1/6-1/2*
Rel. Liquid Height 2T J/3- 5.2 *

" Data laken from Arbiter, Harris and Yap (1969), Harris (1974), Koch {1975), Mavros (1992), and Schubert

and Bischofherger (1995),

" Denived from data given in Weber et af, (1999) for Wemeo impellers (may inclode induced shurmy

circulation).

T Recommended by Edwards and Baker (1992) for use with turbine agitators (1.2 = DVT = 0.5} for design
purposes, Joshi, Pandit and Sharma (1982) gives Ny, for propellers as .65 and 0.78 lor pitched blade turbines.

7 As given by Schubert and Bischofberger (1995),

* The Weber number s given in Mavros (1992, Nw, = N £ is not dimensionicss and should be pN°EF g as

given i other texts,

* Range for standard stired tanks [Tatterson (1 991 Oddshue, Herbst and Post (19951].
=+ Ranpe for mochameal lotation ceils as per Haerds (1974). Larger round cells, introduced after this reference

have DT walues below 174 (~1/5),
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Using the dimensional analysis results in Table 2.2, Equation 2-3 can now be slightly

simplified by rewriting it in the form of dimensionless numbers as follows.

Eé]
T'T

..................................................... Equation 2-4

3

D
N, = f(NRe,NF,,NQd,NQG,NWe,?-

TR

Power draw P is the power transfer from the impeller to the fluid, causing fluid motion, and is
eventually dissipated as viscous heating of the fluid [Tatterson (1991)]. P is often the focus of
many hydrodynamic studies in mechanical flotation cells, due to the influence that P has on
the efficiency of turbulence controlled subprocesses (e.g. gas dispersion, and particle
collection), and also on the operating cost of the process. P is a dependent variable that can
be calculated from the power number. The power number Np 1s the ratio of the imposed force
by the shaft on the impeller [Fp = M/I(D/2) a PI(N.D)], compared to the resultant theoretical
inertial force (F; = m.a a pD*.N%), which the fluid will apply to a standard rotor of unit
efficiency as it rotates. Taking the ratio of these forces gives the Np formula as given in Table

2.2 and due to its frequent use and importance is repeated here.

P

p=

..................................................... Equation 2-5

The imposed force and inertial force are always in balance during steady operation of the
impeller. The Np of an impeller is related to its design and impellers with high power
numbers experience higher inertial forces from the liquid than a standard rotor and will thus
dissipate more power at the same speed than an impeller with a lower Np. Impellers scaled

with geometric similitude will have the same Np at the same Np,.

The Reynolds number Ny, indicates the relative effect of inertial (F=ma) forces as compared
to viscous forces (F,=u.du/dy a uND/D =uN) and is used to indicate the fluid regime (i.e.
laminar, transitional or turbulent) in a flow system (e.g. flow through pipes, settling particles,
rotating impellers, etc). For rotating impellers, Ng. < 10 indicates laminar impeller operation,
where Np is linearly proportional to Ng.. All types of impellers are taken to operate in the
turbulent regime at N, > 10° [Oldshue, Herbst and Post (1995)], where the power draw of the
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impeller is independent of Ng. in well-baffled systems. From Table 2.2 it follows that
flotation impellers are mostly operating in the turbulent regime where Np is independent of
Nre. Arbiter, Harris and Yap (1969) tested a number of flotation impeller mechanisms in
liquid only tests and found the power numbers for most to remain constant at Nz, > 5x10%, as

would be expected for fully turbulent well-baffled systems.

It should be reiterated here that Np and Nz, were originally developed for homogeneous
single-phase stirred systems. In two- and especially three-phase systems, the effective fluid
density pr and viscosity ur can normally not be determined accurately and for that reason, are
often taken as the average shurry density in the tank pg; (or sometimes p;), and liquid viscosity
ur. Notably Np and Ng. are the most common dimensionless numbers affected by the fluid
density and viscosity variables (Also, Nw. depends on pr). The bases used for these fluid

variables (water or slurry) should thus be noted when working with Ng. and Np.

As expected from the Np correlation, Arbiter, Harris and Yap (1969) found that the power
draw is increased with increasing slurry density pg,. Arbiter et al. found that moderate
geometrical changes in terms of tank geometry, baffling, impeller clearance C and impeller
diameter D did not affect the Np significantly. They concluded that the Np of shrouded
impellers is less influenced by geometrical variations external to the mechanism. In terms of
power, it can thus be concluded that for flotation cells the Np are mostly independent of Ng.
(for Ng. = 10%) and the geometry external to the mechanism, but are strongly influenced by the

design of the impeller and stator mechanism and the effective fluid density pr.

The other dimensionless numbers in Table 2.2, are normally used when referring to specific
aspects of mechanical flotation cell operation. The Froude number Nr, relates the inertial
forces encountered by the impeller (57 = m.a) to the gravitational forces g acting on the fluid
(Fg = m.g), and in this way is strongly related to vortex formation. Vortex formation in the
standpipe and impeller is important for gas induction and gas dispersion (bubble formation).
The pumping number Np; (or discharge flow coefficient) gives an indication of the
effectiveness of the impeller as a pump, causing bulk fluid motion and circulation. It
compares the actual slurry flowrate discharged from the impeller Qg to the theoretical fluid
pumping rate of an ideal standard pumping impeller (ND?). In order to measure the pumping
rate, radial velocity measurements in the impeller discharge stream is needed. Due to the

difficulty of measuring these velocities, the pumping number Ny, is less often used in
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mechanical flotation cells, The airflow number Ny is more commonly used than the
pumpintg number, due to the relalive ease of measuring the air flowrate into the cell. Here the
air flowrate is compared to the theoretical fluid pumping rate of the impeller and is often
related lo gas induction and dispersion, but often also to the power draw, impeller pumping
capacity, and effectiveness of solids suspension. The Weber number Ny, relates the mertial
forces expericneed by the impeller to the gas liquid surface tension gg;. Due o the strong
influence of g5, on bubble size, Ny, s strongly related t0 bubble formation and dispersion in
mechanical flotation cells. However, apart from the hydrodynamic dimensionless numbers
listed it Table 2.2, other parameters are also commonly used in the hvdrodynamic analyscs of

mechanical flotation ¢ells as shown tn Table 2.3

Table 2.3 Hydrodynamic Parameters Used in Mechanical Flotation Cells

Property Formula Range Meaning
tmpeller Tip Speed, #gp Uy = ZND SARCHA) hidicate wax shear rate
(m/s) {trbulence)
Power intensily, PV Py = P s 3{] T Indicals av.-ér-age level of
(kW-"m3} J P - ; wrbulence
Superﬁciﬁl Gas Velocily, Jg o\ - K 10-2.0 Related 1o the avg. gas rise
(em/s) 9} A velpetty in the tank (5590
Spé:.‘:i fic Air Flow Rate, (g 5 2, ) 004 —1.10 | The air Nowrate per volume of
i tn " - i
(m’/m’imin) o i shurry
Gas Holdup, e | ¥ 5 25 The fraction ofthe three-phase
(%) : Ps = Fis slurry occupied by gas
Shaft Torque, Mf V= P . Torque required to rotats the
(N.m) T 2aN impeller against fluid inertia
Tank Turnover Time. & ﬁ‘. '_ V m: 30 - 60 The time taken to civculate the
(s) ' e }"u"w,l"lfﬂj tank wolume through the impeller

Data taken from Fallenius (1976}, Harris (19763, Arbiter {19499, Weber e/ af, (1999}, and Deplon, Kzya-Mensah
and Framedis (20005

2.3.2 Gas Dispersion

For flotation 1o occar, air has to be introduccd into the cell in the form of bubbles,

which form the carriers for hydrophobic particle collection and recovery into the froth zone
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(cf. Figure 2.7). The mechanism of gas dispersion in a mechanical Motation cell is depicted m
Figure 2.9, from which the turbulent nature of this subprocess 1s evident. Air is drawn mto
the low-pressure regions, which form behind the impeller blades due L rotation, to form gas
cavities. Af sufficient impeller speed, air from these gas cavities 15 entrained by the flund
vartices flowing around the impeller blades into the impeller discharge stream. Further

bubble breakup occurs in the high-shear stator region.

Figure 2.9 Schematic of the gas dispersion action in a mechanical flotation cell

The introduction of air into a stirred system causes a very noticeable drop in power draw.
Power draw relates strongly to the hydrodynamic conditions in the cell, which as already
mentioned, controls the other collection zone subprocesses of gas dispersion, solids
suspension and particle collection. The effect of gas addition on the power draw will thus be
considered in this section. The mechanism of gas dispersion can be considered in a number of
ways. (Gas induction is important for self-acrating machines, whilst forced air machines are
susceptible to fmpeller flooding at too low impeller speeds and/or too high gas addition rates.
The dispersion of bubbles throughout the cell is important for particle-bubble interaction. [t is
well known that bubble size as determined by bubble formation is very importani for particle-
bubble interaction (cf. Section 2.1.2.2) and thus flotation kinetics. Gas Aoldup is a measure of
the volumetric concentration of gas in the three-phase slurry and is often related to
hydrodynamics and fiotation performance. These aspects related to gas dispersion will now

receive some attention.
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2.3.2.1 Gassed Power Draw

The addition of air into the system decreases the effective density pey around the
impeller due to the presence of gas (i.e. gas holdup). The power number is thus expected to
decrease with increasing gas addition rate. Schubert and Bischofberger (1978) and Schubert
(1985) plotted diagrams indicating operating conditions of flotation cells in terms of power
draw vs. air flow number. They suggested that the addition of gas has the following

decreasing effect on the power draw.

~b
N, o< Ny
..................................................... Equation 2-6

From their results, the value of b in Equation 2-6 can be derived to vary between ~0.24 (6.6 1
lab cell) and ~0.17 (6 m® industrial cell), with Ny varying from 0.01 to 0.07. The value of b
derived from the results of Fallenius (1976) on a 16m’ cell is ~0.24, similar to Schubert et al.
Arbiter, Harris and Yap (1969) tested a range of different impeller types, on laboratory scale,
and their results show that some impellers were more affected by the addition of gas than
others with 5 values ranging between ~0.20 and ~0.70. Joshi, Pandit and Sharma (1982)
summarised a number of gassed power correlations for stirred tanks and recommended the

following correlation by Hughmark (1980).

o

N
g oc Pg - 0- INQG‘-O.ZSNF'J“O.Z'O; Whel'e NQG* — & & NFr' g

B N, NV gWy??

..................................................... Equation 2-7

Equation 2-7 thus predicts that b as given in Equation 2-6 has a value ~ 0.25. It thus follows
that although the effect of gas on power draw is dependent on the design of the impeller most
findings predict that power draw will decrease with gas addition rate to the power of

approximately minus 0.25 (Np; o ~Ngg 0235y,

Arbiter, Harris and Yap (1969) further found that the effect of air flowrate on Np is magnified
with increased frother addition. Similarly, some stirred tank P, correlations also include the

effect of surface tension (Ny.) as summarised in Joshi, Pandit and Sharma (1982). The drop
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in power draw with air addition could not be fully explained by the increase in average gas
holdup ¢¢ in the cell, and Arbiter et al. therefore concluded that the gas holdup in the impeller
region is higher than in the rest of the cell due to re-entrainment of gas into the impeller.
There is however agreement in literature that in addition to gas re-entrainment, gassed power
draw P, is also reduced, due to the formation of gas cavities behind the impeller blades, which
reduces the form drag on the impellers [Joshi, Pandit and Sharma (1982); Chapman et al.
(1983b); Patwardhan and Joshi (1999)].

2.3.2.2 Gas Induction

Gas induction is especially important for selfaerating mechanical flotation cells.
Gas induction is correlated in terms of the impeller speed for the onset of gas induction Ng;,
and the induced gas flowrate Qging at impeller speeds above Ng;. Theoretically, Ng; can be
estimated by the application of Bernoulli’s equation, using the impeller tip speed and
hydrostatic head [Patwardhan and Joshi (1999)]. Sawant and Joshi (1979) found in a study on
a range of gas inducing impellers, including flotation impellers, that the critical Froude
number for gas induction (Ng,)q; is directly related to the relative impeller submergence (cf.
Equation 2-8). Aldrich and Van Deventer (1995) later found a very similar correlation in a
study on 6 and 12 bladed disc turbines. The induced gas flowrate Qgins 18 normally
determined from a more empirical base and there is less agreement amongst different
approaches. Two correlations derived for flotation impellers and listed by Patwardhan and

Joshi (1999) are shown in Equation 2-9.

) o.11
(NFr)GI = NGI D =0.21%—(—-—ﬂ-—j

g w
..................................................... Equation 2-8
- S -0.50
Qi =51.2((1\/”,‘,,)—(J\i’,,n,)GI)083 (E)L) ; Wemco (a)
Qg =0.0021(N* - N2)" D? ; Denver (b)

..................................................... Equation 2-9
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The importance of the Froude number Ng. and impeller submergence S/D for gas induction in

selfaerated machines is confirmed by Equation 2-8 and Equaton 2-9,

2.3.23 Impelier Flooding and Loading

I the samc way that self-aerated impellers will only start to induce ar above a
certzin impeller speed Ny, will forced aerated mpellers become flooded atl a fixed gas
flowrate (Js as the impeller speed drops below a certain impeller speed Np. The flooding
condition occurs when the gas addition rate exceeds the gas dispersion capacity of the
impeller. Under these conditions, the rotating impeller becomes largely encapsulated by gas
(flooded) and has 2 neghgible contribution to flured circwlation in the cell, which is aow
lareely gas controfled. A significant drop in power, circulation intensity and solids
suspension capacity s noticed when the impeller beeomes flooded. At higher impeller speeds
the power draw increases and the impcller thus becomes loaded. Under loaded conditions,
the impeller 15 able to disperse the incorming air with the slurry discharge leaving the impeller

and the impeller iv thus controlling the fliid circulation patterns In the cell.

The impeller speed N, gas flowrate (O and impeller diameter £, as expressed by the air flow
numbcr Np and Froude number &g has been found 1o correlate the flooding condition well
| Warmoeskerken and Smaith (1985); Wong, Wang and Huang (1987); Hudcova et al. (1987)]

as can be scen from Equation 2-10.

kA !

DY’ 0, NP
(N be = 30(N.) (—J o where (V. ), =—=2— & (N ), =—
i F Fril T (G IF ﬁ.'rFD' FraF g

ooz Biuatiom 2-19
Undcova ef af. {1987)

Impeller flooding 15 also of relevance to solids suspension, due to dramatic scdimentation of
solids occurring when the mpeller gets tlooded.  The “writical’ airflow number, where
Arbiter, Hartis and Yap (1969) observed drastic solids scdimentation is thought to have
oceurred at a point close to the flooding point of the impeller. Harris (1976), Schubert and
Bischotberger (1978), and Joshi, Pandit and Sharma {1982} also expressed the effcet of air on

solids suspension in terms of air flow numbers,
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Z A4 Gas Dixpersion

As flotation is dependent on the contacting of solid particles with gas bubbles, the
dispersion of gas throughout the tank is an important aspeet. Proper gas dispersion can only

ocour 1f the impeller 1s loaded at higher impeller speeds as shown in Figure 2.10.

! Con -stunf

iy e (b) (c) () (8)

Figare 2.10 Different stages of Impeller flooding and gas dispersion (loading) |adapted
from Chapman e al. (1983h)]

{a) No gas dispersion (impeller floodad); () Minimal gas dispersion / bubble column (impeller flooded)y; o) Gas
dispersion above the impeller (impeller loaded); (d)y Comptlete gas dispergion (impelter toaded); (e} Uniform pas
dispersion {impetler loaded).

Two important poinis can be identified from Figure 2,10, 1.¢e. the flooding point Ny and the
Just completely dispersed point Ny Although some disagreemenl existed in lilerature, Ny 13
taken as the (c)-(b} movement, while N is taken as the (c)-(d) movement [Middleton,
Edwards and Stewart (1980)]. Most studies have focused on the flooding point, and not many
correlations exist for the point of complete dispersion of gas N One such study was
however done by Nienow, Wisdom and Middleton (1977) using a disc turbine (¢f. Equation
2-11).

| of DY
(W), =23.),"(2]

................................................... Liquation 2-11

Comparing Equation 2-11 10 Eguation 2-10, it seems that Ve and D/T has a smaller effect on
the completely dispersed peint, than on the floeding point. Chapman ez of. (1983b) later
found a similar correlation. Dispersion of bubbles is brought abouwt by both turbulent

dispersion and bulk flow. Turbulent dispersion is strongly related to the power intensity,
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The importance of the Froude number Ng, and impeller submergence SyD for gas induction in

selfacrated machines is confirmed by Equation 2-8 and Equation 2-9.

2.3.2.3 Impeller Flooding and Loading

In the same way that self-acrated impellers will only start to induce air above a
certain impeller speed Ngr, will forced aerated impellers become flooded at a fixed gas
flowrate Q¢ as the impeller speed drops below a certain impeller speed Nr. The flooding
condition occurs when the gas addition rate exceeds the gas dispersion capacity of the
impeller. Under these conditions, the rotating impeller becomes largely encapsulated by gas
(flooded) and has a negligible contribution to fluid circulation in the cell, which is now
largely gas controlled. A significant drop in power, circulation intensity and solids
suspension capacity is noticed when the impeller becomes flooded. At higher impeller speeds
the power draw increases and the impeller thus becomes loaded. Under loaded conditions,
the impeller is able to disperse the incorming air with the slurry discharge leaving the impeller

and the impeller is thus controlling the fluid circulation patterns in the cell.

The impeller speed N, gas flowrate Qg and impeller diameter D, as expressed by the air flow
number Ny and Froude number Ny, has been found to correlate the flooding condition well
[Warmoeskerken and Smith (1985); Wong, Wang and Huang (1987); Hudcova ef al. (1987)]

as can be seen from Equation 2-10.

D
T

(NQG)F=30(NF,)F( ) : where (NQG),,=L & (N,),; =

................................................... Equation 2-10
Hudcova ef al. (1987)

Impeller flooding is also of relevance to solids suspension, due to dramatic sedimentation of
solids occurring when the impeller gets flooded. The ‘critical’ airflow number, where
Arbiter, Harris and Yap (1969) observed drastic solids sedimentation is thought to have
occurred at a point close to the flooding point of the impeller. Harris (1976), Schubert and
Bischofberger (1978), and Joshi, Pandit and Sharma (1982) also expressed the effect of air on

solids suspension in terms of air flow numbers.
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2.3.2.4 Gas Dispersion

As flotation is dependent on the contacting of solid particles with gas bubbles, the
dispersion of gas throughout the tank is an important aspect. Proper gas dispersion can only

occur if the impeller is loaded at higher impeller speeds as shown in Figure 2.10.

# i ft f 2
c:T;N 7P o] P (|“>
m ! nr “ IR i nn A : M
L .7~ e P L | et » ] ka e g gt
T = yo ] :: B = ‘- 0 » o D : ® s, o * ; ey .-,‘ . .. ‘or:
| R I L I AL I ARl RSP T NI
O N A N Tl I P S P P T B L A Y
L [ S N LA ) LI o . B ® * i @ - . B
Hi s BRI ee e lle g frie el T e S ®
ey | e s ablen e
?‘ + : N § . _.,‘.,. ";.‘ ‘i ". e ety e =
L7 gl 1Y Y e ey o
?Constant
Q
(@) ¢ (b) (c) (d) (e)

Figure 2.10 Different stages of impeller flooding and gas dispersion (loading) [adapted
from Chapman et al. (1983b)]

(a) No gas dispersion (impeller flooded); (b) Minimal gas dispersion / bubble column (impeller flooded); (¢) Gas
dispersion above the impeller (impeller loaded); (d) Complete gas dispersion (impeller loaded); () Uniform gas
dispersion (impeller loaded).

Two important points can be identified from Figure 2.10, i.e. the flooding point Ny and the
just completely dispersed point Nz Although some disagreement existed in literature, Ny is
taken as the (c)-(b) movement, while N, is taken as the (c)-(d) movement [Middleton,
Edwards and Stewart (1980)]. Most studies have focused on the flooding point, and not many
correlations exist for the point of complete dispersion of gas N, One such study was
however done by Nienow, Wisdom and Middleton (1977) using a disc turbine (cf. Equation
2-11).

1 osof D 050
(NQG)cd =§(NFr)cd (’f)

................................................... Equation 2-11

Comparing Equation 2-11 to Equation 2-10, it seems that Ny and D/T has a smaller effect on
the completely dispersed point, than on the flooding point. Chapman et al. (1983b) later
found a similar correlation. Dispersion of bubbles is brought about by both turbulent

dispersion and bulk flow. Turbulent dispersion is strongly related to the power intensity,
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which as already noted decreases with increasing air addition. Bulk flow is related to the
impeller pumping capacity, which is also generally accepted to reduce with air addition,
although not much is available in literature. Arbiter, Harris and Yap (1969) proposed a
relationship between gas addition and the impeller discharge rate, following some work in
small centrifugal pumps, in which the air and water flowrates were measured independently.
The results showed that the impeller pumping capacity reduced linearly with increased

introduction of gas (cf. Equation 2-12).

O, =aND’ —bQ;; Or in dimensionless form: N, =N,, —bN

................................................... Equation 2-12

2.3.2.5 Bubble Formation

Many studies have been done on the bubble size of the dispersed gas phase in
stirred vessels as summarised in Mezaki, Mochizuki and Ogawa (2000). The main variables
found to affect the bubble size is the surface tension of the liquid o, and the power addition
P/V into the system. In flotation cells, frother is added to reduce the gas-liquid surface
tension ogz. As mentioned in Section 2.3.1, the Weber number Nw. is the ratio of the inertial
forces to the surface tension forces, and is therefore thought to be related to bubble formation
and bubble size. Some have thus related the bubble diameter dp3; (Sauter mean) in
dimensionless form, using the Ny, of which the following is a typical example [Chatzi,
Boutris and Kiparissides (1991)].

d,

213
_DslszNWe_Om :Kl(pN D

O.GL

-0.60
J ; K, =0.046£0.002 and d3; in cm.

................................................... Equation 2-13

It follows from Equation 2-13 that bubble size decreases with increasing Weber number, as
increased Ny, is indicative of increasing inertial forces to surface tension forces, which as
expected will lead to smaller bubble sizes. Others have related the bubble diameter in non-
dimensionless form directly to surface temsion ogr and power addition P/V. A typical
example of these correlations is given in Equation 2-14 [Parthasarathy, Jameson and Ahmed

(1991)] and shows dj3; to decrease strongly with decreasing surface tension (dps o 6."")



36 Chapter 2

and increasing power addition (dps; o P/V;%®). It is interesting to note that the effect of

surface tension on ds; is the same for both Equation 2-13 and Equation 2-14.

0.60
o

db32 = KIW N Where, Ki= 2.0 and db32 in pm

................................................... Equation 2-14

2.3.2.6 Gas Holdup

Gas holdup is a complex interaction of mainly impeller speed, impeller diameter,
liquid viscosity, liquid surface tension and gas addition rate. In addition to gas holdup, do
these variables also manifest themselves in the dependent quantities of bubble size and power
consumption. Gas holdup has been correlated both in terms of dimensionless numbers
[Matsumura ef al. (1978); Yung, Wong and Chang (1979)], and directly in terms of power
draw and gas flowrate [Chapman er al. (1983b); Calderbank (1958)], as summarised in
Mezaki, Mochizuki and Ogawa (2000).

185 0255 O 20 | Jg O :
@5 =K N, "N, PN, Ny where Ny =]—V%<x A = Noas Ky =6.86x10°

................................................... Equation 2-15
Matsumura et al. (1978)

................................................... Equation 2-16
Chapman et al. (1983b)

The effect of impeller speed (Nz. and N5,), surface tension (Nw.) and air flowrate (Ngg) on gas
holdup ¢¢ can clearly be seen from Equation 2-15. Yung, Wong and Chang (1979) derived a
simpler equation, viz. p¢ = KNpc"*Nw."(D/T)'*. From the more empirical Equation 2-16,
the strong dependence of ¢ on P/V and especially Jg is evident. The earlier correlation

developed by Calderbank (1958) agrees very well with Equation 2-16 (@ < (P, /V)™*J, ).
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2.3.3 Solids Suspension

Solids suspension, as an important subprocess affecting particle collection (cf.
Figure 2.7), will be considered in this section, and as the focus of this work, will be discussed
further in Sections 2.4 and 2.5. In a stirred tank, solids suspension is a measure of the extent
to which solid particles interacts with the fluid. In a mechanical flotation cell, it is in this
interaction with the fluid that the solids also interact with the bubbles for collection purposes.
Solids suspension is thus of great importance to the flotation process, as without adequate
suspension of solids, the flotation of particles cannot take place (cf. Figure 2.6 and Figure
2.7). The lifting of solids off the base of the vessel, and the distribution of solids throughout
the volume of the tank are two aspects related to solids suspension. The lifting of the solids
off the bottom is a primary requirement of solids suspension as without it there will be no
significant interaction between the sedimented solids and the rest of the fluid in the tank. The
condition where all the solids are just lifted off the bottom of the vessel is called the just
suspended or completely suspended condition. The impeller speed at the just suspended
condition is commonly referred to as the critical impeller speed (N;). A secondary
requirement of solids suspension is the distribution of solids throughout the volume of the
tank. The upper limit of solids distribution is a homogeneous suspension where solids
concentrations and solids properties are constant throughout the vessel, which also implies
that all solids are completely suspended from the base of the vessel. Solids suspension can be
seen as a balance between two mechanisms acting on the particles, i.e. a sedimentation
mechanism and a suspension mechanism, which will be considered here. The relative
influence of these two mechanisms will determine the point where all the solids are just
suspended off the base (at the critical impeller speed), or can be used to describe the vertical
distribution of solids throughout the vessel. These measures of solids suspension and
distribution will be discussed in more detail in Section 2.4, but will be briefly introduced in

this section.

2.3.3.1 Sedimentation Mechanism

Intuitively it seems reasonable that solids suspension will be affected by the
sedimentation properties of the solids. The most basic way in which particle settling can be

considered is the terminal settling velocity of a particle ur, which is the speed at which a
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single particle wili settle i a stll fluid, and 1s determined by doing a force balance as shown

in Figure 2.11.

Fr

Figure 2.11 Balance of forces at the terminal settling velocity wr of a particle

= gravity force, &y = buoyancy force, Fn = drag force

At the terminal setthng velocity, the forces acting on the particle are in balance.

T 7 A :
F, =F,+F, ;where, F, = Edp' p.g F, =Ed;pLg; Al cﬂzdp- P (spherical part)

revneenneeenes EQUARION 2-17

Solving for wr

4 1 Ps =P
TSR BR G O - ot <
’ \/3 .0 g

ceiiensinnen . EQuation 2-18

The value of Cp depends on the particle Reynolds number Nz., = puotrd,/ue as follows:

Cp=24/Ngop cwhen 107 < Ny, =2 : Laminar regime {Stokes) (a)
Cp=18.5/Ngg' ; when 2 = Ng,, = 500 : Intermediate regime (b)
((p=0.44 ; when 500 < N, < 2x1 0" : Turbulent regime (Newton) (c}

................................................... Equation 2-19

The terminal seithing velocity #5 of spherical particles can be obtained through an iterative
process, using Equation 2-18 and Equation 2-19. An alternative and stmplitied method for
calculating the terminal scttling velocity of spherical particles 15 by using the Archimedes
number N,. Ny has been related directly to the terminal scttling velocity of spherical
particles, and gives a good fit in all three fluid regimes (ie. laminar, intermediate and

turbulent}, and does not require an iterative procedure as shown in Equation 2-20.
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d3p.—
o= 77 > where N, E_P,(AS‘___._EEL,).%
v, 18+0.6N,, px

................................................... Equation 2-20

) =qu N,
T

From Equation 2-18 to Equation 2-20, the variables affecting the terminal settling velocity of
particles can be identified as particle size d), relative solid-liquid density difference (ps-p1)/p1,
kinematic viscosity v = u/p, and the sedimentation force of gravity g, which is constant for
stirred systems. Up until now, the terminal settling velocity of spherical particles in very
dilute solids concentrations in a still fluid has been considered. For non-spherical particles,
the particle shape can also be incorporated by means of the particle sphericity, being the
surface area of a sphere compared to that of the particle, each having the same volume.
However, as noted by Oldshue (1983a), since spheres normally settle at faster rates than other
shaped particles, common conservative practice is to use the settling velocity of a sphere of
the same diameter as the particle. It is further known that particles in a stirred tank won’t
settle at their terminal velocity. The relative settling velocity u, between particles and fluid
(also called the slip velocity) is further influenced by the level of turbulence in the liquid, the
solids concentration in the liquid (X), and the presence of gas Qg. However, accurate
determination of the particle slip velocity u, under these conditions are difficult and many
correlations just use the accurately measurable terminal settling velocity »r by making the
reasonable assumption that the actual slip velocity u; in the stirred system will be proportional

to ur.

The sedimentation mechanism is thus related to the actual slip velocity u; of particles, caused
by the acceleration of gravity g, and influenced by the following particle-fluid variables, d,
(ps-pL)pi, v, X, particle shape, and Q¢ for three-phase systems. Ignoring particle shape the

sedimentation mechanism is thus a function of the following variables.

Sedimentation Mechanism = f [d p,M &V, X ,QGJ

L

................................................... Equation 2-21
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2.3.3.2 Suspension Mechanism

The suspension mechanism is caused by the rotation action of the impeller causing
fluid motion, which suspends the particles against their natural tendency to settle.
Simplistically seen, the impeller produces two types of fluid motion, i.e. bulk fluid flow, and
turbulent fluid motion. The bulk fluid flow is characterised by the discharge flowrate 0, and
is largely responsible for the development of fluid circulation patterns in the tank (i.e.
flowlines). The turbulent fluid motion is characterised by velocity gradients (shear) and eddy
motion and is responsible for the non-directional dispersing action of the fluid. The flowrate-
head concept is often used to differentiate between the pumping and shearing action of the
impeller and is derived from the analogy between the action of impellers used for agitation
and those used in pumps [Edwards and Baker (1992); Oldshue, Herbst and Post (1995);
Coulson and Richardson (1990)]. The flowrate-head concept thus regards the impeller in a
mechanical flotation cell as being a caseless pump and aims to separate the impeller action in:

1 The rate of circulation (flowrate)

2 The intensity of turbulence (head)

The mass flowrate of the impeller discharge stream pQy, can be derived from the pumping

number or discharge flow coefficient correlation Ng, (cf. Section 2.3.1) and the density of the

fluid.

PO, = pND’ ; Or, (pQ, = NgypND’)
................................................... Equation 2-22

Equation 2-22 characterises the flowrate concept of impeller operation (pumping) and is
characterised by the discharge flow coefficient Ng4, which is often taken as approximately
0.75 for design purposes [Edwards and Baker (1992)]. The discharge flow from the impeller
is résponsible for producing bulk fluid circulation and is thus important for overall blending
action in the tank. It should be noted here that the bulk fluid circulation flowrate Q.. is often
higher than the impeller discharge rate Qs due to the discharge stream inducing flow in the
rest of the fluid. Edwards and Baker gives the fluid circulation flowrate Q. to be about

twice (), for design purposes.
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The pressure head or virtual head A, caused by impeller rotation is obtained when all the

kinetic energy in the discharge stream is converted into pressure energy, expressed as height.

N2D2
g

hy

2 32
; Or, (hd=thND )

................................................... Equation 2-23

Equation 2-23 characterises the head concept of the impeller action, which is responsible for
the shearing action and thus the level of turbulence generated by the impeller. Similarly to the
discharge flow coefficient Ngs (cf. Equation 2-22), characteristic of impeller pumping
Sflowrate, can a discharge head coefficient Nyq be derived (cf. Equation 2-23), characteristic of
the shearing action produced by the impeller. The level of turbulence (shear) is most intense
in the region of the impeller and decays in regions away from the impeller [Schubert (1999)].
High turbulence levels cause dispersive actions leading to good fluid contacting on the

microscale.

Shaft power from the impeller thus produces fluid flow and fluid shearing actions. The power
used by a pump impeller can be expressed as a product of the mass flowrate pQ; and the

velocity head Ay (refer, P =mgah) of the discharge stream and inserting from Equation 2-22

and Equation 2-23 gives.

N’D*)

P=pQ,gh, = NQd.(pND3).g.N,,d.(

................................................... Equation 2-24
Dividing by pN°D’:
9,

N, =N,,-N,,;; where Ny, =D and N,, =—%2—

................................................... Equation 2-25

It can be seen from Equation 2-24 that calculating the power consumption as the product of
the flowrate and the velocity head of the discharge stream leads to the power number
correlation commonly used for flotation impellers. In dimensionless form, the power number

(Np) can thus be written as the product of the flow and head coefficients (cf. Equation 2-25).
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From Equation 2-22 and Equation 2-23 it follows that the suspension mechanism caused by
the rotation of the impeller is a function of p, N, D and g. The suspension mechanism (flow
and especially turbulence) reduces with distance from the impeller, which is a function of tank
diameter 7, impeller clearance C, and liquid height Z. These parameters can thus be expected
to influence the suspension mechanism in a flotation cell. Gas addition (s has been found to
have a strong influence on the gassed power draw P, of the impeller and by considering
Equation 2-24 is related to either or both a reduction in the mass flow rate (pQu) from the
impeller or a reduction in the shearing action or velocity head (hy) from the impeller. Gas
flowrate is thus an important variable affecting the solids suspension mechanism in three-
phase systems. Overall, it can thus be expected that the suspension mechanism would be

influenced by the following variables.

Suspension Mechanism =f(p,N,D,g,T,C,Z,0,)
................................................... Equation 2-26

Both empirical and theoretical correlations have been developed to relate the suspension
mechanism (cf. Equation 2-26) to the sedimentation mechanism (cf. Equation 2-21) aimed
towards a certain correlation objective. The most common correlation objective is to
determine an impeller speed where a certain suspension condition occurs, e.g. the critical

impeller speed.

2.3.3.3 Complete Suspension

The critical impeller speed Nj; is the impeller speed at the just suspended
condition, when all the solids are just completely lifted off the base of the tank. For
mechanical flotation cells, this means that al/ the solids are only available for collection
purposes at or above N;. Below Nj; some sedimentation of solids start to occur in the cell.
Nevertheless, other considerations such as operating costs, and the efficiency of the other
subprocesses might warrant the operation of the flotation cell at speeds below (or above) the
critical impeller speed. The critical impeller speed can thus be used as a relative measure for
relating impeller speed in terms of solids suspension. The critical impeller speed Nj; is not a
static design speed but a dynamic speed influenced by solid-liquid, operational and design
(geometry) variables. These variables were introduced in previous paragraphs to either

influence the sedimentation mechanism (cf. Equation 2-21) or the suspension mechanism (cf.
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Equation 2-26) acting on the solid particles. At the just suspended condition, it can be

assumed that a certain balance will exist between these two mechanisms,

Suspension Mechanism,, = {(Sedimentation Mechanism) (a)

And with N, as the correlation objective,
N,= f(g,dp,%:&,VL,X,QG,D,p,g,T,C,Z) (b)
L

................................................... Equation 2-27

Equation 2-27 identifies possible variables to consider in the development of a correlation
describing the critical impeller speed N, in a mechanical flotation cell. The critical impeller
speed Njs is normally the correlation objective and if needed can be related to power addition
P;, by using the power number Np correlation. As will be shown in Section 2.5.1, no
correlation like that suggested by Equation 2-27 has been developed for a mechanical
flotation cell. Fortunately, much work has been done on the critical impeller speed in stirred
tanks. Zwietering (1958) developed one of the first comprehensive critical impeller speed

correlations, which is still today the most widely used.

045
N, = 8d,*B"Py*g"% {%’D—L) D™*¥; for constant D/T and C/T
L

................................................... Equation 2-28

Equation 2-28 was developed for two-phase solids suspension. The effect of gas is often
incorporated by the addition of a linear term to the correlation (i.e. Ny = N + K.Qg),
however many have found that this is not satisfactory for a wide range of conditions, and has
suggested alternative ways to demonstrate the effect of gas on the critical impeller speed. The
Njs correlation in two- (Nj,) and three-phase (N;,,) conditions will be considered in detail in

Sections 2.4.4 and 2.4.5.

2.3.3.4 Solids Distribution

Solids distribution considers the spatial distribution of solids throughout the cell.

It is most often considered in the axial direction but can also be done in the radial direction.
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In the axial direction, the maximum vertical height to which a measurable amount of solids is
lifted is expressed as the suspension height, h;. Suspension height (/) is thus a measure of
the vertical extent of solids distribution without reference to homogeneity within the
distribution. An hyT correlation in terms of impeller diameter 7/D, impeller clearance C/D
and power addition P/mgs was developed by Arbiter, Harris and Yap (1969). In flotation cells,
the homogeneity of the solids distribution is often shown by measuring the concentration of
solids at different heights in the cell to obtain an axial concentration profile, Xy; [e.g. Yianatos
et al. (2001)]. X thus gives a visual image of the vertical distribution of solids. It is also
possible to quantify the homogeneity (variation) in the solids concentration by determining
the relative standard deviation RSD in the measured solids concentrations. Work done in

mechanical flotation cells on solids distribution will be discussed further in Section 2.5.2.

The vertical solids distribution can also be described mechanistically in terms of the opposing
sedimentation (cf. Equation 2-21) and suspension (cf. Equation 2-26) mechanisms. This
correlation is called the sedimentation-dispersion model for solids distribution, which has
mainly had some application in high aspect ratio vessels and small stirred tanks at low X. Itis
however thought that the sedimentation-dispersion model can also be applied to mechanical
flotation cells to mechanistically explain the axial distribution of solids in the cell, if not
quantitatively at least qualitatively. In essence it considers the balance of the opposing forces
of solids sedimentation in terms of the settling velocity wu;, and the solids dispersion
coefficient Ds, caused by the turbulent action of the liquid. In the absence of radial
concentration profiles, the sedimentation-dispersion is normally given as shown in Equation

2-29.

................................................... Equation 2-29
Solids distribution will be considered further in Section 2.4.6.

This section considered hydrodynamics, gas dispersion and solids suspension as
important aspects affecting the collection zone. The collection subprocess was already
discussed in Section 2.1.2.2.  Solids suspension and gas dispersion are important
subprocesses for particle-bubble interaction to occur. Hydrodynamic conditions influence all
the subprocesses in the collection zone and thus formed the starting point of this discussion.
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Hydrodynamics: The hydrodynamics in mechanical flotation cells are influenced
by a large number of fluid-, geometrical-, and dynamic variables. Dimensional analyses is
often used to reduce the number of parameters to correlate and in so doing simplify the
relations for a better undersianding of the underlying principles. Power addition P is an
important variable affecting the hydrodynamic conditions in a mechanical flotation cell and is
a dependent variable that can be calculated using the power number Np. At the high
Reynolds number Ny. conditions in mechanical flotation cells, Np is mostly independent of
Nze (Nze = 10°) but is influenced by the impeller and stator geometry and is strongly affected
by gas addition. The airflow number Nyg is another important dimensionless number often
used in flotation and is related to gas induction, gas dispersion, gassed power draw, impeller
pumping with gas addition, and the effectiveness of solids suspension with gas addition. The
Froude number N, is related to vortex formation in the impeller and standpipe and is thus
related to gas induction and dispersion. The pumping number Ny, (also called discharge
Sflow coefficient} describes the effectiveness of the rotating impeller as a fluid pump causing
bulk circulation in the tank. However due to the difficulty of measuring fluid velocities in the
discharge stream, Npg is less often used in flotation. Qg is however directly related to gas
dispersion and solids suspension by fluid circulation. The Weber number Ny, relates fluid
acceleration forces produced by impeller rotation (inertial forces) to surface tension ogy
Jforces and is thus related to bubble formation and bubble size. In addition to these
dimensionless numbers, other hydrodynamic parameters are also often used to describe the
hydrodynamic conditions in mechanical flotation cells (e.g. ug,, P/V, Jo, Qgv, 96, M, 8y).

Gas Dispersion: Increased introduction of gas into the rotating impeller causes
reduced power draw by the impeller. Considering a number of gassed power draw studies, it
Jollows that the effect of gas on power draw is dependent on the impeller design but many
have found power draw to decrease with gas addition to the power of approximately -0.25

025 Frother addition also causes further

within ‘normal’ gassing rates (i.e. Npy @ ~Ngg
increased reduction in gassed power draw. The mechanism of gas dispersion can be
considered in terms of gas induction, impeller flooding, effectiveness of gas dispersion,
bubble formation, and gas holdup. Gas induction is important for especially self-aerating
Sflotation machines and is characterised by the minimum impeller speed for gas induction Ng;
and the air flowrate induced into the cell Qgina, both of which are functions of the Froude
number Np, and impeller submergence below the liquid surface S Impeller flooding on the
other hand might occur with forced-aerated impellers when the gas addition rate Qg exceeds
the impeller’'s gas dispersion capacity at that impeller speed. The impeller speed where
Sflooding occurs Nr can be determined from a direct relation between the airflow number Ngg
and Froude number Ng,. Dramatically decreased power draw and solids suspension capacity
is characteristic of the flooding point. Correlations for complete gas dispersion throughout
the cell Ny are less common and is thought to be due to the difficulty of determining this point
accurately. Similarly, to Nr, can Ny also be correlated by a relation between the airflow
number Nog and Froude number Np,. Gas dispersion happens through turbulent dispersion
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and bulk fluid flow, both of which are reduced by increased addition of gas. Bubble
SJormation is related to bubble size, which can be correlated either, in terms of the Weber
number Ny, or in terms of power addition P/V and surface tension ocr. The gas holdup in
the cell is the product of a fairly complex interaction of a number of variables, the most
notable of which are the Froude number Np,, Weber number Nw, and airflow number Ngg or
more empirically in terms of power addition P/V and gas addition rate Jg.

Solids Suspension: The suspension or lifting of solids off the base of a flotation
cell is a necessary precondition for particle-bubble contact and is the primary solids
suspension step. The distribution of suspended solids throughout the vessel is the secondary
solids suspension step and is also important in considering particle-bubble interaction in the
collection zone. Solids suspension can be seen as a balance between a sedimentation
mechanism and a suspension mechanism acting on the solids particles. The sedimentation
mechanism is related to the settling velocity of the particles. In this way it was shown that
the sedimentation mechanism is a function of the following variables, dp, (ps-p1)/pr. 8 v, X,
particle shape, and Qg for three-phase systems. The suspension mechanism on the other
hand is related to the action of the impeller. The impeller action produces both fluid flow and
Sluid shear motion in the cell. The fluid flow is characterised by the flow coefficient Noa and
the shearing motion is characterised by the head coefficient Ny of the impeller. The product
of these two coefficients gives the power number Np, showing how power consumption by the
impeller is used for the production of both bulk flow and turbulence (shear) in the cell. The
suspension mechanism in a mechanical flotation cell is related to both flow and turbulent
Sluid motion and also depends on the geometry of the cell and were thus found to be a
Sunction of the following variables, p, N, D, g, T, C, Z, Q. The suspension mechanism and
sedimentation mechanisms acting on the solid particles are often related to the critical
impeller speed where all solids are just lifted off the base the tank, which should thus be a
Junction of all the variables already identified. The just suspended condition is strongly
related to the possibility of a particle contacting a bubble for collection, yet as will be shown
in Section 2.5.1, no correlation relating the just suspended impeller speed to system variables
already mentioned could be found in the flotation literature. Fortunately, a commonly used
correlation exists for solid-liquid solids suspension in standard stirred tanks [Zwietering
(1958)] and it is thought that a similar correlation can be derived for mechanical flotation
cells, which is the main aim of this work. Critical impeller speed correlations will be
discussed further in the next section. A secondary aspect related to solids suspension is the
distribution of solids throughout the tank. This distribution of solids is also determined by
the interaction of the suspension and the sedimentation mechanisms as correlated through the
application of the sedimentation-dispersion model. However this is less often used in stirred
tanks and is thought to contribute more towards the qualitative understanding of solids
distribution as measured in solids concentration profiles and will be considered further in
Section 2.4.
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2.4 SOLIDS SUSPENSION IN STIRRED TANKS

The importance of flotation has been emphasised in Section 2.1; the importance of
mechanical flotation cells in Section 2.2; hydrodynamics, gas dispersion and solids
suspension as important subprocesses affecting the collection zone in Section 2.3. From these
sections and especially from Section 2.3 it follows that solids suspension plays an important
part in the collection zone. Yet in the published literature, solids suspension has not been
extensively studied and correlated in mechanical flotation cells. Foretunately, many studies
have been done on solids suspension in standard stirred tanks. The aim of this section is thus
to consider the general chemical engineering literature in order to develop a methodology to
evaluate the solids suspension in mechanical flotation cells, for application in this thesis. The
mechanism of solids suspension has already been described qualitatively in Sections 2.3.3.1
and 2.3.3.2 and some quantitative correlations for considering solids suspension and solids
distribution were briefly introduced in Sections 2.3.3.3 and 2.3.3.4. Solids suspension is a
broad term used in general to describe both the process of suspending solids off the bottom of
a vessel, as well as distributing solids throughout the volume of the tank. Different solids
suspension conditions can thus be used to evaluate the effectiveness of solids suspension,
which will be considered in Section 2.4.1. Experimental methods that can be used in the
studying of solids suspension is briefly reviewed considered in Section 2.4.2. As will be
shown in Section 2.4.1 most investigators use the just suspended condition as the reference
condition for correlations of solids suspension. Different just suspended criteria or pointers
have been used to identify the just suspended condition, which will be overviewed in Section
2.43. The impeller speed at the just suspended condition is commonly referred to as the
critical impeller speed, N;;. An extensive review of N, correlations will then follow, first for
two-phase conditions (cf. Section 2.4.4), and then extended to three-phase conditions (cf.
Section 2.4.5). The final part of this section will look at solids distribution, which is a

secondary step in the solids suspension process (cf. Section 2.4.6).

2.4.1 Conditions for Evaluating the Effectiveness of Solids Suspension

Certain degrees of solids suspension can be identified during the solids suspension
process as the impeller speed is increased from zero, with all solids sedimented on the bottom,

to a relatively high impeller speed where all properties of the suspension is homogeneous
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throughout the volume of the tank. These conditions normally relate, either to the extent of
off-bottom solids suspension, or to the quality of the solids distribution throughout the tank,

as shown in Figure 2.12.

Solids Sed. Laye n-Bott. Moti Complete
Extent: yer On oit. Motion Off-Bottom
Susp. , Bott./Corner Fillets Suspension
i
Solids Extent, k, » Lowé, 1 h, h /T.,f ~100% Homo-

geneous

Distrib, |Variation, o> Higho(X,) { o) w0(X,) —~0 s Suspension
d -
N N

Increasing Impeller Speed, N

Figure 2.12 Evaluating the effectiveness of solids suspension with increasing NV

Where: ¢ = standard deviation; Xj; = solids concentrations in a profile; A, = suspension height

It follows from Figure 2.12 that solids suspension can be evaluated in terms of off-bottom
suspension and/or solids distribution quality. Considering off-bottom solids suspension,
increasing the impeller speed leads to complete off-bottom suspension, also commonly
referred to as complete suspension or the just suspended condition. The impeller speed at the
just suspended condition is referred to as the critical impeller speed (Nj;). Alternatively, if
solids distribution quality is considered, the upper limit is a homogeneous solids suspension
(Nis). The solids distribution guality includes the extent of the distribution as well as the
variation in the distribution. For a homogeneous suspension the solids must, firstly be
suspended completely (off-bottom), secondly distributed completely throughout the volume
of the tank (extent of distribution), and thirdly exhibit constant properties throughout
(variation within distribution). The extent of solids distribution in stirred tanks is often
expressed as relative suspension heights A,/T, whilst the variation in the distribution can be

expressed in terms of relative variance g,./* or relative standard standard deviation RSD.

Of the two suspension conditions, the critical impeller speed Nj; has found the widest
application, and is often related to other system variables as will be seen in Section 2.4.4.

This just suspended condition has long been recognized as an important degree of solids
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suspension [White and Summerford (1933)]. This is because until the just suspended
condition is reached, the total solid surface area is not efficiently utilized and above this
speed, the rate of such processes as dissolution and ion exchange increases only slowly
[Nienow (1968)]. It should however be remembered that the just suspended condition relates
directly to off-bottom suspension conditions, but only indirectly to solids distribution. At the
point of complete suspension, small and light particles will be fairly homogeneously
distributed, whereas coarse and heavy particles will remain in the lower part of the vessel, the
upper part being a layer of clear liquid [Zwietering (1958)]. Apart from off-bottom
suspension, is the uniformity of the solids distribution also important for some processes
where a continuous and representative flow of solids from the system is required, or when the
product quality is highly dependent on a constant solids concentration throughout the tank.
The different solids suspension conditions identified here are summarised in Table 2.4 and

related to the just suspended condition in terms of relative impeller speed N/Nj;,.

Table 2.4 Solids Suspension Conditions

Solids Suspension Description Impeller speed

Condition

Sedimented layer Solids remain in a sedimented layer on the bottom, | N < (.6 ]\GS
largely unaffected by agitation.

Rottom or Corner | Solids are suspended from most of the base, with some | N ~ (0,6 N

Fillet Formation areas still containing fillets of sedimented solids. [Nienow (1992)]

Complete On- | Al particles have motion. Most are suspended off the | N ~ 0.8 Nj;

bottom motion bottom with vertical motion components, while the [Hicks, Myers and Bakker

rest remain on the bottom, where it is being moved by (1997)]

the liquid. N~0.7N;
{Shaw (1992)]
Complete (off~ | All particles are suspended off the bottom of the vessel | N = N,
bottom) Solids and experience vertical displacement. [reproducibility = 3% as
per Zwietering (1958)]

Suspension, or Just

Suspended

Complete Solids | The exfent of solids suspension is approaching 100% | N~ 0.9t 1.5 N -

Distribution (h; ~ {hy = 90% is often taken), L.e. suspension height 4, [Hicks, Myers and Bakker
approaching Z; (Z = T); (homogeneity not considered).
90%) PP g geneity )- | (1997)]




50 Chapter 2

Homogeneous This is the uppermost level of solids suspension and | N~ 1.7 Nj
Solids Suspension distribution. All solids are suspended off the bottom, [Oldshue, Herbst and Post

(Complete completely distributed throughout the tank, and the (1995)]

variation in solids concentrations and properties are N~15N.
.3 Njs

Uniformity) approaching zero (often taken as the point where [Shaw (1992)]

further increases in N stops having appreciable effects

on uniformity)

*, Nj 18 the impelier speed at the complete off-bottom suspension condition.
**, Einenkel (1980) found h, = 90% to occur at N, However, from Hicks, Myers and Bakker (1997)’s data A, =
0.90.T occurs between 0.9 and 1.5 N, depending on pg, X, D/T, C/T, and number of impellers (in muitiple
impeller systems).

It follows from Table 2.4 that although many solids suspension conditions can be identified
the just suspended condition is the most consistent condition with the least variation in
impeller speed conditions. This is the attraction of using Nj, for solids suspension correlation

purposes (cf. Section 2.4.4).

Although the focus is often on the just suspended condition, some processes are run most
profitably at conditions below complete suspension e.g. bottom or corner fillets, or complete
on-bottom motion. Often these lower degrees of solids suspension sacrifice only slightly on
process efficiency, whilst the power savings from running at lower impeller speeds can be
substantial. From the Np being constant for highly turbulent well-baffled systems, follows
that P will decrease with N° (e.g. P drops by 50% if N drops by 20%). Whether the process
run at the just suspended condition or not, doesn’t deduct from the importance of the just
suspended condition due to the ability of expressing all the other degrees of suspension in
terms of the just suspended impeller speed. Using the just suspended impeller speed as
reference, a scale of solids suspension conditions can be derived to relate all the solids
suspension conditions (cf. Table 2.4) to Nj; as shown in Figure 2.13. As per Table 2.4 the first
four conditions relates to off-bottom solids suspension, while the last two relates to solids

distribution conditions.
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Figure 2.13 Scale of solids suspension conditions

2.4.2 Experimental Methods

In this section, some experimental methods used in the investigation of mixing
and more specifically solids suspension will be reviewed. These experimental techniques can
be grouped into those aimed at measuring off-bottom suspension, those aimed at measuring

solids distribution and other solids suspension related methods.

2.4.2.1 Methods Aimed at Measuring Off-bottom Suspension (N,

These experimental methods take their measurements of solids suspension at the

tank bottom, or focus on the behaviour of solids on the bottom of the tank.

2.4.2.1.1  Visual Observation of Tank Bottom

Visual observation of the tank bottom is a very common method used in the
investigation of solids suspension. This method requires the tank to be made of transparent
material or at least to be fitted with transparent windows at critical locations allowing visual

observations to be made. The contents of the tank are normally illuminated and the bottom is
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observed through an inclined mirror [e.g. Zwietering (1958)] or a video camera [e.g. Frijlink,
Bakker and Smith (1990)] fitted underneath the tank. Some [e.g. Nienow (1968)] have also
observed the bottom through the sidewall; this however restricts the user to working with very
low solids concentrations. The aim of the visual observation of the tank bottom is normally to
identify some degree of solids suspension e.g. the just suspended condition. The advantages
of visual observation are that it is a simple and relatively quick method, as well as being non-
intrusive and therefore does not interfere with the stirring conditions during evaluation. The
disadvantages include that it relies on the observations and interpretation of the user and can
thus be criticised in terms of objectivity. It also requires the tank to be made of a transparent

material, which normally restricts this method to laboratory scale testwork.

Frijlink, Bakker and Smith (1990) evaluated the method of visually observing the tank
bottom. The strength and weakness of visual observation of the tank bottom lie in that only
the bottom plane of a three-dimensional system is observed, although evidently the most
important plane for solids suspension purposes. At the just suspended condition, off-bottom
suspension conditions are the same for different systems, yet the distribution of solids might
be different depending on particle, liquid, and system geometry properties. Visually
identifying the just suspended condition can be demanding, sometimes very difficult, and
automation will be very difficult. The location of last off-bottom suspension depends on
impeller type. With axial impellers, the last solids are normally suspended from the periphery
of the tank bottom, whilst for radial impellers the last solids are normally suspended from the

centre of the tank bottom.

2.4.2.1.2 Contact with Tank Bottom

The contact method is mainly used to measure off-bottom solids suspension
conditions in industrial-size vessels, which are normally constructed of non-transparent
material. A rod normally fitted with a flat baffle at the end is inserted from the top of the tank
to test for the presence of a sedimented layer or fillets of sedimented solids on the base of the
tank. Care and safety precautions should be in place to prevent the rod from being caught in
the impeller mechanism. The advantage of this method is that it is a simple and quick method
to detect relatively high levels of solids sedimentation in industrial vessels. The safety
concern of inserting a rod into a stirred vessel is one of the disadvantages of this method. The

accuracy of the contact method can also be questioned, due to it only being applied to certain
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points on the bottom, as well as the difficulty of detecting low levels of solids sedimentation.
For this reason, it is normally only used as a rough indicator of poor solids suspension

conditions in some industrial applications.

2.4.2.1.3  Ultrasonic Doppler Probe

This method uses a Doppler probe, which detects the Doppler Effect on
ultrasound waves caused by moving solid particles on the base of the vessel. The Doppler
probe is used from the outside on the bottom of the tank to detect solids movement and can
thus be used on some industrial installations. It is also non-intrusive and thus does not
interfere with the mixing conditions in the tank. Buurman, Resoort and Plaschkes (1986)
used this method extensively. The selection of where to positioning the probe is important as
well as calibrating the results against visual observations. Even then, the accuracy is still

questionable [Nienow (1992)].

24214 Radiation

Radioactive tracers have also been used by some [e.g. Rewatkar, Raghava Rao
and Joshi (1991)] to determine the concentration of solids on the bottom of the tank. In this
method, some of the solid particles (e.g. silica sand) are labelled with a radioactive material

198) " These labelled particles emit y-rays, which are detected with a

(e.g. radioactive gold, Au
scintillation detector placed outside the reactor on the bottom of the tank. For solids
suspension work, the digital signals (count rates) on the bottom of the tank can be related to
the solids concentration on the bottom and thus off-bottom solids suspension conditions. The
advantage of this method lies in the non-intrusiveness of this measurement. An obvious
disadvantage of this method is safety considerations and restrictions associated with the use of

radioactive material.

2.4.2.1.5 Rate of Mass Transfer

In this method, a slowly dissolving solid or an ion exchange resin can be used as
the solid particles in the vessel. The rate of solid-liquid mass transfer has been found to
increase with increasing impeller speed as more and more solids are lifted off the base of the

tank. Kneule (1956) who used the rate of solution of crystals in his work, was one of the first
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to use this method to investigate solids suspension. The advantage of this method is that it
gives accurate results, which can be related directly to processes such as dissolution or ion
exchange. For general investigations, this method is however restrictive on the variety of
systems that it can be used in, due to it requiring a sparingly dissolvable particle or ion

exchange resin to be used.

2.4.2.2 Methods Aimed at Measuring Solids Distribution (Xy; & hy)

These methods are applied in the bulk volume of the vessel and are normally used
to give measurements of solids concentrations or solids distribution (e.g. local concentrations,

concentration profiles, and suspension heights).

2.4.2.2.1 Visual Observation of Suspension Height

The suspension height A,, also referred to as cloud height, is the height that solids
are suspended to and is often measured in solids suspension work. [t is thus a measure of the
extent of solids distribution, without consideration of the variation in solids concentrations
within the distribution. Suspension height A, is often determined by non-intrusive visual
observation of the clear liquid layer that normally exists at the top of the tank. The visual
observation of suspension height normally requires a transparent tank, limiting its application
in industrial tanks. The suspension height often fluctuates continuously at the top of the tank
and visual determination of A, thus suffers from uncertainty and lack of objectivity. Visual
observation of the suspension height is also difficult under gassed conditions due to the gas

bubbles interfering with the clear liquid layer at the top.

2.4.2.2.2 Sample Withdrawal

Sample withdrawal is an important technique commonly used to evaluate solids
suspension and solids distributions in stirred tanks. Sample withdrawal can be used to
evaluate solids concentrations at a certain point (local concentration) or a range of points to
form a concentration profile. From a vertical concentration profile, the suspension height &,
can also be determined. Barresi and Baldi (1987a) used sample withdrawal extensively in
their work on solids distribution in relatively dilute system (X < 5%). They tested the effect
of sample withdrawal velocity and sampling tube shape as shown in Figure 2.14. They
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concluded that varying the withdrawal velocity between approximately 0.6 and 1.0 m/s had a
relatively small effect on the measured solids concentrations. They however found the tip
shape of the withdrawal tube to have an influence and recommended the use of a horizontal
sampling tube with a 45°-profiled tip facing downwards. Barresi and Baldi further found that
the average solids concentration calculated from the axial concentration profile under
completely suspended conditions (X,,;) were generally about 10-20% lower than the known
average solids concentration in the vessel (X,o). They attributed this to a lack of isokinetic
sampling and also to the solids concentration in the layer just above the bottom of the vessel
being very high but uncertain. Nienow (1992) noted that sample withdrawal methods works

well, also in three-phase systems, even though it might be prone to some sampling error.

C/Co

Figure 2.14 Influence of sample withdrawal velocity and sampling tube tip shape on the

concentration profile {[Barresi and Baldi (1987a)]

[4PBT; d,=208 to 250pum; B=0.015; N = Nj,; horizontal sampling tubes with 6mm ID.

2.4.2.2.3 Optical Methods

Optical methods normally employ the passing of a laser beam through a dilute
suspension of solids. Compared to other light sources the laser is advantageous, since it
produces a compact beam of light. In the passage of the laser through the sample, the
intensity of the beam is attenuated or reduced by the presence of solid particles. The round
tank is normally placed inside a rectangular tank filled with water to reduce optical
distortions. The intensity of the beam is then measured on the other side of the tank using a
photovoltaic receiver. The attenuation of the laser beam can be calibrated to solids
concentration. These concentration measurements can easily be repeated at different heights

through the vessel to produce axial solids concentration profiles. It should be remembered
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that these are not point measurements as in sample withdrawal but an average along the line
of the beam, and as such cannot be used to determine radial concentration profiles. The
disadvantages of this method seems to include limited tank size, limited solids concentrations,
and not usable in three-phase conditions. Ayazi Shamlou and Koutsakos (1989) and Bohnet
and Niesmak (1980) both used He-Ne lasers and worked only with solids concentrations of up
to about 6 wt% or 2 vol% in 0.225 and 0.25 m tanks. However, Godfrey and Zhu (1994)
proposed a technique of carefully selecting the refractive indeces of the liquid and optically
homogeneous solid, which allowed measurements at solids concentrations of between 0.2 and
30 vol% (T = 0.154m). The advantages of optical techniques are that it is quick, accurate,

and non-intrusive.

2.4.2.2.4 Ultrasonic Technigues

Ultrasonic techniques send ultrasonic sound waves through the medium in the
tank from a transmitter to a receiver. The presence of solids affects both the velocity and the
attenuation of the ultrasound wave as it passes through the slurry. The attenuation is
measured in terms of a reduction in the amplitude of the signal reaching the receiver. In this
way ultrasonic methods can be used to determine solids concentrations in both two- and three-

phase slurry systems [Soong et al. (1995); Stolojanu and Prakash (1997)].

2.42.2.5 Pressure Probes

The static pressure in a shurry is influenced by the shurry density and thus the
solids concentrations. Weisman and Efferding (1960) used pressure probes to measure the
solids concentration in mechanical mixers. Nienow (1992) however questioned the accurace

and sensitivity of this method.

2.4.2.2.6 Conductivity Probes

The conductivity of a slurry is often different from that of the liquid phase alone
and is influenced by the concentration of the solids present. Conductivity probes measures
the conductivity (or inverse of the resistivity) in the slurry, the results of which can then often
be related to solids concentration. Application of this technique is subject to careful

calibration and the influence of other factors {(e.g. ionic strength in the liquid) should always
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be kept in mind. Musil and Vik (1978) used conductivity probes to measure local solids

concentrations in stirred vessels.

2.4.2.2.7 Tomography

The most common method of tomography applied to mixing systems is electrical
resistance tomography (ERT). It employs a number of electrodes, normally arranged as rings
on different planes inside the tank. For example Wang ef al. (1999) used a 1.5 m tank fitted
with rings of 16 electrodes fitted on 8 planes on different heights in the tank. Electrical
current signals are then passed through the electrodes and the potential differences over
various pairs of electrodes are measured. The data is then processed by various algorithms to
obtain a picture of electrical resistance fields in the plane between the electrodes. This picture
of electrical resistance fields is then related to the presence and concentrations of solids in the
plane. ERT can also be used to measure mixing dynamics such as mixing times in the tank by
adding a high conductance pulse to the liquid and measuring the response throughout the
vessel. However, obtaining high resolution, dynamic, results as well as three-phase

application still seem to be somewhat challenging for this technique.

2.4.2.3 Other Methods related to Solids Suspension

These are techniques that are not direct measurements of solids suspension or

distribution but can normally be related to solids suspension, even if only qualitatively.

2.4.2.3.1 Solids Residence Time Distributions, RTDg

Residence time distributions are used extensively in the kinetic modelling of
processes in continuous flow systems [e.g. Levenspiel (1972), and Oldshue (1983b)]. The
solids residence time distribution, RTDg, provides a picture of the probability of a particle
leaving the system after a certain length of time. RTDy is measured by adding a solids ‘tracer’
to the feed into the system and measuring the concentration of the tracer in the outlet stream
as it leaves the system. Care should be taken in the selection of the tracer, to make them as
representative as possible of the solids in the system. The tracer should also be easily
detectable in the outlet stream. Washout curves are a slightly oversimplified but very useful

method of determining RTDs. The actual solids concentration in the outlet stream is measured
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after stopping the solids feeding into the system [Nienow (1992)]. Depending on whether the
discharge point is at the bottom of the tank or higher up the side a shorter RTDs can indicate
worse or better solids suspension and distribution. R7Dy is commonly compared to RTD;, and
larger deviations are assumed to indicate worsening solids suspension and distribution.
Therefore, RTDs is related to the spatial distribution of solids throughout the tank, but direct

correlation is difficult.

2.4.2.3.2 Mixing Time, Oy

In the perfect mixing model it is assumed that the feed into the system is
instantaneously distributed throughout the tank on entry. Mixing time studies aim to measure
the time that it takes for material to be spread throughout the tank volume. In this way,
mixing time &,; indicates overall flow speeds and turbulence throughout the tank. For
example mixing time is commonly taken as equal to 5 times the circulation time .. The
B.irc 1s the time it takes the fluid to circulate through the longest circulation loop in the tank
and depends on impeller type and impeller clearance. Joshi, Pandit and Sharma (1982)
summarised mixing time correlations. It follows that a number of different methods are used
to measure O, including conductivity, refractive index, decolourisation, and pH
measurements. Of these, conductivity measurements are most commonly used and Gy is
taken as the time to reach a fraction (e.g. ~ 95 to 99.9%) of the final conductivity after adding
a high conductance tracer into the feed. Rewatkar, Raghava Rao and Joshi (1991) used i

extensively in their solids suspension work (cf. 2.4.3.9).

2.4.2.3.3 Power Draw and Torque Measurements

It was shown in Section 2.3.3.2 how the power drawn by an impeller is the
product of the discharge flowrate and discharge shearing action. The bulk fluid circulation
and turbulent dispersion caused by these actions of the impeller are important mechanisms in
solids suspension. Rewatkar, Raghava Rao and Joshi (1991) used power measurements
extensively in their solids suspension work (cf. Section 2.4.3.10). Accurate torque (M)
measurements on the shaft, using straingauges for example, is the best way to determine the
shaft power (P = 2nN.M). Electrical power is sometimes used but is prone to errors.
Accounting for losses in the impeller drive mechanism (i.e. V-belts, gearbox, bearings, etc.) is

the main source of error in electrical measurements. No-load power when the impeller is
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running free is often used to account for these losses. However, the drive losses are not

constant and most increases under increased loading.

243 Criteria for Identifying the Just Suspended Condition

In Section 2.4.1, the just suspended condition was identified as the most
consistently identifiable degree of solids suspension in terms of the critical impeller speed N.
This consistency, together with the important role that the just suspended condition has been
found to play in many multiphase processes, are amongst the attractions of using Nj, for solids
suspension correlation purposes. A number of criteria (or pointers) that can be used to
identify the just suspended condition, were developed from the experimental methods

discussed in Section 2.4.2, and will be reviewed in this section.

2.4.3.1 The Is criterion

Zwietering (1958) proposed the 1s criterion for identifying the just suspended

condition as follows:

‘It was difficult to determine this point (complete suspension) exactly and objectively, because
even at high stirver speeds streaks of solid particles are always visible at the bottom. At the
border between incomplete and complete suspension there are particles, which settle
temporarily at the bottom and remain for a short time in a fixed position relative to each
other. When such a small pile remained at rest longer than 1 or 2 seconds before being
broken up the suspension was judged incomplete. When no deposits remained on the bottom

Jor more than 1 s, the suspension was considered complete.” - Zwietering (1958)

Using this criterion the critical impeller speed can be determined with a very good
reproducibility of as little as 2-3% as found by Zwietering (1958) and several others who used
the 1s criterion. It is difficult to apply the 1s time period exactly in practice, and refer more to
a short time period in the region of 1s. Applying a ‘constant’ time is important to make the 1s
criterion more objective and the results of different workers more comparable. The 1s

criterion is the most commonly used criterion to identify the critical impeller speed.
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2.4.3.2 100% Suspension Criterion

A ‘100% suspension’ criterion has also been suggested by Staudinger and Moser
(1976), where no solids are allowed to come to rest on the vessel bottom, not even for a short
while. This criterion was claimed to identify the just suspended condition with a
reproducibility of +1%. However the 100% suspension criterion has not been used as widely

as the 1s criterion.

2.4.3.3 Unsuspended Layer of Solids Criterion

This criterion measures a height, radius or volume characteristic of the
unsuspended layer on the bottom of the tank with increasing impeller speed and in this way
identifies the just suspended condition (¥). Rieger and Ditl (1994) preferred this method to
the 1s criterion, due to it depending on a number of measurements and not just one slightly
subjective determination of solids suspension conditions on the base. Figure 2.15 (a) shows
how the volume of the unsuspended layer (‘fillet volume') changes with relative impeller
speed. This method may be more accurate than the 1s criterion, but needs a ‘number of

measurements' and is thus not as quick as the 1s criterion.

2.4.3.4 Radiation Count Rate Criterion

The count rates from labelled particles on the bottom of the tank have been found
to decrease with increasing impeller speed as the particles are suspended off the bottom of the
tank. Beyond a certain point, the rate stops to decrease much further with increasing impeller
speed. Rewatkar, Raghava Rao and Joshi (1991) took this point as the critical impeller speed
for solids suspension and found the just suspended speed obtained using this criteria to agree

very well within 5% to the visually observed 1s criterion critical impeller speed.

2.4.3.5 Rate of Mass Transfer Criterion

The rate of solid-liquid mass transfer increases with increasing impeller speed as
solids are lifted from the bottom and contacted with the liquid. At a certain impeller speed,

the slope of the increase drops off. This is taken as the critical impeller speed and in most
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solid-liquid mass transfer processes (e.g. dissolution, ion exchange, etc.) it is the most

efficient to design a stirred vessel for this condition.

2.4.3.6 90% Suspension Height Criterion

This criterion attempts to relate the suspension height 4 of the solids in the vessel
to the just suspended condition. It was observed [Hirsekorn and Miller (1953); Weisman and
Efferding (1960); Einenkel (1980)] that the condition where the solid particles reached 90%
of the liquid height (Z), also coincided with the just suspended condition of complete off-
bottom suspension Nj;. Most of these workers used a slurry height (Z) equal to the tank
diameter (7) and the 90% height criterion can thus also be expressed in terms of relative
height (/T = 0.90). However, Chapman et al. (1983¢) reported that an A; criterion was not
useful, especially not in three-phase work. Nienow (1992) also observed that the 90%
suspension height criterion results differed from those obtained by visually observing the tank
bottom, especially for particles less than 300 pm. The results of Hicks, Myers and Bakker
(1997) show A, to increase with impeller speed, but that the value at Nj, is not constant for

different conditions (cf. Figure 2.15 (b)).
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Figure 2.15 Suspension height measurements (CH) at (a) various /N/Nj, and (b) various
X with N = N [Hicks, Myers and Bakker (1997)]

[(a): acrylic solid, (b): ion exchange resin, HE-3 impeller, D/T=0.35, C/T = 0.25 and Z/T = 1.0}
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2.4.3.7 Solids Concengration above Base Criterion

This criterion relates the variation in measured solids concentrations above the
base with increasing impeller speed to the just suspended condition. The concentration above
the base criterion considers the point where the local solids concentration at a point above the
base shows a maximum [Bourne and Sharma (1974)] or a discontinuity [Musil (1976)] with
increasing impeller speed. The point where the discontinuity occurs is taken as the critical
impeller speed (cf. Figure 2.16). Chapman et al. (1983a) also used this alternative criterion
(and perhaps less subjective criterion) for determining Nj,. The change in the local solids
concentration above the base with increasing N can be explained as follows. Increasing the
impeller speed from low values, the particles will gradually be suspended off the base causing
the concentration to increase. Eventually a point is however reached where the source of
particles from the base is practically exhausted, while the upper regions of the dispersion still
have very low particle hold-ups. Therefore, further increases in impeller speed will
homogenise the suspension and thereby reduce the local solids concentration near the base.
However, Ayazi Shamlou and Koutsakos (1989) found the trend less obvious at high X (X > 6
wt. %) and that it often gives a lower N, from that obtained from visual observation of the

base of the tank.
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Figure 2.16 Solids concentration vs impeller speed for different sample heights [Ayazi
Shamlou and Koutsakos (1989)]

(d, = 390 pum, ps = 2900 kg/m’, pL=1000kg/m’, C=13cm, D= 10 cm, Z = H = 65 cm, Xoq = Co = 3 Wt%)
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2.4.3.8 Varintion in Vertical Solids Concentrations Criterion

This criterion determines the variation in vertical solids concentrations with
increasing impeller speed. With increasing impeller speed both the extent of solids
distribution (4;) increases as well as the homogeneity of solids distribution increases. It is
thus expected that the variation in solids concentrations (expressed as variance ¢, or relative
standard deviation RSD) will decrease with increased impeller speed until a homogeneous
suspension is reached as the variance in axial concentrations through the tank approaches
zero. Published work that considered the variation in axial concentrations (RSD) suggests a
decreasing trend of RSD vs. N, but that the value of RSD at the just suspended condition
(RSD;) will be system specific and not easy to generalise [Einenkel (1980); Bohnet and
Niesmak (1980); Barresi and Baldi (1987a); Barresi and Baldi (1987b)]. Concentration
profiles will be considered further in Section 2.4.6.

2.4.3.9 Mixing Time vs. Impeller Speed Criterion

This criterion for the measurement of Nj;, makes use of the variation of mixing
times G, vs. impeller speed N and is described in detail by Rewatkar, Raghava Rao and Joshi
(1991). In addition to identifying the just suspended condition, it is also claimed that 8, vs.
impeller speed N can be used to identify the complete gas dispersion condition N in both two

and three-phase conditions.

2.4.3.10  Power Number vs. Impeller Speed Criterion

This criterion for the measurement of N, makes use of the variation of power
number Np vs. impeller speed N and is described in detail by Rewatkar, Raghava Rao and
Joshi (1991). At low impeller speeds in solid-liquid agitation, the power number is decreased
by the streamlining effects of solid fillets on the base. At higher speeds more solids are
suspended and the effective density around the impeller increases, causing the power number
to increase, until the effective density around the impeller starts to decrease again above the
just suspended condition. The critical impeller speed can thus be determined graphically from
these plots. The three-phase plots are furthermore also influenced by the effect of gas on

impeller power draw and in addition to the critical impeller speed, can the point of complete
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gas dispersion also be identified from these plots [Chapman er al. (1983c); Rewatkar,
Raghava Rao and Joshi (1991)].

2.4.4 Critical Impeller Speed Correlations (Two-Phase) !

It was mentioned in Section 2.4.1 that investigations into the critical impeller
speed (V) have completely dominated all work on solids suspension in stirred tanks.
Zwietering (1958), who used visual observation (cf. Section 2.4.2), and defined the 1s
criterion for identifying the just suspended condition consistently (cf. Section 2.4.3),
completed one of the most comprehensive and influential studies on solids suspension in
stirred tanks to date. For this reason, the Zwietering correlation will be reviewed in more
detail in Section 2.4.4.1. After Zwietering, many others have tested the Zwietering equation
and contributed their own findings. An overview of just suspended correlations will be given
in Section 2.4.4.2. Most of the critical impeller speed correlations have been developed from
semi-empirical to empirical observations. Some attempts have however been made to use
more theoretical approaches to derive the just suspended correlation. These theoretical
correlations have had limited success to date and will thus only be reviewed very briefly in
Section 2.4.4.4. As will be shown in this section, most studies on solids suspension have been
done in two-phase stirred systems. However, due to the importance of three-phase stirred
processes, attempts have been made to extent the Nj; correlation to three-phase systems, which

will be considered in the next section (cf. 2.4.5).

2.4.4.1 The Zwietering Correlation [Zwietering (1958)]

The most influential work in solids suspension to date is also one of the first
published on the critical impeller speed for solids suspension. Zwietering (1958) did a very
extensive study, involving well over a thousand tests done on a selection of laboratory scale
mixing vessels agitated by five types of stirrers at different sizes. He varied all the variables
affecting solid suspension in a conventional S-L two-phase system, while measuring their
effect on the impeller speed where solids are just completely suspended off the bottom (i.e.

critical impeller speed). Zwietering used visual observation of the base (cf. Section 2.4.2.1.1)

! In this section N is used throughout to indicate the critical impeller speed. However, Ny, could also be used

to indicate two-phase or ‘'ungassed’ conditions and will be used further on in this work.
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to determine the solids suspension conditions on the base of the tank. In order to make the
determination of the point of complete solids suspension more objective, he introduced the 1s

criterion (cf. Section 2.4.3.1).

Workers before Zwietering provided very limited quantitative information regarding the
stirring conditions required for complete suspension. One of the first published works on
solids suspension was done by White and Summerford (1933), who studied the distribution of
sand (concentration profile) in a single unbaffled tank. Hixson et al. (1942) then introduced
an intensity of agitation measure by considering the rate of dissolution of solids. While
Hirsekorn and Miller (1953) judged the agitation as successful (or complete) when the
agitator was able to suspend all the solids from their initial position of rest on the bottom of
the tank. They labelled this condition as ‘complete suspension.” Hirsekorn and Miller,
however, worked only in the laminar region at low Reynolds numbers (Nz, < 12) and only
produced scale-up rules and no critical impeller speed correlation. Kneule (1956) also
stressed the importance of the ‘just suspended’ or ‘complete suspension’ condition, in his
work on the rate of solution of crystals. Furthermore, Kneule was one of the first to produce a
relation indicating the required power per unit volume to reach and maintain this complete
suspension condition. Kneule recommended equal power per unit volume for scale-up of
solids suspension and related this required power input to some of the properties of the liquid
and the solid. Zwietering’s results however showed that the power per umit volume can be

reduced during scale-up of solids suspension (P/V a D%,

As already mentioned, Zwietering (1958) determined the minimum impeller speed for
complete suspension in a great number of cases. This was possible by the use of visual
observation, not requiring any samples to be taken and processed. He used transparent tanks,
made of glass or Perspex, fitted with four baffles (width = 0.17) along the walls, and ranging
in size between T = 0.154 and 0.60 m (V7= 2.9 to 170 I). Zwietering and most others used
cylindrical vessels filled in general to a height equal to the vessel diameter (Z = T). It has
been found that the liquid height in the vessel (Z) does not have a significant influence on Nj.
Five types of stirrers were used in his study, being, two paddle stirrers, a six blade disc turbine
(Rushton), a vaned disc impeller and a flat blade propeller as shown in Figure 2.17. Silica
sand (ps = 2600 kg/m3 ) and sodium chloride (ps = 2160 kg/m3) were used as solids; and as
liquids, water, acetone, carbon tetrachloride, potassium carbonate solution and oil. A full list

of the variables is given in Table 2.5.
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Figure 2.17 Stirrers used by Zwietering

(Paddle stirrer D/'W=2: Np= 5.9, Paddle stirrer D/W=4: Np=2.5; 6DT: Np = 6.2; Vaned disk: Np = 4.6,
Propeller: Np= 0.5)

Table 2.5 Variables and Ranges Used by Zwietering

Variables Symbol Range Unit
Impeller speed N (not given) s
Tank diameter T 0.154 to0 0.60 m
Impeller diameter D 0.06t00.22(1/6 Tt 2/3T) m
Impeller clearance C 1/2 to 1/7 of T (paddle 1/10, 1/20) m
Particle size dp 125 to 850 pm

(125-150; 150-250; 250-350; 710-850)

Solids to Liquid Mass Ratio B 0.005 t0 0.20 -
(Solids Mass Fraction)* X (0.005 t0 0.167) ¢
Solids density Ds 2160 (NaCl) and 2600 (silica sand) | kg/m’
Liquid density oL 790 (acetone) to 1600 (CClLy) kg/m’
Liquid viscosity (kinematic) v 0.39x10° to 11.1x10° m°/s
(Dynamic liquid viscosity)* (u) (0.31 (acetone) to 9.3 (oil)) (mPa.s)
Acceleration of gravity g 9.81 m/s”

(Liquids used - water: p; = 1000kg/m’, u; = 1.0cP; acetone: p; = 790kg/m’, ;= 0.31¢P; carbon tetrachloride: p;
= 1600kg/m’, 4; = 1¢cP; potassium carbonate solution: p; = 1440kg/m’, 1, = 5¢P; oil: p; = 840kg/m®, u; = 9.3¢P)

From the 10 variables (in three independent units), Zwietering could form a set of seven
dimensionless numbers (cf. 2.3.1).
Geometric ratios : T/D, TIC, Did,
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Reynolds number (Ng) : N.D?v!
Froude number (Ng) :N°.D.g"
Density ratio :ps. prt
Solids to liquid ratio (B) ~ : mg.my

Zwietering (1958) however noted that the disadvantage of using these dimensionless numbers
is that most of them can’t be varied independently, thus complicating the analysis of the
experimental data. For example, impeller speed N is contained in two of the dimensionless
groups and impeller diameter D in four of them. Zwietering thus decided to evaluate the
effect of each variable on N independently. The silica sand in water tests (over a thousand
tests) were considered separately at first to simplify the analyses. In these tests, the first six
parameters in Table 2.5 could be varied. From graphical analyses (log-log plots) of the data,
Zwietering found that Nj; could well be expressed as a product function of the variables 7, D,

dp and X, but not of C.

N,=K,T°D’d ‘B* ; for constant T/C
................................................... Equation 2-30

Next, Zwietering tested the effect of solid and liquid density and liquid viscosity by adding
the tests done with NaCl solids, and the other liquids showed in Table 2.5.

0.45
N, o Vo.zo(ps pLJ
P

................................................... Equation 2-31

From the graphical analyses of all his data and making use of dimensional consistency checks

Zwietering arrived at the following product function for N,.

0.45
N, = KT*Db dpo,zo 13,010 gOAS [ Ps— L1 J for constant T/C
Pr

................................................... Equation 2-32
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The effect of impeller clearance (7/C) could not be included as another product factor into the
equation. Also the exponents of the other two geometrical variables T and D (‘a' and 'b")
depended on the type of stirrer. However, their sum was found to vary around an average of
minus 0.85 (varied between -0.78 and -0.94). T and D are also not normally varied
independently. One can be taken as an indicator of scale (7 or D), whilst a ratio of the two
indicates relative impeller diameter (D/T or 7/D). Zwietering opted to use D as an indicator
of scale and 7/D to indicate relative impeller diameter. The equation can thus be rewritten by

multiplying Equation 2-32 with (D“/D°), as shown in Equation 2-33.

a 045
N, = KD™8 (%J dpozo BO13y 0105045 ( Ps—Pr J for constant T/C
PL

Where: for propellers a = 0.82; for paddles a = 1.30; for disc turbines ¢ = 1.50
................................................... Equation 2-33

However, T is often taken as the indicator of scale and D/T as the indicator of relative
impeller diameter. This form can also be obtained from Equation 2-32, by multiplying by
(7%/1”), leading to Equation 2-34. The exponent on D/T, b, is determined from the 'a’ values
given by Zwietering, and knowing that a + b was found to be equal to -0.85.

5 0.45
st = KT ( % J dpozo 013,010 go.45 [ Ps— Py ] for constant C/T

Pr

Where: for propellers = -1.67; for paddles b = -2.15; for disc turbines b =-2.35
................................................... Equation 2-34

Equation 2-33 (or Equation 2-34) is very useful in that it shows the effect of all variables
(except C/T) on N;. However, the equation constant K was not constant but depended on
impeller type, relative impeller diameter (7/D), and relative impeller clearance (7/C).
Zwietering thus decided to combine K, 7/D and T/C into an S parameter, which he then
determined for each type of impeller and displayed graphically. Two examples are given in

Figure 2.18.
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Figure 2.18 The dependance of the § parameter in Zwietering’s equation on impeller

type, impeller diameter (7/D) and impeller clearance (7/C)

Note: Experimental data points rarely deviated more than 10% from these lines. (a) — Paddle impeller (W/D =
1/4, Np=2.5Y; (b} - Disc turbine (6 bladed Rushton, Np = 6.2)

This leads to the § parameter form of the Zwietering equation, which is most commonly used.

0.45
N, = Sd "%B3y00g0% [____.os-pL] D®; Where, S = f (impeller type, T/D, T/C) ()

P
Or T as the scaling parameter,
045
N, = §°d “XB°1y01ogos (MJ 7955, Where, S” = f (impeller type, D/T, C/T)  (b)
P

................................................... Equation 2-35

This § parameter form of the Zwietering equation thus combines all the geometric variables
except for scale into one parameter (S). This indicates that at constant geometrical design
(constant impeller type, D/T and C/T), Nj, is only affected by the solid-liquid properties and
the scale indicator (e.g. D or 7). Thus, once the value of § has been determined for the type of
impeller to be used at the relative size (D/T) and relative clearance (C/T), Equation 2-35 can
be used to determine the critical impeller speed for changing liquid and solid properties as

well as scale-up.

It can be seen from Figure 2.18 that the S parameter (and thus also Nj) decreases with
increasing impeller diameter (decreasing 7/D) and decreasing impeller clearance (increasing

T/C). As per Figure 2.18 (b), Zwietering found that § (and thus Nj) for disc turbines are
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independent of C/T. This finding was unexpected, due to all the other impellers showing N
to decrease with decreasing C/T, and has since been disproved [Nienow (1968); Chapman e?
al. (1983a)]. Zwietering (1958)’s extensive study thus provided a complete correlation for
critical impeller speed N, using various liquids and solid particles stirred by a variety of
impeller types at various impeller sizes and clearances, whilst also allowing for scale-up.
This very complete correlation has since become a yardstick against which most other work

on solids suspension is measured.

2.44.2 Overview of Just Suspended Correlations for Two-Phase Systems

After Zwietering (1958), many others have also developed Nj; correlations based
on experimental observations. A summary of most of these two-phase critical impeller speed

studies are given in Table 2.6.

Table 2.6 Critical Impeller Speed Correlations in Two-Phase Systems *

Reference Exponents of Variables in the Zwietering-type Product Function
Ny =KT* D dpa.za go-13 (Ap/p l)a..tsva.l *
d, B” |Aplp| w (D/T)°” T
(scale)”
Zwictering (1958) 0.20 6.13 045 0.1 DT:-2.35,FT: - -0.85
2.15,Pr: -1.67
Weisman and Efferding ur® 0.17 ur® up” -1.67 (FT)
(1960)
Kolar (1967a) ur® 0.10 ur ur -2.24 (Pr, PT-D)
Kneule and Weinspach 0-0.2 0.25 0.5 0-0.1 -1.7 {Pr)
(1967)
Narayanan ef al, (1968) 0.5 0.22 05 -2.0(DT)
Nienow (1968) 0.21 0.12 043 -2.25 (OT)
Gates, Morton and 0.13-0.2 0.13- 0.1 -2.4
Fondy (1976) 0.2
Baidi, Conti and Alaria 0.14 0.125 0.4 0.17 -1.9(DD)
(1978)
Herringe (1979) 0.3 0.18 0.4 -0.7 (PT-D)
Bohnet and Niesmak 0.14 0.125 04 0.08 -1.8(OT)
{1980)
Einenkel (1980) 0.17-0.67 03 0.5 -1.7 P
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Reference Exponents of Variables in the Zwietering-type Product Function
Ni= KT°D® dpo.zoBo.u (App )05yl
d, B” |Appn| w DIm’” T
(scale)
Chapman ¢f ol. (1983a) 0.15 0.12 04 0 DT: -2.45,PT-D». -0.76 (DT,
-1.67, Pr: -1.15 PT-D, PT-U)
Buurman, Resoort and -0.67 (PT-D)
Plaschkes (1986)
Chudacek (1986) 0.52 0.08 -0.58 (PT-D)
Raghava Rao, Rewatkar | 0.11 > | 0.1 & -1.15 (PT-D)
and Joshi (1988) T FT-1)
0.15® | 0.125®P
Rewatkar, Raghava Rao Uy ur ur® ur”® -1.15 (PT-D)
and Joshi (1989)
Frijlink, Bakker and DT: -(.85,
Smith (1990) PT-D: -0.70,
PT-U: -0.60
Armenante and Uehara | 0.22-024 | ¢.11-0.13 | 0.50- 0.09 DT:-225,FT: - -0.82 (DT,
Nagamine (1998) 0.53 2.07,PT: -1.66, FT,PT)
HE: -1.62 -0.78 (HE)
Sharma and  Shaikh 2.0 (PT) -0.85 (PT)
(2003)
NOTESTO Table 2.6

# - Largely taken from Rewatkar and Joshi (1991); Summaries of correlations are also given in Bohnet and
Niesmak (1980) and Chapman er ai. (1983a); Theoretical correlations (not given here) summarised in Rieger and
Ditl (1994). Experimental ranges used in these works are summarised by Chapman er al. (19833}, and Rewatkar

and Joshi (1991).

* . Zwietering (1958)’s equation (product function as in Equation 2-32), showing 7° and D? separately. In the
table, T'is shown as the variable indicating scale and D/T indicates relative impeller diameter (refer also
Equation 2-33 and Equation 2-34).

*# . The concentration of solids is expressed here as the mass ratio of solids to liquid, B = my/m;. However, the
mass concentration, X = mg/(ms-+my) is also commonly used to express solids concentration in stirred tanks. For
small values of X < ~0.05, B a X. However, for X in the range of 0.05 to 0.50 the relation can be approximated
as B a X"¥". Thus to obtain the exponent for X in the latter range, the exponents on B should be multiplied by
1.27 (cf. Section 2.4.4.3.2).

+ - Terminal settling velocity uy were used in these studies to describe the effect of these variables.

(DT = disc turbine; FT = flat-blade turbine; Pr = propeller impeller; PT-D = pitched turbine downflow; PT-U =
pitched turbine upflow)

The variable ranges used by these investigators (cf. Table 2.6) are summarised in Rewatkar
and Joshi (1991), and Chapman et a/. (1983a), and will not be repeated here. Some studies
can however be criticised for being done in very small vessels (7 << 0.5m), or at very low

solids concentrations (X << 10%). However, the following studies included 7 = 0.5m:
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Zwietering (1958), Herringe (1979), Einenkel (1980), Chapman et al. (1983a), Buurman,
Resoort and Plaschkes (1986), Chudacek (1986), Raghava Rao, Rewatkar and Joshi (1988),
Frijlink, Bakker and Smith (1990), Armenante and Uehara Nagamine (1998), and Sharma and
Shaikh (2003). Whilst, the following studies included X 2 10%: Zwietering (1958), Weisman
and Efferding (1960), Kolar (1967a), Herringe (1979), Chapman et al. (1983a), Buurman,
Resoort and Plaschkes (1986), Chudacek (1986), Raghava Rao, Rewatkar and Joshi (1988),
and Frijlink, Bakker and Smith (1990).

Nienow (1992) explained the differences in N; findings (cf. Table 2.6) by referring to, (a) the
limited range of solids available in suitable form and quantity for study on larger scale, (b)
different criteria used to identify Nj;, and (c) the experimental determination of Nj,, which may
be imprecise. These differences in complete suspension results are compounded when power
(Pjs) 1s used as the measure for complete suspension, due to the dependence of power numbers
on factors such as impeller geometry and in certain cases scale. Rewatkar and Joshi (1991)
compared the predictions of a number of the correlations given in Table 2.6, against the
Zwietering (1958) correlation (‘experimental’) as shown in Figure 2.19. It follows that, with
the exception of the more theoretical correlation of Baldi, Conti and Alaria (1978), the other
predictions form a scattogram around Zwietering’s correlation. It can therefore be concluded
that the Zwietering’s equation is the best to use for design application, but for specific

application, it will have to be tested and fine-tuned.

Prédicted walues of Ng

Herayanan ol al.
Einenkel

H
@

O Batdi ot.al,
® Kneuie et.al,
@
o]

Euperimenial values of Ng

Raghev Hao et.al.
Bohnet and Niesrmak
& o ® Kolar
B ienew

7 08 9 10 % 12 13 %4 1% 96 17 %8 19 20 N
Predictod vaues of Ny

Figure 2.19 Comparison of predicted /NV;; values from some correlations with that of

Zwietering's correlation (‘experimental’) [Rewatkar and Joshi (1991)]
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2.4.4.3 Variables Affecting Solids Suspension (N
The variables given in Table 2.6, which affect N, will be briefly overviewed here.
2.4.4.3.1 Particle size, d,

As with all the variables in the N correlation (product function), the relative
effect of variations in particle size d, on N can be determined from log-log plots as shown in
Figure 2.20 as an example. As already indicated in Table 2.6, Zwietering (1958) found Nj; o
dpo'zo, whilst the proportionality exponent of the other findings varied over a fairly large range

of between 0.1 and 0.5.

N, ocd " Zwietering (1958)

................................................... Equation 2-36

The large variation in findings on the effect of particle size might be related to the difficulty
of obtaining discrete solids size fractions and determining average particle sizes from particle
size distributions. The widest range of particle sizes was studied by Herringe (1979), being
19 pm to 5000 pm, whilst most other studies included the range of 100 to 500 pm.

An important factor related to the effect of particle size is how to deal with size distributions.
Most work on solids suspension has been done using discrete size fractions, whilst the solids
encountered in industrial stirred tanks normally vary over distributions of particle sizes.
Baldi, Conti and Alaria (1978) used mono-modal and bi-modal particle size fractions varying
between 50 and 545 pm (X = 0.2 to 2%). They found that for Nj, calculations, the bi-modal
size fractions behaved like mono-modal size fractions of a size equal to the mass averaged
size. Chapman et al. (1983a) investigated multi-modal size distributions further, using tri-
modal and even quadri-modal size distributions at sizes varying between 92.5 and 2650 pm
and confirmed Baldi’s finding that these size distributions can be characterised by the mass
mean diameter of the distribution (ds). These results are also included in Figure 2.20 where
points ‘A’ and ‘B’ shows the critical impeller speeds for a tri-modal and a quadri-modal size
distribution of solids against their mass mean diameters. It can be seen that these points lie on
the same line as that given by discrete size distributions. This would suggest the use of a ds¢

value when working with size distributions. However, these studies did not include very fine
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particle sizes (d, < 50 pm), where at some point solids suspension will not be a problem.
Therefore, for particle size distributions in the range of 10 to 300 pm it is expected that a

coarser particle size will be characteristic of the distribution, e.g. dgg or dyo.

0 7 T T T

1 i } | L
100 200 500 1000 2000
dp (pm)

Figure 2.20 Log-log plot of N vs. d, Chapman et al. (1983a)

Note: broken line = Zwietering (1958): Nj, @ d,%’; solid line = Chapman et al. (1983a): N, a 4,>"; Points ‘A’
and ‘B’ indicate the mass mean diameters of a tri-modal and quadri-modal size distribution; (DT, D/T=1/2, Tys6,
B=1%, Ap=1900kg.m>)

2.4.4.3.2 Solids Concentration, B or X

Zwietering (1958) found the exponent on B to be 0.13, whilst the other findings
varied mostly between 0.10 and 0.25 (cf. Table 2.6).

N, o< B"; Zwietering (1958)
................................................... Equation 2-37

There seems to be better agreement amongst different workers on the effect of solids
concentration, compared to particle size. This can partly be attributed to the accuracy of
measuring and controlling the solids concentration during testwork, whilst there is always
some uncertainty about the average particle size used. The range of solids to liquid mass
ratios (B), varied from very low to medium solids concentrations (0.001<B<0.50 or

0.001<X<0.25) [Rewatkar and Joshi (1991)].

When considering the effect of solids concentration it is important to note how the solids

concentration is expressed. Most of the workers in Table 2.6 used the solids to liquid mass
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ratio, B = mg'm;. However a common way of cxpressing solids concentration is to usc the

solids mass concentration, X = mis/fmigtmg). B vs. Xis shown in Figure 2.21,

y= 204

R = 09822

v = 112025

R =4
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Figure 2.21 Solids-to-liguid mass ratio, & as a function of solids concentration, X

It follows from Figure 2.21 that if working at low sohds concentrations up to ~5 wt%, the

exponent values quoted in Table 2.6 can be used on X, However, if working at mgher X ~ 5

to 50 wt%, the exponent on X, will be higher than the exponent on 8,

g

24433

Solid-Liquid Density Difference, Apipy

N, oo B" o (XM7)"" oo X1 for 5% < X < 50%; Zwictering (1958)

reeereenoen RUATION 2-38

[t follows from Table 2.6 that the rclanive solid-liquid density difference, (ps-

P or Apipr, has a relatively large and consistent influence on the critical impeller speed.

Zwietering (1958) found the cxponent to be .45, whilst the findings of others varied mostly

between 0.40 and 0.50, with only one worker [Gates, Morton and Fondy (1976)] finding the

eftect to be less than 0.40. From a mecchanistic point of view, the large effect of solid-liquid

density difference is to be expected.  From a force balance (cf. Figurc 2.11). it follows that

density difference is the real driving force behind phase separation. The other solid-liquid

variables merely affect the drag force and thus the ratc at which this scparation or

sedimentation occurs.
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(5
N, = [M] ; Lwietering (1938)
' 4

seevieeeiee... Equation 2-39

24434 Liguid kinematic viscosity, vi

Zwietering (1958) found the effect of liquid kinematic viscosity v, to he as

tollows.

N, o< v"'%; Zwietering (1958)

cteeeareene- Eqquation 2-H)

Only some of the authors listed i Table 2.6 studied the effect of liguid viscosity and their
values of the exponent on vy varied mostly from zero t 0.10. A number tound the exponent
to be zero (v, has no effect on A), whilst only Baldh, Conti and Alaria (1978), working with
very low X (X < 2%}, found the effect to be stronger than 0.10. The effect of v; thus seems to
be relatively small for most systems, However, for some systems the viscosity can vary over
a large runge (more than ten-fold), and n these cases the influence of viscosity might be
important, despite the small proportionality exponent. These studies considered the liquid
phase viscosity on the suspension of solids. The fluid (slurry} viscosity may however also be
influenced by the presence of solids particles in the flutd as shown in Figure 2.22. Tt {ollows
from Frgure 2.22 that tor most slurnes, the slurry viscosily 15 only ntluenced significantly
{maore than three 1o four times that of water) once the solids volume concentration @s increases
over ~235 vol%, except for very fine particle size distributions with s values of 30pm and
smaller. For a slurry contaming solids with an SG of three, a solids concentration of 25 vol%
(s = 25%) translates to, 50 wt% sohids (X = 50%,). or a slurry density of 1500 kg/m® (ps -
1500 kg/m*). Many slurry mixing systems operate below X = 50%, and therefore if not
confaining large quantities of extremely fine solids (dsy = ~ 30pm), the effect of slurry

viscosity on &, seems to be small.
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Figure 2.22 The effect of solids volume concentration on slurry apparent viscosity for

different dsy particle sizes [Thomas (1965) as given in Stanley (1987)]

2.44.3.5 Relative impeller diameter, D/T

As already discussed in 2.4.4.1 the effect of relative impeller diameter depends on the type of
impeller used. Zwietering (1958) found exponent values of minus 2.35 for disc turbines
(DT’s), minus 2.15 for flat-blade turbines (F7T’s) and minus 1.67 for propellers. Seeing that
the current study focuses on radial turbine type impellers (as used in flotation cells), the

propeller findings will not be discussed here.

s

-2.35
N, oc (?J for disc turbines ; Zwietering (1958) (a)

J

-2.15
N o (?J for flat-blade turbines ; Zwietering (1958) (b)

................................................... Equation 2-41

The values of the proportionality exponent that others found for the influence of D/T for radial

impellers varied consistently between minus 1.90 to minus 2.45 with only one worker
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[Weisman and Efferding (1960)] finding the exponent Iéss negative than minus 1.90 (cf.
Table 2.6). It thus follows that increasing D (at constant T) causes N, to decrease
dramatically with an exponent of for example minus 2.35 as for the disc turbine. This
decrease in Nj, by increasing D, should however be put into context by also considering the

effect of D on the power draw P at constant power numbers (Ng, >> 10%).

P o< N, ’D’ o (11)‘“5)3 D* o< D% for DT at constant Np (Ng. > 10*); Zwietering (1958)

Js

................................................... Equation 2-42

Equation 2-42 seems to suggest that for DT"s, Pj can be reduced by increasing the impeller
diameter D, within the range tested by Zwietering (1/6 T to 2/3 T). One should however be
careful with the constant Np assumption. As N decreases with increasing D, Ng. might drop
below ~104, where Np starts to increase with decrease in Ng.. Even if Ng, stays within the
turbulent regime, Np’s have been found to increase with increasing D/T, regardless. Chapman
et al. (1983a), for example, found the Np for a DT impeller to increase in one case from 5.10
to 5.95 as D/T increased from 1/4 to 1/2, and in another case to increase from 3.15 to 4.8 as
D/T increased from to 1/3 to 1/2.

2.4.4.3.6 Scale, Tor D

Zwietering (1958) found N, to decrease with an increase in the scale of the

system,

N o< T or o D™% for geometric similar scaling ; Zwietering (1958)

................................................... Equation 2-43

Some others have found the effect of scale to be influenced by the type of impeller, with PT-
D and PT-U, showing smaller decreases with increasing scale. However, findings with radial
impellers (e.g. DT and FT) are very close to, or slightly less than, the minus 0.85 found by
Zwietering (cf. Table 2.6). Zwietering's prediction of the decrease in impeller speed with
increasing scale might thus be judged as slightly optimistic and a slightly smaller value of
minus 0.80, lying between that of Zwietering and Chapman et al. (1983a), might be safer to

use for design predictions of scale-up in terms of solids suspension (cf. Figure 2.23).



Literature: Solids Suspension in Stirred Tank 79

10 T T T

ENN |
B

47

-{

Nlrevs 3

b d
=
i

] ] 1 i
02 0% +0 20
Ti{m)

Figure 2.23 Effect of scale (7) on N; [Chapman ef al. (1983a)]

(D=T/2; B=0.01; silica sand; m: DT, &: PT-U, ¥. PT-D)

2.44.3.7 Relative Impeller Clearance, C/T

Zwietering (1958) found for all the impellers tested (FT, DT, VD and Pr), as
shown in Figure 2.17, that N; decreased with decreasing relative impeller clearance C/7,
except for the disc turbine DT (cf. Figure 2.18). Because the effect of C/T depended on
impeller type and could not be fitted as a power function Zwietering decided to combine the
effect of C/T, with the effect of relative impeller diameter D/T, which also depended on
impeller type, as well as the correlation coefficient K into an § parameter. These § parameters
were then presented graphically for the different types of impellers tested. Nienow (1968)
later found that N;; reduced with decreasing C/T, also for DT’s. Chapman ef a/. (1983a) also
confirmed the decreasing N, trend with decreasing C/T for DT’s (cf. Table 2.7).

Table 2.7 The Effect of Impeller Clearance (C/T) on N;; and Pj; for Disc Turbines

[Chapman ef al. (1983a)]
C/T Njs P; Np
[-] [s7] [W]
0.167 (1/6) 4.28 82 46
0.25 (1/4) 4.95 151 5.5
0.50 (1/2) 5.90 240 5.4

(T =056 m; DT; D =T/3; X = 3%; soda glass ballotini)
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From Table 2.7 it follows that in addition to Nj, decreasing with decreasing C/T for DT’s, the
power number Np was found to either stay relatively constant or to decrease with decreasing
C/T. The combined effect results in a dramatic decrease in P, with decreasing impeller
clearance (Pj, = Np.p.AGf.DS , Npe >> 104). Armenante and Uehara Nagamine (1998) found
that Np generally decreased with decreasing C/T for DT’s, but that after an initial decrease it
started to increase at very low C/T for FT’s. However, P, still decreased with decreasing C/T

in all cases.

The reason why the effect of impeller clearance could not be incorporated as a power function
is partially related to a change in flow pattern that occur with radial impellers at low impeller
clearances (C/T < ~1/6). The two flow patterns, as observed by many [e.g. Nienow (1968),
Nagata (1975), Bujalski, Nienow and Huoxing (1990)], are depicted graphically in Figure
2.24. Atimpeller clearances D/T above 1/5 a flow pattern is observed similar to the ‘normal’
radial double-figure-of-eight flow pattern of turbine impellers, with the discharge stream flung
out horizontally from the turbine and splitting up into two streams giving vertical motion up
and down the vessel wall. The downward stream scours the vessel bottom as it circulates
back to the eye of the impeller. If the impeller is operating with this flow pattern, it is
intuitive that the closer the impeller is to the bottom the stronger the scouring action will be.
With this flow pattern, the last solids to be suspended off the bottom are from the centre of the
tank. At C/T of about 1/5, slightly unstable flow patterns are observed. At C/T of 1/6 and
smaller, a very different flow pattern is observed. The lower circulation loop, observed at
higher clearances, now disappears. The impeller discharge stream now dips slightly towards
the corner of the tank, before flowing up the tank wall and circulating back to the centre (eye)
of the impeller from above. At these low clearances, the last solids to be suspended are from
the periphery of the tank. Some have found this flow pattern to be very efficient for two-
phase solids suspension. Nienow (1968) found that once the impeller was operating in this
flow pattern a further reduction in impeller clearance only led to very small reductions in Nj.
Armenante and Uehara Nagamine (1998) incorporated the effect of C/T into a modified
Zwietering equation, but for radial impellers, it only applies to the low impeller clearance case
(cf. Figure 2.24 (b)).
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Figure 2.24 Influence of impeller clearance on flow patterns and suspension of solids
[Nagata (1975)}

2,444 Theoretical Critical Impeller Speed Correlations

Though many theoretical models have been proposed, often supported by
experimental data, no general agreement has been reached [Nienow (1992)]. On balance,
Zwieterings empirical correlation remains the most useful in terms of estimating N
[Chapman et al. (1983a)]. As is evident by these observations, the theoretical approaches
have not achieved general acceptance and success in predicting Nj,. For this reason, the

theoretical Nj; correlations will be reviewed very briefly here.

The aim of these theoretical correlations (mechanistic approaches) is to develop relationships
between the minimum impeller speed needed to lift the solids off the bottom of the tank Nj;
(suspension mechanisms, cf. 2.3.3.2), and variables expected to influence solids suspension
(sedimentation mechanism, cf. 2.3.3.1). These relationships are developed from making some
simplifying assumptions and then using theoretical principles to obtain the correlation. Most
mechanistic models uses one of two mechanisms involved in solids suspension, viz. the drag
force acting on the particle, caused by bulk fluid flow, or the turbulent action of the fluid
acting on the particle [Nienow (1992)]. These mechanisms are then applied either to particles
settled on the bottom of the tank, or to particles already suspended in the bulk of the fluid
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[Rewatkar and Joshi (1991)]. A summary of these mechanistic approaches are given in Table

2.8.

Table 2.8 Theoretical Correlations for the Critical Impeller Speed *

Reference d,” AP pr’ ur’ D Note

Kolar (1967b) 0.177 0.5 -0.5 0 -0.667 | Large Ny, (large uy)

Baldi, Conti and Alaria | (0,167 0.5 -0.5 0 -0.667

(1978)

Voit and Mersmann (1985) 0.5 0.5 4.5 0 -1 Fine particles

Buurman,  Resoort and | (.167 0.5 -0.5 0 -0.667

Plaschkes (1986)

Molerus and Latzel (1987a) | -0.555 | 0.555 | -0.444 | -0.111 | -0.889 | Ny <40 (ur<~1.8
cm/s; d;=0.1mm)

Molerus and Latzel (1987b) 0.14 * -0.14 0 -0.64 | Large Ny, (large uy)

Wichterle (1988) 0.667 | 0.667 | -0.333 | -0.333 | -0.667 | Low Ny, (low u)

Wichterle (1988) -0.333 | 0.333 | -0.667 | 0.333 | -0.667 | High Ny (ur=~1.8
cm/s; d,~0.1mim)

Notes: The exponents in this table relates to the following correlation for Nj: Njs = d,"Ap’p,"u; "D ; where D is at
constant D/T and is thus a scaling parameter (7' can also be used); *: Not obtainable in power form; #: Largely
taken from Rieger and Ditl (1994)

245 Critical Impeller Speed in Three-Phase Systems

This section considers the effect of adding gas to two-phase solids suspension as
considered in Section 2.4.4. The effect of impeller types and impeller clearance under gassed
conditions will be considered first (cf. Section 2.4.5.1). In the next two sections, the effects of
both gas (cf. Section 2.4.5.2) and solids (cf. Section 2.4.5.3) on hydrodynamics is briefly
considered. The effects of gas as described in these sections results in increasing the critical

impeller speed for gassed conditions and correlations for Ny, are reviewed in Section 2.4.5.4.

2.4.5.1 Impeller types and clearance

For two-phase suspension, axial flow impellers (pumping down) have been found
to be more energy efficient for solids suspension than radial turbines (cf Table 2.9).
Eventhough the just suspended impeller speeds Nj; of the axial impellers are higher than that
for the disc turbine, they still have lower just suspended power inputs (e7);. This is due to the

very low power numbers of most axial impellers compared to the radial impellers (e.g. DT).
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For this reason Chapman ef a/. (1983c¢), Wong, Wang and Huang (1987), and Frijlink, Bakker
and Smith (1990) considered the use of axial impellers also for three-phase solids suspension.
They found that axial impellers can still be used efficiently at very low gas addition (Qgy <<
0.25vvm), but on further gassing, these axial impellers lose their advantage and the disc
turbine becomes more energy efficient. These axial impellers (pumping down) also become
flooded very easily, which leads to dramatic sedimentation of solids. Axial impellers
pumping upwards (e.g. PT-U), demonstrated very high resistances to flooding and can be
considered at very high gassing rates. However, compared to axial impellers, the disc turbine
is singly the most versatile for three-phase solids suspension [Chapman et al. (1983c)].
Wong, Wang and Huang (1987) came to the same conclusion by demonstrating that the effect
of gas addition on the power needed for complete suspension P, increased in the following
order, 6-DT < 4-PT < 3-APr. In terms of impeller clearance, most recommend a C/T of
around 1/4. As shown for two-phase (cf. Section 2.4.4.3.7) solids suspension is more efficient
with small impeller clearances. However, Chapman et al. (1983c) found flow instabilities
with C = 7/6, whilst Frijlink, Bakker and Smith (1990) also demonstrated more stable, though
slightly less efficient, operation for a disc turbine at C/7'= 0.36 than at 0.17 (1/6). Instabilities
are shown by large variations in power draw (or Np) with relatively small changes in gas
addition (or Nyg), whilst efficiency is measured by the power needed for complete suspension
[(en);s or (P/V);]. The use of a disc turbine at an impeller clearance C around 0.25.7 is thus

recommended for three-phase solids suspension.

Table 2.9 Efficiency of Different Impellers in Two-Phase Solids Suspension [Chapman ef

al. (1983a)]

Impeller type Njs (s™) Np, (=) (21 (W/kg)
MPr 3.55 0.5 0.33
4-PT-D 2.75 1.4 0.35
6-PDT 2.67 2.2 0.54
6-DT 2.02 59 0.61
4-PT-U 3.60 1.2 0.72

{T=0.56m; D/T=1/2; X=3%; soda glass ballotini)
*: MPr = Marine propeller; 4-PT-D = Pitch-blade turbine, downflow; 6-PDT = Pitch-blade disc turbine; 6-DT =
Disc turbine, Rushton; 4-PT-U = Pitch-blade turbine, upflow
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2.4.5.2 Effect of Solids on Gas-Liguid Hydrodynamics

Solids addition has been found not to influence the liquid or gas-liquid
hydrodynamics significantly, especially not in well-mixed conditions. Chapman et al.
(1983c) demonstrated that, at the just suspended condition, solids concentration has only a
small effect on the power number based on pgz. However, as the impeller speed drops
significantly below the just suspended condition, the solids start to sediment on the bottom
and form a false bottom, effectively reducing the impeller clearance. As shown in Section
2.4.43.7, Np decreases at low impeller clearances, and the same happens with the formation
of this sedimented solids false bottom. In addition to the small effect on Np, Chapman ef al.
(1983c¢), and Dutta and Pangarkar (1995) found increasing X also to have a negligible
influence on gas holdup ¢¢. Dutta and Pangarkar (1995) used mixing time 0, as a criterion
to identify the just suspended condition and from these results it can be seen that although
solids addition increases 0, marginally from the liquid, the effect of solids is less than the
effect of gas addition on 8. The marginai increase in mixing time as an indicator of bulk
flow mainly, and level of turbulence to a lesser extent, thus suggests that the presence of
solids do not reduce the impeller discharge rate significantly, but may contribute to some
turbulence dampening. It thus follows from these observations that the effect of solids on the
liquid or gas-liquid hydrodynamics in terms of power number, gas holdup, and impeller
discharge rate is relatively small, but will increase the power draw with increased slurry

density (P = 1”\7p.,z;vs,,.1\73 .D°) and may contribute to some turbulence dampening.

2.4.5.3 Effect of Gas on Solids-Liquid Hydrodynamics

The most noticeable effect of gas addition on liquid and solids-liquid
hydrodynamics is the reduction in power draw. The drop in gassed power numbers can be
seen from Table 2.10. Chapman ef al. (1983b) demonstrated that the impeller discharge rate
(causing bulk fluid circulation), as well as power draw decreases with increased gas addition.
In Chapman er al. (1983a) it was established that particles are suspended either by bulk flow
drag forces, or by turbulent eddies associated with local energy dissipation. The effect of gas
addition thus causes a reduction in both the mechanisms causing solids suspension, and to
counteract this, the just suspended impeller speed N, has to be increased, as shown in Table

2.10.



Literature: Solids Suspension in Stirred Tank 85

Table 2.10 Effect of Gas Addition on Selids-Liquid Hydrodynamics Chapman et al.

(1983¢)
Qgv Jo * Nijsg (Ne)jsg N (e1)jsg
[vvm] [mm.s”] [s7] ] [W.kg]
0 0 4.95 5.5 1.09
0.25 2 5.62 43 1.23
0.75 7 6.90 2.8 1.52
1.25 12 7.78 2.5 1.88

{T=0.56 m; DT; D/T = 1/3; C/T=1/3; X = 3%; soda glass ballotini)
*: Convertion of Qg to Js is dependent on vessel size, 7= 0.56m in this case (Jo = Qgp/60 x T where 7in mm
and J; in mm/s)
**: Power number based on liquid density: N» = P/(p, N°D")

If the impeller speed is not increased with increased gassing, it can lead to impeller flooding,
which is characterised by a sudden drop in impeller power draw and leads to dramatic solids
sedimentation. As already shown in Section 2.3.2.3, the flooding condition is commonly
expressed in terms of airflow number, Npg. Frijlink, Bakker and Smith (1990) identified
different three-phase solids suspension regimes based on airflow numbers. Low gas flowrates
at Nog < 0.02, transitional region with Ngg between 0.02, and 0.05 and high gas flowrates at
Ngg > 0.05 were identified. None of the impellers studied by Frijlink ef al. could suspend
solids at N above 0.08. In the low airflow number regime, the effect of air is relatively
small, and downward pumping impellers can still be used. In the transitional airflow number
regime, Nj,, may not be very reproducible and is related to the drop in Np. Only radial and
some upward pumping impellers can still be used in the high airflow number regime and
constant or increased power addition is needed to keep solids suspended. Frijlink er al.
furthermore correlated the drop in Np with increasing gas addition, to the increase in Ny,

needed for solids suspension (cf. Figure 2.25), which leads to Equation 2-44.




86 Chapter 2

1-0‘.~x ; T T H T T ] T ¥
0.8} 3\&’; -
Pl
R ~2 .
0.8 ® R . Ling: Y= X-3 a
DeF o ]
. |xc=o2sT %R,
PO ’.c' ;: Gw 0.4;‘ . ® .
0.4~ s H=1.20m % -
J D=0.4T 82097 i e
Pollsu | Gib. 0.12mm N N
L ] X=1 xS
.’ el
M
video spot ﬁ isg
observation N‘“
0.2 3 i g 1 i [ i 1 i
1.0 1.2 1.4 1.6 1.8 2.0

Figure 2.25 Increase in Nj;, required for solids suspension with decrease in Np; on
increased gassing for DT’s [Frijlink, Bakker and Smith (1990)]

(B =100%; T, C, D as indicated; Y = Np ju/Np jau; X = Njsg/Nigy; For PT-D: Y = X'*%; For PT-U: Y = X%)
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Jsg P.jsg
................................................... Equation 2-44
(DT’s and PT-U’s)

By inserting Equation 2-44 (b) into the power number correlation (P a Np.N’.D%) at constant
D, it suggests that the power addition for maintaining the just suspended condition (Np;,) will

increase linearly with the critical impeller speed, N, (cf. Equation 2-45).

PN, N ’o(N )N >=N,; Withincreased gas addition for DT’s

58 P.jsg” " Jsg S8 Jsg?

................................................... Equation 2-45

This finding from Frijlink, Bakker and Smith (1990) can also be tested on the results of
Chapman ef al. (1983¢) as given in Table 2.10, which leads to Figure 2.26 (a). It follows that

this data also suggests that the power needed to maintain complete suspension (g;,) increases
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linearly with critical impeller speed (N},,). Figure 2.26 (b) further suggests ¢, also increases
linearly with gas addition (Qgr). Together, Figure 2.26 (a) and (b) suggests that Nj;, and Qv
will also be linearly related. The effect of gas addition on Ny, will be considered in the next

section, where Nj, correlations are considered (cf. Section 2.4.5.4).
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G : =
£ 150 = & £ 150 -
: / s
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Figure 2.26 Increase in power addition for complete suspension (g;s,) with N;, and Qg

(data taken from Chapman et al. (1983c¢); cf. Table 2.10)

For power to increase linearly with impeller speed, the torque on the impeller has to remain
constant (P = 2aN. M; cf. Table 2.3). This lead Lehn, Myers and Bakker (1999) to investigate
the relationship between Nj, and M, as a function of gas addition. His experimental results
largely confirmed the expectations from Frijlink ef al.’s findings to find a constant torque
criterion with gas addition for the radial DT as well as for the PT-U but not for the PT-D

impeller.

2.4.5.4 Three-Phase Critical Impeller Speed Correlations °

It follows from the previous section that gas addition reduces the impeller's power
draw and capacity to circulate fluid. This impacts negatively on the impellers ability to
suspend solids and the impelier speed therefore has to be increased to compensate for these

effects. It follows that the three-phase critical impeller speed, N, is expected to increase

% In this section and in the rest of this work Ny, will refer to critical impeller speed in general, N, refers
specifically to two-phase critical impeller speed, whereas N, refers specifically to three-phase critical impeller

speed. Many use N, to refer to two-phase critical impeller speed, which can be confusing in three-phase work.
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with gas addition Qg. This section will focus on studies aimed at incorporating the effect of
gas into three-phase critical impeller speed Nj, correlations. By the early 1980°s Chapman et
al. (1983a) were among the first to observe that although G-L dispersion and S-L suspension
has been studied independently, there was a lack of studies éonsidering the suspension of
solid particles whilst simultaneously dispersing a gas in a liquid continuum. They thus
embarked on an extensive study of S-L, L-G and S-L-G agitation aimed at providing more
knowledge concerning any interactions in the mechanisms responsible for gas dispersion and
solids suspension [Chapman et al. (1983a); Chapman e? al. (1983b); Chapman et al. (1983c);
Chapman e al. (1983d)]. Later, others also developed three-phase N, correlations [Wong,
Wang and Huang (1987); Bujalski, Konno and Nienow (1988); Rewatkar, Raghava Rao and
Joshi (1991); Nienow (1992); Dutta and Pangarkar (1995); Dohi et al. (2003)]. All these
workers used the Is criterion to identify the critical impeller speed Nj;, although some also
tested other experimental methods and criteria [Rewatkar, Raghava Rao and Joshi (1991);
Dutta and Pangarkar (1995)]. The findings of these three-phase Nj, studies will be discussed
here, whilst all the N, correlations are summarised in Table 2.11. In the discussion, the focus
will be on the results obtained with disc turbines (radial), as the impeller recommended for
stable operation over a wide range of gas addition rates (cf. Section 2.4.5.1). In order to
develop an N, correlation, two aspects need to be considered. Firstly, the effect of gas
addition rate on Nj,, which will be considered here first, and, secondly, the effect of the other
variables, already considered in the two-phase correlation (Njy), should be considered under

gassed conditions, which is shown in Table 2.11.

Plotting N;,, vs. (g for a specific test condition, Nj, is often found to increase linearly with
gas addition rate (cf. Figure 2.27), which leads to the following possible form for the N,
correlation, Ny, = N + Ka.g. However, when plotting the increase in impeller speed
caused by gas addition (AN}, = Njs, - Njs) against the rate of gas addition for a range of solid-
liguid variables at constant geometry, it can be seen that the results start to scatter around the
linear fit (cf. Figure 2.28). In addition, changing the geometry also changes the slope of the
increase in Nj, with gas addition (cf. Figure 2.29). It therefore follows that it seems as if the
addition of gas causes a linear increase in N, but that the slope of this increase (K,) seems to
be affected by other variables. Considering the three-phase correlations in Table 2.11, four

options for incorporating the effect of gas addition on the N, can be identified.



Literature: Solids Suspension in Stirred Tank

3 L J
0 05 10

@, bvwm)

Figure 2.27 Effect of gas flow rate, Qgv,
on Nj;, [Chapman et al. (1983¢)]

{DT; D=T/3; Ty s, glass powder at X = 0.3%)

89
| B0
200 A
L
32 data e
v
- v 4Ldata
Z 150 I{/
o Ve
- % gata Sdata
v 100r 4 2 data
z -
< ’
50 r /\ e}
P SLOPE=2.03 {VWM's)
e
Op . . . .
0 04 08 12 16 20
Qg ¢ A

Figure 2.28 ANy vs Qg for a DT impelier
in a T=0.29m tank for all test conditions

[Wong, Wang and Huang (1987)]
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Figure 2.29 ANjs vs Qg for three DT impeller sizes in a T = 0.56m tank for all test
conditions [Chapman ez al. (1983¢)]

(ANjs = Ny — Njg; © D/IT=1/2; 0 DIT=1/3; v D/T=1/4; To.s¢; All test conditions: 50<Aps<1900 kg/m3 .
92<dp<2650 um, 0.3<B<30%)
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Option 1:

Chapman et al. (1983¢c), Wong, Wang and Huang (1987), and Dutta and Pangarkar (1995)
opted to incorporate the effect of gas addition as a constant, 'a', multiplied by the gas addition
rate Qgy (cf. Equation 2-46).

N,z =N, +K, O ; Where K, = constant = 'a’ for certain geometry

................................................... Equation 2-46

However, it was acknowledged that '@’ varied most notably with impeller diameter [Chapman
et al. (1983¢); Dutta and Pangarkar (1995)] as can be seen from Figure 2.29, as well as
impeller type [Wong, Wang and Huang (1987); Dutta and Pangarkar (1995)]. As can be seen
from Table 2.11 these authors thus included 'a' values for the different geometries. This
option therefore suggests that the nominal increase in Nj, is proportional to gas addition rate
for constant geometry. Still as was seen in Figure 2.28 for constant geometry but various
solid-liquid conditions, a constant slope, 'a’, shows a lot of scatter. This could suggest that a
better way of incorporating the effect of gas on Ny, could be found. Chapman et al. (1983c)
fitted a power function to the effect of impeller diameter on 'a’' and found 'a' a (D/TY?**2. This
is almost the same relationship as they found between Njy, and D/T, -2.45 (cf. Table 2.11).
This may suggest that 'a’ scales similarly to the other variables as Nj;, does, which means that

'a’ may be proportional to Njs, i.e. a = K.Nj,. This leads to option two.

Option 2:
Option 2 proposes that K, can be seen as linearly related to Ny, in other words, K, a Nj; or K,

= K.Njs, cf. Equation 2-47.

N=Ng +K, Qg =N+ (KN )06y =N, 1+K.0g,) (a)
Or dividing by Njg,

& =1+K.Qgy (b)
N

Jsu

................................................... Equation 2-47

It follows from Equation 2-47 (b) that this method assumes that the relative increase in Nj is
linearly related to the gas addition rate. Bujalski, Konno and Nienow (1988) used this option
in a slightly modified form for PT-D impellers, ie. Niy = Ny (0.82 + 0.31.0gr). The
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disadvantage of their modified form would be that N, would not be contiguous with Njg

when Qgy drops to zero, cf. Nj # Njg, (0.82 + 0).

Option 3:

Option 3 was also proposed by Bujalski, Konno and Nienow (1988). In this option, it is
attempted to incorporate the effect of gas as a power function. This has the advantage of
treating the effect of gas, (1+Qgr), as just another factor in the Nj product function.
However, many have found gas addition to cause a /inear increase in Nj;; and not to show a
power relation (e.g. Figure 2.27). This is the only option that attempts to incorporate the

effect of gas addition on Nj, in a non-linear manner for other system conditions held constant.

N _=N_.» 011, or dividing by Nicy: Nfsg =(1+ 0.11
g =N 1 (1405, )" ; Or dividing by Njsu: ~ =(1+Qg)
Jsu

................................................... Equation 2-48
{Bujalski, Konno and Nienow (1988) using PT-U)

Option 4:

In this approach, the linear increase in Nj, with gas addition, X, is taken to be a function of
other variables. Rewatkar, Raghava Rao and Joshi (1991) proposed this method of
incorporating the effect of gas (cf. Equation 2-49). The correlation of Dohi et al. (2003) as
given in Table 2.11, can be seen as a more, and perhaps unnecessarily, complex variation of

this method.

N, =N, +K,J;; Where K, =132.7u,*° DT @
N, =N,+K, J;; Where K, =330.6u,""D" ®)

................................................... Equation 2-49
{Rewatkar, Raghava Rao and Joshi (1991) using DT, PT-D, PT-U)

It follows from Option 1 to 4 that most workers agree that gas addition causes a linear
increase in Nj,. The value of the slope of this increase, K,, however seems somewhat
challenging to predict for various geometrical and solid-liquid system conditions. The second
aspect of the three-phase critical impeller speed correlation to consider is the effect of the
other system variables (everything except gas addition) under gassed conditions. These

include all the variables already considered in the N, correlation (cf. Table 2.6). Chapman et
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al. (1983¢c) and Wong, Wang and Huang (1987) have found some solid-liquid variables (e.g.

Ap/pr) to bave a reduced effect under three-phase conditions, whilst Dutta and Pangarkar

(1995) and Dohi e al. (2003) proposed exponents for three-phase conditions very similar to

that of Zwietering (1958) for two-phase conditions.

Table 2.11 Critical Impeller Speed Correlations in Three-Phase Systems

Reference The effect of different variables on solids suspension as in the
Zwietering type equation as modified for gassed conditions
Njou = KT°D* dpa.zoBo.zs (Ao/p A5, Nise = f(Njsur O
d | B [Apfp|w]| @T) ™" Qc
Zwietering 020 | 013 | 045 | 01| -2.35(DT) -0.85 ungassed
(1958)*
Chapman e al.| 015 0.12 0.40 0 -2.45 (DT) -0.85 (DT) ungassed
(1983a)* -1.50 PT-D
Chapman e @l | 0.12 0.12 0.22 0 -2.45,-2.30 DT:-0.75, - DT: Ny = N +
(1983¢) (DT, 0.85 (Qer= a.Qcv; ‘@’ =054
06=0.5,1.0) 0.25,1.0) ©=T12),24 (D=
-1.45 (PT-D, | PT-D:-0.64,- | T/3) vwm's™; (not
O6v=0.5,1.0) | 054 (Qev= linear for 6-PT-D)
0.25, 1.0)
Wong, Wang and | 0.12- 0.11 02 -0.65 (DT, PT- | DT, 4-PT-D: Ny, =
Huang (1987) 0.16 D,PT-D; Qov | Nuptaloy; ‘a’=
>0.5) 2.0 (DT), 5.0 (4-
PT-D) vvm''s™ for
Dr=1/3
Bujaiski, Konne PT-D: Ny = N5
and Nienow {(0.82 + 0.31.061) ;
(1988) and
PT-U: Njy, =
N (14Q6)™ "
Frijlink, Bakker -0.65 (DT, Qv
and Smith (1990) = const)
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Reference The effect of different variables on solids suspension as in the
Zwietering type equation as modified for gassed conditions
]Vjsu m KTﬂDbdpﬂ.ZoBﬂ.Ij (Ap/pl)ﬂ.45v0.1; Ar],;g . f(]vjsu, QG’)

d, B |AplpL| v | DT ™" Q¢
Rewatkar, 0.09 -1.61 (FT-D) -0.81 DT, PT-D, PT-U:
Raghava Rae | (PT- Nge=Ny+adg;
and Joshi (1991) D) ‘@’ =132.7u,>5.0
0.12 T (or '@’ =
©T) 330.6u,"° D7)
Dutta and | 0.18; | 0.15 | 042 -1.47,-1.39,- [ -0.85 (DT, PT- | Nyp=Nj, +a.Qcv
Pangarkar (1995) | 0.16 1.66 (DT, PT- D) ‘a’=3.75 (DT),
— mult imp. (PT-U) D, PT-U; -1.0(PT-U) | 4.47(PT-D),3.16
mult imp) (mult imp) (PT-U) vwwm''s™,
and D/T =1/3; also
a’=2.75(DT) for
D/T=1/1.5
Dohieral. (2003) | 020 | 013 | 045 | 01 Nigg =
Nip[140.03(J uz)’
2 NRep(M]

* - Two-phase Nj, correlations (ungassed)
** . Scaling at constant Jgy (vvm); Chapman ef al. (1983c) also gives values when scaling at constant Ji; (then
Qova T: -0.88 and -0.95 (Jg = 6, 14 mm/s) are then given for the scaling exponent for the DT

2.4.6 Solids Distribution

Solids distribution considers the extent of solids distribution as well as the
variation of the distribution (cf. Figure 2.12). The extent of solids distribution is normally
measured in terms of suspension height, A, and the homogeneity is often expressed as a
relative standard deviation, RSD. When considering solids distribution, solids concentration
profiles are often used to display the findings. Some solids concentration profile work done
in stirred tanks will be considered in Section 2.4.6.1. Concentration profiles can be easily
quantified in mainly two parameters. The first parameter is the upper level where solids are
measured or in other words the suspension height 4, As shown in Section 2.4.1, &, only gives
the extent of axial solids distribution, and has not been found to give very consistent results
for various systems. The second parameter that can be derived from a concentration profile is
the variation in the solids concentrations in the profile (RSD) in order to quantify the
homogeneity of the axial solids distribution (cf. Section 2.4.6.2). Much work has been done

in the modelling of the solids distribution in vessels of high aspect ratios (slurry reactors with
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multiple impellers, bubble columns and three-phase fluidised beds) using the sedimentation-
dispersion model. Some have applied this model also to stirred tanks, which will be

considered briefly in Section 2.4.6.3.

2.4.6.1 Solids Concentration Profiles

A solids concentration profile is a plot of solids concentration measurements vs.
either height or radial position. It is normally done in the vertical or axial direction, but can
also be done radially. Barresi and Baldi (1987a) measured both radial and axial concentration
profiles. They found the radial concentration profiles to be relatively flat, especially for the
axial discharge impellers. The radial discharge impellers showed some radial profiles in the
region of the impeller and below the impeller, whilst being flat above the impeller (cf. Figure
2.30). It should be noted that these radial profiles were measured in a relatively small vessel
(T = 0.39 m), at very low solids concentration (B = 1.51%), and therefore one should be
careful to generalise these findings. The axial profiles generally displays decreasing solids
concentrations from the base to the top of the liquid, with higher impeller speeds and finer

particle sizes displaying distributions that are more homogeneous.
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Figure 2.31 Axial concentration profiles at (a) various impeller speeds and (b) various

particle sizes [Barresi and Baldi (1987a)]

(T = 0.39m; 4PT; B = 0.50%)

2.4.6.2 Variation in Solids Concentration

In order to quantify the homogeneity of the solids distribution the variation in the
solids concentrations in the profile can be calculated. Bohnet and Niesmak (1980) and
Barresi and Baldi (1987a) used the relative standard deviation (RSD) to display the variation,

whilst Einenkel (1980) used the relative variance (cr,e;z) as shown in Equation 2-50.

ey XX -RP
O’ = D (F TV = = RSD?

XZ

i=1

................................................... Equation 2-50

Using the variation in a solids concentration profile to identify the just suspended condition
was already introduced in Section 2.4.3.8, as one of the Nj, criteria. More detail will be given
here on some of the studies that considered this aspect of vertical solids concentration
profiles. Einenkel used 73 measuring points and used 200um glass beads at high
concentrations of 5 to 25 vol. % and suggested from his work that a RSD value of around
0.975 (67" = 0.95) could be compared to the just suspended condition and RSD = 0.25 could
be compared to a homogeneous suspension. Bohnet and Niesmak used an optical method to
measure the solids concentrations, which allowed them in excess of 20 measuring points, but

limited the solids concentration to below 2 vol.%. From graphical results presented in their
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work, it can be seen that RSD;, varied between 0.10 and 0.30 for different solid particles used,
whilst RSD values at homogeneous suspension varied between 0.05 and 0.15. Comparing
these findings to that of Einenkel, it seems as if there is not a common link between Nj; and
RSD and that RSD;, might depend on the number of measuring points, the solids concentration
used, the particle size, and the particle density. Therefore, far a particular system a relation
might be developed but it will be difficult to generalize. Bohnet and Niesmak (1980)
suggested a quality of distribution parameter @, [p = RSD.(Xave/(X3-Xavg)], whilst Barresi and
Baldi (1987a) plotted their RSD values against a K parameter, [K = N, »* N.D/uz], in attempts

to make it more generic.

2.4.6.3 Modelling Solids Distribution (Sedimentation-Dispersion Model)

Attempts have also been made to model the distribution of solids in the axial
direction of stirred tanks. It should however be emphasized at this point that these models are
based on a number of simplifying assumptions, and has only had reasonable success in high
aspect ratio vessels or in small two-phase stirred tanks at very low solids concentrations. As
will be seen in the following discussion, this model is largely based on the assumption of
negligible radial concentration profiles, and that solids distribution throughout the vessel is
therefore mainly accomplished by turbulent dispersion. These assumptions are however
questionable in large vessels and at high solids concentrations. Still, it is thought that if the
aforementioned disclaimers are kept in mind, this model may be useful in describing the

opposing forces at work in solids distribution.

Barresi and Baldi (1987a) and Ayazi Shamlou and Koutsakos (1989) applied the continuity
equation to any horizontal plane in a stirred tank. This gives no net vertical fluid flow
through the plane. Thus in the absence of radial concentration profiles, solids can not be
distributed vertically by bulk fluid motion. Barresi and Baldi (1987a) found relatively flat
radial profiles in a laboratory size tank at very low solids concentrations, yet for radial
impellers only in the region above the impeller (cf. Figure 2.30). The absence of radial
profiles led them to adopt a one dimensional vertical balance between the net flux of solid
particles upwards in the vessel (down the concentration gradient) caused by turbulent
diffusion (dispersion), against the downwards flux of solids under gravitational forces
(sedimentation). This is called the sedimentation-dispersion model and the mass balance

equation is given in Equation 2-51, where u; is the solids settling velocity (also called the siip
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velocity) and Dy is the turbulent dispersion coefficient for the solid particles. The first term is
thus taken to characterise the sedimentation mechanism, and the second term the suspension

mechanism (cf. Section 2.3.3)

uSXh+DS(‘i‘;"]=O

................................................... Equation 2-51
Rearranging Equation 2-51 gives,

Ay ot g
X, D

................................................... Equation 2-52
Integrating over the height of the tank from the base leads to,
X

Inth =Y p
B S

................................................... Equation 2-53

Replacing 4 on the right with D (or Z or T) as a characteristic system dimension, leads to the
formation of a modified Peclet number Np.», which is often used as a dimensionless number

characterising the solids distribution in a tank. Differentiation of Equation 2-53 gives,

3

dh D,

dinX,  u

................................................... Equation 2-54

Considering Equation 2-54 it follows that a plot of InX,, vs A, will give the ratio, -uy/Ds, as the
slope of the line. Thus the lower the settling velocity and the higher the turbulence, the flatter
the profile will be. Figure 2.32 is a typical plot of this type. Due to / being the vertical axis,
the slope is taken off the vertical and not the horizontal, and ‘flatter’ thus refers to more

vertical.
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Figure 2.32 Semi-logarithmic plot of solids concentration vs sample height for different

impeller speeds [Ayazi Shamlou and Koutsakos (1989)].

(d, = 390 pm, ps = 2900 kg/m’, p, = 1000 kg/m’, D =0.10m, C = 0.113m, T = 0.225m, Z = 0.37m, Xo = 1 wt%)

The next step to make this model more usable would be to relate the two model variables, u;,
and Dg, to other system parameters. Although the solid-liquid slip velocity, u,, is influenced
by other factors (e.g. level of turbulence, solids concentration, presence of gas, etc.) it is
normally assumed reasonable to take it as being proportional to the terminal settling velocity
of the particles, ur (cf. Equation 2-55) [Barresi and Baldi (1987a); Ayazi Shamlou and
Koutsakos (1989); Rewatkar and Joshi (1991)]. Relating the solids dispersion coefficient to
system parameters is more difficult. Ayazi Shamlou and Koutsakos (1989) took Ds to be
proportional to the liquid phase dispersion coefficient Dy, which is valid especially at the low
solids concentrations they used, where there is negligible solid-solid interaction. Further
assuming homogeneous, isotropic turbulence, also for the larger energy containing eddies in

the range of D, they arrived at the relation given by Equation 2-56.

us ocuT

Dp * N%Tzﬂ)m o< ND*

................................................... Equation 2-55

................................................... Equation 2-56



Literature: Solids Suspension in Stirred Tank 99

Joshi (1981) derived the same relation as Equation 2-56. Inserting Equation 2-55 and
Equation 2-56 into Equation 2-53 gives the following.

D' T NDD  NDT

................................................... Equation 2-57

Equation 2-57 suggests that within the assumptions made to this point (mainly negligible
radial profiles, little solid-solid interaction, and isotropic turbulence) that constant solids
distribution will scale (X3/Xp is the same at the same A/T) with constant w7y and constant
impeller tip speed, uy = mN.D. Rewatkar and Joshi (1991) attempted to include the
contribution of fluid circulation to solids distribution. Their starting point was Equation 2-58,
which is similar to Equation 2-53, but with the incorporation of fluid circulation velocity .,

which can be estimated from mixing time studies.

................................................... Equation 2-58

Solids Suspension in Stirred Tanks Summary

This section focused on solids suspension in stirred tanks, due to the larger
amount of published solids suspension work in stirred tanks, than in mechanical flotation
cells. This section thus aimed to expose the reader to the breadth of solids suspension work in
the general chemical engineering literature.

The Effectiveness of Solids Suspension:

Solids suspension comprises two simultaneously occurring steps. The primary
step is off-bottom suspension and the secondary step is the distribution of solids throughout
the vessel. With increasing impeller speed the extent of off-bottom suspension increases until
the just suspended or complete suspended condition is reached. The impeller speed at this
condition is commonly referred to as the critical impeller speed, Ni. The distribution of
solids throughout the vessel also improves with increasing impeller speed. The vertical
distribution of solids refers to both the extent of the distribution, and the variation within the
distribution, which are commonly quantified in terms of the suspension height, hs, and the
relative standard deviaton of the concentrations within the profile (RSD). Although many
solids suspension conditions referring to both off-bottom and solids distribution can be



100 Chapter 2

identified, the critical impeller speed has been found to be the most significant and consistent
condition to use. The other conditions can also normally be related in terms of relative

impeller speed, N/Njs.

Experimental Methods and Nj; Criteria:

A variety of methods can be used to measure solids suspension conditions. All
these methods suffer from one or more of a range of disadvantages including, requires a
transparent tank wall, inaccurate, intrusive, radioactive material, only usable at very low X,
not usable under gassed conditions, etc. The methods that measures solids suspension
conditions directly in terms of off-bottom conditions (e.g. visual, contact, ultrasonic,
radiation, and mass transfer) and in terms of solids distribution (e.g. visual, sample
withdrawal, optical, ultrasonic, pressure probes, conductivity probes, and tomography) are
Jjudged most suitable for studies into solids suspension. Solids suspension conditions can only
be inferred from indirect methods (e.g. RTDs, Ouy, and P or M measurements). From these
methods a number of criteria developed to determine the just suspended condition or the
critical impeller speed (e.g. 1s, 100% suspension, unsuspended layer, radiation count rates,
rate of mass transfer, 90% hyT, concentration above the base, variation in vertical
concentrations, Omix, and Np). Of these criteria the Is criterion applied by visual observation
of the base of the tank is most often used in solids suspension studies.

Critical Impeller Speed Correlations (Two-Phase)

Most work in solids suspension to date has been done in ungassed, two-phase
systems. ZLwietering (1958) conducted one of the first and most comprehensive studies in
solids suspension, and developed an Nj; correlation, which is applicable under a wide range
of conditions (cf- Equation 2-35).

0.45
N, = 8d,""B*Py™0g"* (——mp s ""L) D ; Where, S = f (impeller type, T/D, T/C)

Py

Many others have also tested the effect of these solid-liquid, and geometrical
variables on Nj. The Zwietering correlation remains one of the most widely applicable
correlations. The focus of this work is on the solid-liguid variables. Of these, density
difference and particle size have been found to have the largest effect, whilst X (or B) and v
have been found to have relatively small effects. Some have even found v to have no effect on
Nsu within the ranges of their studies. Others have also attempt lo derive the Nj; correlation
Jrom theoretical or more mechanistic principles. These have been largely unsuccessful and
the semi-empirical Zwietering approach is therefore preferred.
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Critical Impeller Speed in Three-Phase Systems

Three-phase solids suspension has not had the same attention as the two-phase
correlation, and in the general chemical engineering literature, some challenges remain. In
terms of impeller types, the situation is very different from two-phase solids suspension.
Where axial impellers have been found most effective in two-phase, the radial disc turbine
have been found singly to be the most effective and reliable to use in three-phase conditions
[Chapman et al. (1983c)]. In addition, the recommended impeller clearance is in the region
of 25%, due to gas dispersion instabilities experienced at lower clearances. Considering the
effect of solids and gas on hydrodynamics it has been found that the addition of solids has
only a very small effect on system hydrodynamics at higher impeller speeds, mostly only
related to increased power draw due to increasing slurry densities, and furthermore some
turbulence dampening. Gas addition on the other hand has a dramatic influence on the
system hydrodynamics. Gas addition most notably decreases the impeller power draw, due to
decreasing the impeller discharge mass flowrate, cavity formation, and turbulence dampening
effects. These effects of gas addition necessitate an increase in the critical impeller speed to
maintain complete suspension under gassed conditions. Even the power draw for complete
suspension have been found to increase linearly with gas addition.

The increase in Nig, required with increased gassing is thus an important part of
the Njsg correlation. Different ways of incorporating the effect of gas on Njy can be
identified from literature:

I. Nig = Nj + a.Qcv ; Where a = constant for certain geometry

2. Nig = Nisu (1 + K.Qgv)

3. Nig =Ny (I + Qc1)"

4. Nig = Niu + Ko.Qgv ; Where K, = f(system variables)

The other consideration in the three-phase correlation is the structure of the 'Nig,'
part of the correlation, i.e. the effect of all the other variables already considered in the Njs,
correlation, but now under gassed conditions. Some have found some of these effects to
decrease whilst others have found the effects very similar than in two-phase conditions.

Solids Distribution:

Solids distributions are often displayed in the form of solids concentration
profiles. Vertical profiles are more common, although radial profiles can also be done.
Solids distribution can be quantified in terms of the extent of solids distribution (hy and the
variation within the distribution (RSD). Attempts have been made to generalise both hy and
RSD findings and to relate it to Ni. However, although relations have been found for specific
systems the generalizations are not always consistent for other systems. Finaly, attempts have
also been made to model vertical solids distributions in stirred tanks. It has been shown in a
previous section (cf. Section 2.3.3) that solids suspension is caused by interaction of a
sedimentation- and a suspension mechanism. The sedimentation-dispersion model relates the
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sedimentation mechanism to the settling velocity of the particles, and the suspension
mechanism to the turbulent dispersion coefficient of the solids (cf. Equation 2-53). lts
application in stirred tanks is however based on a range of simplifying assumptions
(including, negligible radial profiles, little solid-solid interaction, and isotropic turbulence),
which is mainly true for smaller stirred vessel at low solids concentrations. It should
therefore be applied carefully to other systems. Yet, it is seen as a way of demonstrating the
opposing effects involved in solids distribution, if not quantitatively, then qualitatively.
X

Inth=_2 p
Xz Dy
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2.5 SOLIDS SUSPENSION IN FLOTATION

It is well-known that the sub- and microprocesses of solids suspension, feeding
and dispersion of air, mixing for reagent conditioning and particle-bubble collisions, and the
rising of the loaded bubbles and froth removal must be accomplished in a flotation cell
[Schubert (1985)]. Considering that bubbles would not collide and attach to unsuspended
particles, complete suspension of solids in the pulp phase is a prerequisite for effective
flotation. However increasing the agitation speed unnecessarily, decreases the bubble-solids
aggregate stability, and thus reduces the floatable maximum particle size [Schulze (1984)].
These flotation subprocesses have already been considered in more detail in Sections 2.1.2
and 2.3, but these statements are repeated here to show the relevance and importance of
studying solids suspension in mechanical flotation cells. However, information on the effect
of solids suspension and energy input on flotation is sparse [Hui and Ahmed (1998a)]. This is
the motivation for the thorough review of solids suspension done in Section 2.4, in order to
see what knowledge and techniques developed from work done in the conventional chemical

engineering literature on standard stirred systems is relevant to studies in flotation cells.

Arbiter, Harris and Yap (1969) and Harris (1976) described two ways of evaluating the
effectiveness of solids suspension. The first concerns the suspension or lifting of solid
particles off the bottom of the cell, i.e. the critical impeller speed, Ni. Critical impeller speed
work done in mechanical flotation cells will be considered in Section 2.5.1. The second way
of evaluating the effectiveness of solids suspension is the distribution of the solids throughout
the tank, which is often described by concentration profiles and suspension heights. Solids
distribution work done in mechanical flotation cells will be considered in Section 2.5.2.
Other areas of mechanical flotation cell operation, which are sometimes related to solids
suspension, are solids residence time distribution studies RTDg, and the hydrodynamics of
coarse particle flotation. RTDjs is strongly influenced by the effective mixing volume
occupied by solid particles as well as the height of the discharge line, and is often compared
to the liquid residence time. However RTDg is very difficult to directly relate to solids
suspension and observations made [Arbiter (1999); Jonaitis (1999)] and work done [Mehrotra
and Saxena (1983); Yianatos ef al. (2001)] in mechanical flotation cells will not be discussed
in this section. In addition, the area of coarse particle flotation is also sometimes related to

solids suspension inefficiencies, which may be either insufficient agitation causing solids not
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to be suspended or over-agitation, which reduces the particle-bubble aggregate stability. This
study is however aimed at quanitifying solids suspension vs. system parameters and not
finding the optimum level of solids suspension for efficient flotation and thus work done by
Schubert and co-workers [Schubert and Bischofberger (1978); Schubert and Bischofberger
(1981); Schubert, Bischofberger and Koch (1982a); Schubert (1985)], and others [Schulze
(1982); Schubert, Bischofberger and Koch (1982a); Hui and Ahmed (1998a); Rodrigues, Leal
Filho and Masini (2001)], on coarse particle flotation and optimum energy input for flotation

will not be considered here.

2.5.1 Critical Impeller Speed, Nj;

Schubert, Bischofberger and Koch (1982b)  determined the critical impeller
speed N;; and the power addition for the just suspended condition (P/V); for a variety of
different impellers in a 54 1 mechanical flotation cell at 20 vol% solids and a gas flow rate of
0.45 vwvm. The impellers included finger and double finger impellers as well as triangular,
bladed and double bladed turbine type impellers. They found that N, and (P/V);; varied

considerably for the different types of impellers as can be seen from Figure 2.33.
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Figure 2.33 Critical impeller speed Nj; and just suspended power density (P/V);; for
various finger and bladed impellers ) [Mavres (1992); data taken from Schubert,
Bischofberger and Koch (1982b)]

(V=541 o= 0.20; Qgv = 0.45 vvm;, DFR — double finger impeller, EFR — Single finger impeller, DrBR ~
Triangular blade impeller, EBR - Single blade impellers, DBR —~ Double blade impeller)

Schubert (1985) later related the critical impeller speeds of the different types of impellers by

using the power numbers of the different impellers as shown in Figure 2.34.
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Figure 2.34 Critical impeller speed (Nj; = n;,) as a function of power number (Np = cp)
[Schubert (1985)]

(V=341 gg = 0.20; Qov = 0.45 vvm; DFR — double finger impeller, EFR — Single finger impeller, DrBR ~
Triangular blade impeller, EBR - Single blade impellers, DBR - Double blade impeller)

Figure 2.34 shows the correlation between Nj and Np for seven different types of impellers
(including an Outokumpu impeller). Two size fractions of glass ballotini (ps = 2480 kg/m’;
100-160 pm and 300-500 pm) and one sylvenite ore (ps = 2.0 [Wills (1997)]; —1250 pm) were
used in this work. They found for all the different impellers that Nj; could be related to Np as

follows.

N;s = K(Npp)™® ; Where a=-047
................................................... Equation 2-59

Schubert found 'a' to be constant at 0.47. This indicates that the just suspended speed
decreases with increasing impeller power number Np according to the following relation, Nj;
Ny*¥. This type of relation provides a basis for relating the critical impeller speed for
different types of impellers in the same agitation system. It is interesting to note that this
relation between Nj; and Np for different impellers is almost exactly the same relation between

Njs and Np derived from Frijlink, Bakker and Smith (1990)'s results in stirred tanks for the
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same impeller, but at different gassing rates, which also changed the power number,

N, o< N, (cf. Equation 2-44). This suggests that critical impeller speeds for different

impellers or for the same impeller at different gassing rates can be related by the square root
of the power numbers. The coefficient, K, depended on particle size and solids density. For
the 100 — 160 pm ballotini X; was found 9x10? and for the coarser 300-500 pm ballotini X,
was found to be 1.3x10°. The constant for the even coarser sylvenite ore (-1.25mm) K; was
found to be equal to 9x10?, the same as K;. It is suggested here (in this work) that some
results on the effect of d, and ps on N, can be extracted from Schubert ef al.’s work by
considering these coefficients in Figure 2.34. However, due to not having sufficient details
for the sylvenite ore (solids density and lower size limit), only the relation between Nj; and d,
will be extracted here. This can be done by using the K values for the two size fractions of
ballotini. From Equation 2-59 follows Nj; a K. Thus relating X to d, also gives the relation
between N;; and d,. Considering the increase in K; to K (9x10% to 1.3x10%) with the
corresponding increase in d, (130 to 400pm) of ballotini gives the following relation [by
considering: (logK? - log K;)/(log d; - logd}2)].

................................................... Equation 2-60

Derived from Schubert (1985) for a mechanical flotation cell

This finding can be compared to that of Zwietering (cf. Equation 2-35) where Nj a dpo'zo. It
follows by comparison with Equation 2-60 that Schubert’s results gave a stronger influence of

dy, on the just suspended impeller speed than that found in standard stirred tanks.

Weiss and Schubert (1989) studied coarse particle flotation and considered the effect of
impeller type, impeller clearance and gas flowrate on solids suspension. They developed a
new type of impeller and compared the just suspended impeller speed and power draw of their

new ‘GR’ impeller with another double finger (DFR) impeller as shown in Figure 2.35 below.
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Figure 2.35 The effect of air addition (qi = Q¢y) on (a) the just suspended power
addition [(P/V);s = (P/V)js] and (b) the critical impeller speed (n;s = Nj;). [Weiss and
Schubert (1989)].

(541 mechanical flotation cell; Cp = 0.05T; water with 7 vol% ballotini (315-555 pm); GR — impeller type
designed by the authors, DFR — double finger impelier)

It follows from the results of Weiss and Schubert as given in Figure 2.35 (b) that Nj; increased
linearly with air addition (a = 2.4 vvm™.s"). This is in agreement with the effect of air
addition on the critical impeller speed in standard stirred tanks (cf. Figure 2.27). Also the
increase in just suspended power addition (P/V);, with increased gassing is in agreement with
findings in stirred tanks [cf. Figure 2.26 (b)]. Hui and Ahmed (1998b) also presented
graphical results showing the just suspended impeller speed to increase linearly with
increasing gas flowrate. It should however be noted that Hui and Ahmed [Hui and Ahmed
(1998a); Hui and Ahmed (1998b); Hui and Ahmed (1999)], used a standard stirred tank fitted
with a Rushton turbine for their flotation work which focused on coarse particle flotation. It
can therefore be concluded mainly from the work by Weiss and Schubert (1989) that air
addition causes the critical impeller in a flotation cell to increase linearly with gas flowrate Qg

for a given system.

AN =a.Qc; Where,a=2.4 vvm' s
................................................... Equation 2-61

Derived from Weiss and Schubert (1989) for a mechanical flotation cell

Arbiter, Harris and Yap (1969) did some air and liquid flow measurements with small
centrifugal pumps in which air was introduced. They related their findings to the liquid

pumping of flotation impellers and suggested the following correlation.
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Q, = fND* —gQ,. ; where fand g are equation constants

................................................... Equation 2-62

It follows from Equation 2-62 that the liquid flow from the impeller Q; reduces linearly with
increasing air addition Jg. Therefore, to maintain constant ;, the impeller speed N has to be
increased by g/fD3 x Qg

AN = %QG ; for constant liquid flow Q; from a gassed impeller

................................................... Equation 2-63

Comparing Equation 2-63 with Equation 2-61 it is seen that both the critical impeller speed
and the impeller speed for constant fluid flow from an impeller increases linearly with
addition of gas. This is further motivation that fluid flow and fluid velocity plays an
important role in the suspension mechanism of solids from the bottom of a flotation cell (cf.
Section 2.3.3.2).

Schubert (1985) considered the scale-up of solids suspension in pilot mechanical cells ranging

from 13.5 to 72 1 under two-phase and gassed conditions (Qgy = 0.45 min™"). Their results are

shown in Figure 2.36.
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Figure 2.36 The effect of scale on the just suspended condition: (a) Ny vs. V, (ms = Nj5);
(b) (P/V)js vs. D, (d2 = D), broken lines = authors own results, line #5 = Zwietering
(1958)'s results [Schubert (1985)]
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It is shown in Figure 2.36 (a) how the critical impeller speed (Nj;) decreased with increasing
vessel volume. In Figure 2.36 (b), power addition for complete suspension, (P/V);s, is shown
versus increasing scale. The broken lines represents Schubert (1985)'s results, whilst the
other lines represents results from stirred tank studies. It follows that they found a stronger
decrease in power addition with increasing scale than most others, their results varying
between (P/V);s a D 07 to (PV)s a D 19 This can be compared to Zwietering (1958)'s
result (line #5), (P/V)is o D 035 and the scale-up rule sometimes applied of keeping power
addition constant during scale-up, (P/V);s a D O It follows that Schubert (1985) found a
relatively strong decrease in power addition, and thus also in critical impeller speed, with
scale-up. This may be related to the relatively small range of vessel sizes that they used, 13.5
to 72 1. Using the power number relation, P/V o N°D?, these power addition findings can be

converted to critical impeller speed findings, giving.

Ny o 7092 o 103
................................................... Equation 2-64
Derived from Schubert (1985Y's results on mechanical flotation cells [Figure 2.36(b)]

These findings compares favourably with that of Zwietering Nj; @ T** (cf. Equation 2-34),
though somewhat stronger. It is therefore suggested that a more conservative reduction such
as that predicted by Zwietering’s relation for the scale-up of solids suspension in terms of
critical impeller speed be used (N a T 035 be used for mechanical flotation cells, as also

implied by Harris (1976).

Schubert and Bischofberger (1978) applied their critical impeller speed measurements to
indicate optimal flotation conditions for different sizes of a sylvinite ore (cf. Figure 2.37).
This was done on a diagram of power addition vs. airflow number, on which a diagram of
impeller speed and air flowrate could be superimposed for a specific cell (13.51). The N, for
the coarser size fraction (0.5-1.6 mm), was indicated by the broken line, and it can be seen
that the optimal flotation condition for the coarser fraction was just above the just suspended
condition, with the finer fractions optimally floated at higher impeller speeds. They also

developed similar diagrams for cassiterite flotation.
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Figure 2.37 Diagram indicating optimal flotation conditions for different size fractions
of a sylvinite ore; 1: 0.5-1.6 mm; 2: 0.125-0.50 mm; 3: -0.125 mm [Schubert and
Bischofberger (1978)] |

From a review of complete suspension work in mechanical flotation cells done mainly by
Schubert and co-workers some relations between the just suspended impeller speed N;; and dj,
Qv and T could be extracted. Comparing these mechanical flotation cell findings to that of
Zwietering (cf. Equation 2-34) it follows that the effect of d, on N, was found stronger in
these studies [Schubert, Bischofberger and Koch (1982b); Schubert (1985)] than that found in
stirred tanks. Air addition Qg [Weiss and Schubert (1989); Hui and Ahmed (1998b)] seems to
increase the critical impeller speed in a flotation cell linearly with the air flow rate, which
agrees with what has been found in stirred tanks (cf. Equation 2-46 and Figure 2.27). The
decrease in Nj; with scale-up of tank size T [Schubert (1985)] were found to be stronger than
the findings of Zwietering, and Zwietering's finding would thus be a safer, more conservative
scale-up of solids suspension. It should however be noted that these flotation results are
based on very limited data sets. No thorough investigation of the influence of solid-liquid-gas
variables and geometrical variables on the critical impeller speed in a mechanical flotation

cell could be found in this review of flotation literature.

2.8.2 Solids Distribution

Arbiter, Harris and Yap (1969) noted that even when solids dispersion appears to
be complete a decreasing density gradient from bottom to top is usually evident. He states

further that the theory of homogeneous isotropic turbulence applied to suspension predicts



Literature: Solids Suspension in Flotation 111

that the solids concentration decays exponentially with height (cf. Section 2.4.6.3). Arbiter,
Harris and Yap (1969) mainly considered the dispersion of solids in terms of solids
suspension heights in two-phase solid liquid tests, but also noted when solids settled or
sedimented on the bottom of the tank (below the just suspended condition). Using
dimensional analyses and considering the work of Weisman and Efferding (1960) on

suspension heights in stirred tanks, they developed the following correlation for suspension

height.

................................................... Equation 2-65
Arbiter, Harris and Yap (1969) for mechanical flotation cells

Their findings on four bench scale flotation machines gave 'a’ to vary between -0.55 and 0.20,
'b* between 0.20 and 0.40, 'e’ between 0.30 and 0.48 and 'z’ between -0.18 and -0.58. Thus,
the effect of relative impeller diameter 7/D on suspension height is conflicting. Increasing
impeller clearance C/D increases solids dispersion in terms of suspension height. As seen in
Section 2.4.4 this is opposite to off-bottom solids suspension where decreasing C/T improved
suspension. This is one case where solids dispersion requirements differ from solids
suspension requirements, i.e. for improved solids dispersion the impeller clearance should be
increased where-as it should be decreased for improved off-bottom solids suspension. It
should be noted that solids distribution can only really be evaluated with noting the off-
bottom suspension conditions as well, i.e. whether complete or not. As expected increasing
power addition P/mg will increase the suspension height. Increasing the particle size d, will
decrease the suspension height as can also be expected. Harris (1976) reviewed this work of
Arbiter et al and noted that this two-phase correlation was able to describe the data from

different machines quite closely.

Previously, Arbiter and Steininger (1962) found that the suspension height dropped with air
addition and that the drop in suspension height was related to the drop in power consumption
with gas addition (Pgrs/Prs). Similarly, they found that the introduction of air into a solid-
liquid system reduces both the power consumption and the ability of the machine to suspend
solids off the bottom. These effects were found to be more pronounced in the presence of a

frothing agent and could be attributed to the lowering of the effective fluid density in the
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impeller region. With narrowly sized solids fractions solids sedimented ‘catastrophically’
when a certain air flow number (Q¢/ND’) was exceeded. This sedimentation of solids
coincided with a drop in the impeller power draw and is thought to be related to impeller
flooding. The sedimentation of solids occurred at higher airflow numbers with decreasing
particle size and solids content and occurred less abruptly with wider size distributions of

solids.

In more recent reviews of large-scale mechanical flotation cells [Jonaitis (1999); Weber et al.
(1999)], solids suspension in large flotation machines is considered qualitatively without
giving any specific correlations. Jonaitis (1999) shows particle size distributions in OK-100
and OK-150 TankCell® units in the Mt. Keith Nickel operation to show that solids are
adequately mixed in these cells. However, without solids concentrations accompanying these
particle size distribution measurements only limited deductions can be made about the solids
mixing and profiles. Weber ef al. (1999) refers to earlier testwork done on 127 m* Wemco
SmartCell™ machines in a copper application. These studies found the solids concentration
and particle size distributions to be essentially constant throughout the cell. Weber ef al.
further quoted a case where it was claimed that a 127 m’ unit, after some draft tube, false
bottom and tank bottom modifications, was able to maintain off-bottom suspension even

whilst receiving extremely coarse feeds of up to +1 inch (25mm) during extreme plant upsets!

Recently, Yianatos ef al. (2001) did a comprehensive hydrodynamic characterization study on
five parallel rougher banks consisting of nine 42.5 m” conventional flotation cells each on a
Cu-Mo concentrator of Codelco-Chile. Solids concentration profile studies were done on the

first and last cell of one of the banks and the results are shown in Figure 2.38.
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Figure 2.38 Solids Concentration Profiles from 42.5 m® Wemeo Cells (a) Cell 1 with
forced air (b) Cell 9 with self-aeration [Yianatos et al. (2001)]

Ignoring the froth section at the top it follows from Figure 2.38 that the solids concentration
profiles were relatively flat in this work. A slight decrease is noticeable in the top section of
the pulp phase and then a very slight increase from there to the bottom of the tank, which
were more pronounced in the last cell of the bank than in cell 1. This would suggest that
these cells had a consistent solids concentration throughout the height of the tank, suggesting
that solids distribution in these 42.5 m®> Wemco cells were very uniform. Whether or not
solids were sedimented on the bottom of these cells can not be concluded directly from
concentration profiles alone, but the fact that they do not show larger increases in
concentrations closer to the bottom does suggests the absence of large quantities of

sedimented solids on the bottom.
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Figure 2.39 Solids Particle Size Profiles from 42.5 m® Wemco Celis (a) Cell 1 with
forced air (b) Cell 9 with self-aeration [Yianatos er al. (2001)]

Once again ignoring the froth layer at the top of the cells it follows from Figure 2.39 that the

particle size fraction profiles were once again relatively flat in these cells. The largest
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variation is seen in the profile of the coarsest solids size fraction (+212 pm). In cell 1 the
+212pm fraction decreased strongly in the upper layer of the pulp phase and in cell 9 the
+212pm fraction increased strongly in the lower section of cell. These findings suggest that
the solids were also consistently dispersed throughout these Wemco cells in terms of the
different particle sizes. Only the coarse +212 pm fraction showed the concentration profile to

drop from the bottom to the top of the cell.

It follows from this section that although many claims and observations on solids suspension
and specifically solids distribution are being made, that only one correlation on suspension
heights in mechanical flotation cells could be found in the published literature but no

correlations for the critical impeller speed.

Solids Suspension in Flotation Summary

The following aspects related to solids suspension have been studied to some
extent in the flotation literature, i.e. critical impeller speed, solids distribution, solids
residence time distributions, and coarse particle flotation. RTDs is only indirectly related to
solids suspension, and coarse particle flotation falls outside the scope of this work.
Mechanical flotation cell studies where critical impeller speeds were measured have mainly
been conducted by Schubert and co-workers. Although these works were not designed to test
the effects of different variables on solids suspension, some effects could be derived from
these limited datasets. These include the effects of d,, Oy, and scale, D. The effect of d, in
their work in a mechanical flotation cell seems stronger than that found by Zwietering and
most others in stirred tanks. Gas addition (Qgy) seems to cause a linear increase in the
critical impeller speed, which is the same as that found in stirred tanks. In terms of scale-up,
Schubert and co-workers found Nj; to decrease stronger than that found by Zwietering and
most others in stirred tanks. A more conservative decrease such as that recommended by
Zwietering will thus be safer to use for the scale-up of solids suspension in stirred tanks. In
terms of solids distribution, early work was done by Arbiter, Harris and co-workers. They
developed a suspension height correlation, but the effects of the different variables varied
significantly for different mechanisms tested. They further concluded that hy drops with
aeration, that the drop is related to the drop in power draw, and that the effect is more severe
at higher frother concentrations. More recent flotation works use solids concentration
profiles to display solids suspension conditions. However, most of them do not include the
extent of off-bottom suspension, as the primary requirement for solids suspension.
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2.6 SCOPE AND OBJECTIVES OF THIS THESIS

The overall aim of this thesis is to evaluate solids suspension in a mechanical flotation cell.

Sections 2.1 to 2.3 formed the background to this work., In these sections, the flotation
process, machines and subprocesses were introduced and discussed in general. More
specifically the importance of studying solids suspension in mechanical flotation cells was
highlighted:
® Solids have to be suspended in order to interact with bubbles. Solids suspension
and gas dispersion are thus necessary preconditions for flotation to occur.
® Mechanical flotation cells are unique in their designs and different from standard
stirred tanks.
® Mechanical flotation cells dramatically increased in size since the advent of round
mechanical flotation cells in the early 1990's. For effective scale-up, the
subprocesses, including solids suspension, need to be better understood.
® Solids suspension is influenced by the dynamic action of the impeller as well as
the system conditions (solid, liquid, gas, and geometrical variables). Gas addition
is important for the gas dispersion subprocess, but also has a strong effect on

solids suspension.

A review of flotation literature (cf. Section 2.5) highlighted the shortage of recent solids
suspension studies in mechanical flotation cells. Early works, mostly by Arbiter and co-
workers, and Schubert and co-workers, highlighted the importance of solids suspension to the
flotation process. Schubert and co-workers demonstrated the relevance of the critical impeller
speed as a solids suspension reference point to the flotation process, but did not develop a
correlation to relate the critical impeller speed to system variables. Arbiter and co-workers,
on the other hand used the suspension height as a suspension indicator and did develop a
correlation for suspension height. However, suspension height has subsequently been found
not to be as consistent an indicator of solids suspension conditions as the critical impeller
speed. More recent publications, refer in some cases to off-bottom suspension conditions and
in other cases deal with solids suspension by referring to concentration profiles. However, no
dedicated studies of how solids suspension and more specifically the critical impeller speed is

related to system conditions within mechanical flotation cells could be found.
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Thus, due to the shortage of published solids suspension work in the flotation literature, the
general chemical engineering literature was reviewed (cf Section 2.4). Many solids
suspension studies could be found in standard stirred tank systems, though most of them
dealing with ungassed, two-phase conditions. It was seen that the effectiveness of solids
suspension could be evaluated in different ways, mostly aimed at either off-bottom suspension
conditions or solids distribution conditions. Methods and procedures to evaluate solids
suspension were chosen as follows.

® The critical impeller speed (Nj), indicating the impeller speed at the just
suspended condition, is the most widely used and consistent solids suspension
parameter in stirred tank work and will thus be the main focus of this work.

® Visual observation of the base whilst applying the /s criterion is the most
commonly used laboratory technique in identifying the Nj, in stirred tanks and will
thus be applied in this work.

e Solids distribution has also been considered in many stirred tank studies, although
the findings are not as consistent as off-bottom suspension findings, and it will
only be a secondary consideration in this work.

e Sample withdrawal was identified as a sufficiently accurate, widely applicable
(also in gassed conditions and at high X), and commonly used technique in stirred

tank work, and will thus be used to measure concentration profiles in this work.

Many studies have correlated the critical impeller speed (Nj) in stirred tanks to various
system conditions. Two-phase studies (Nj,) initially dominated all solids suspension work.
The Zwietering correlation [Zwietering (1958)] has been found to be the most influential and

widely used Ny, correlation. The same correlation approach will thus be used in this work.

0.45
N, = Sd *¥B*" (MQ] V010085 . Where S = f(impeller type, D/T, C/T)
p.

........................................... (cf. Equation 2-35)

However not all the variables considered in the extensive study by Zwietering will be
considered in this work. The effect of all the solid-liquid variables (i.e. dp, X, Ap/p;, vi) on
N;su will be correlated in this work. The effect of scale (i.e. D), as well as other geometry (i.e.

S parameter) will however not be considered.
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A three-phase N, correlation is however needed for application in flotation conditions.
Fewer stirred tank works have considered solids suspension conditions in gassed conditions.
Amongst the gassed solids suspension studies, most Ny, studies have used the ungassed N,
correlation as a base to which the effect of gas is then added. The most notable effect of gas

addition is to cause a linear increase in N, with increased gas addition.

N =N, +K, Qg
............................................ (cf. Equation 2-46)

However, the slope of this increase, K,, had been found to be influenced by other system
conditions. Some methods of incorporating the effect of gas into the N, correlation in stirred
tanks have been proposed. This thesis considers a number of different options and proposes
an effective way to incorporate the effect of gas into the N, correlation for a pilot scale
mechanical flotation cell. Another effect that gas addition may have on the N, correlation, is
a possible influence on the effect of the solid-liquid variables (i.e. dp, X, Ap/pr, vi) under
gassed conditions. Inconclusive findings have been reported in stirred tanks, with some
reporting reductions in the effect of some variables with gas addition. The effect of the solid-
liquid variables will thus be considered under gassed conditions here and compared with two-
phase findings. The development of a gassed N, correlation for a mechanical flotation cell,
incorporating the effect of solid-liquid (i.e. dp, X, Ap/pi, v1) and gas variables (Jg) is thus the

primary aim of this work.

A secondary objective of this thesis is to evaluate the solids distribution aspect of solids
suspension. Concentration profiles will be measured at different impeller speeds and for
different particle sizes and gassed conditions. The findings will be mostly considered
qualitatively and mechanistically. However, using concentration profiles together with
critical impeller speed measurements, the effectiveness of solids suspension at various
impeller speeds can be quantified in different ways. Here, the extent of off-bottom
suspension (average profile concentration), the extent of vertical solids distribution
(suspension height), and the variation within the vertical concentration (RSD of the vertical

concentrations) will be considered.
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In order to evaluate solids suspension in a pilot-scale mechanical flotation cell, as
outlined in Section 2.6, a large number of tests had to be conducted. The experimental rig is
described in Section 3.1. In Section 3.2 the variables used and the measurements made in this
testwork are described.  Finally, the experimental programme and procedures used are

described in detail in Section 3.3.

3.1 EXPERIMENTAL RIG

A Batequip (Bateman) pilot flotation cell was used in this testwork as shown in

Figure 3.1.

Bearing

Standpipe
Shaft

Air rotameter

Stator —————-—-—bU 5 Uf

Impaliar iy %W
Cy

Monitor

Press Regulator

e SN

Figure 3.1 Experimental rig

The flotation cell consisted of a 124 1 clear tank (7 = 0.54m). The static liquid level Z was
always equal to the tank diameter 7 (Z = T = 0.54m). Slurry agitation and air dispersion was
achieved by a six bladed Bateman impeller (Dma = 0.150 m) and stator mechanism (cf. Figure
3.2). A 1.5 kW three-phase electric motor delivered power to the impeller through an

infinitely variable gearbox and V-belt drive assembly. The impeller speed was measured by
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an electromagnetic pickup and displayed. Compressed air was used for air addition. The
compressed air was passed through a filter to remove impurities and a pressure regulator to
ensure constant air addition to the cell. The air addition rate was adjusted by a hand valve and
measured by an air rotameter (metric 45G). For visually determining the critical impeller
speed, a video camera was fitted below the tank to observe the suspension of solids from the
cell bottom through the clear tank. For concentration profile measurements, sampling from
the cell was done by sample withdrawal through a vertically adjustable sampling tube. Silica,
rutile and zircon sands were used as solids. Size and solids density details of these sands are
discussed in the next section. Water with 30ppm frother (MIBC) was used as the liquid in all
the tests. The frother was added to ensure constant bubble size, gas dispersion and gas
holdup. The impeller-bottom clearance C, was 15% (Cp = 0.157 = 83mm), which is
equivalent to a midpoint clearance C of 25% (C = 133mm = 0.257). This clearance compares
favourably to, C = 25%, recommended in Section 2.4.5.1 for three-phase solids suspension
and gas dispersion and resulted in a double-figure-of-eight circulation pattern as given in

Figure 2.24 (a). Details of the impeller-stator mechanism are shown in Figure 3.2.

&

v

n,=16 nb|=6

%35-’

Figure 3.2 Impeller and stator mechanism

It follows from Figure 3.2 that the impeller has a non-isometric vertical profile. This means
that the impeller diameter profile above and below the vertical midpoint is not the same,

causing the midplane not to co-incide with the maximum diameter as in the case of propellers
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and other isometric impellers. Different impeller diameters can thus be determined. In this
case the maximum impeller diameter is equal to 0.150 m (Dpa = 0.150 m), the minimum
impeller diameter is equal to 0.075 m (Dmix = 0.075 m) and the linear average diameter
(measured at 10 points) is equal to 0.124 m (D, = 0.124 m). The maximum impeller
diameter will be taken as the impeller diameter for calculation and comparison purposes (D =
Dy = 0.150m). The minimum gap between the impeller and stator can be calculated from
Figure 3.2 as 15mm. It should also be noted that the design of this mechanism is such that the
impeller is fully enclosed by the stator above the impeller. This prevents supercharged air
escaping from the impeller, but also prevents the recirculation of slurry to the upper eye of the
impeller. All slurry thus circulates to the impeller from below and to allow for this, the
impeller should thus be sufficiently lifted off the bottom (Cp ~ 15%).

3.2 VARIABLES AND MEASUREMENTS
3.2.1 Impeller Speed and Critical Impeller Speed

The most important variable that was measured during this work was the impeller
speed. The rig had an impeller speed indicator installed that worked on an electromagnetic
pickup basis. This reading was checked against a photoelectric tachometer and the readings
were found fo agree to within 1%. All further impeller speed measurements were taken from
the rig’s impeller speed gauge. The impeller speed was varied between 300 and 1100rpm,
which is equivalent to Ng. of between 1.125x10° and 4.125x10° (based on water) and a Nz,
number between 0.382 and 5.14. These Ng. and Nr number ranges thus fall well within the
ranges given in Table 2.2 for mechanical flotation cells and from the Nz, number being larger
than 10° it can be assumed that the impeller operated in the fully turbulent regime (cf. Section
2.3.1). The determination of the critical impeller speed N, will be discussed in Section
3.3.1.1.

3.2.2 Particle Size and Solids Density

Silica, rutile and zircon sands were used in the testwork. The silica sand (psi =
2650 kg/m’) was obtained from Consol Sand (Cape Town). The rutile (o5 = 4200kg/m’)
and zircon (ps.i = 4700 kg/m’) were needed to test for the effect of solids density on solids

suspension and was obtained from a heavy sand mining operation in the Northern Cape
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Province of South Africa (Namakwa Sands). The sands were sized into size fractions ranging
from 75pm to 850pm as shown in Table 3.1. This was done using a 500 mm Rhologan sieve
shaker. Approximately 30kg of each size fraction was needed for the testwork to ensure that
solids concentrations of up to 20 wt.% could be reached. To check the purity of these sands
the densities of a number of samples were checked using a pycnometer. The measured pg
values were very consistent and agreed well with literature values as given in Table 3.1 [Wills

(1997)].

Table 3.1 Particle size fractions used in this testwork

Sand, ps Size Fraction Mean Size ur (exp) - ur (calc)
kg/m3 nm pm m/s m/s

Silica, 2650 75-106 91 ~ 0.007
106-150 128 0.018 0.015

150-250 200 0.027 0.025

250-500 375 0.068 0.051 °

500-850 675 0.101 0.099 *

Rutile, 4200 75-106 91 0.019 0.014
Zircon, 4700 75-106 91 0.024 0.017 "

“T. Stokes Law: Cp = 24/Ng.; *: Intermediate: Cp = 18.5/(Nz.)"": Newton's Law: Cp = 0.44; u;” =
4/3x1/Cp.dy(ps-p1)lp..g for spherical particles. ; : Determined by dropping a number of particlesina 11
measuring cylinder and measuring the time taken to settle between two heights in the cylinder; *: Difficult to
measure accurately

As shown in Table 3.1 terminal settling velocities were experimentally determined for some
of the sand fractions. These can be compared to the calculated terminal settling velocities to
check the average size and the sphericity of the particles. In general, the experimental and

calculated terminal settling velocities show good agreement.

3.2.3 Solids Concentration

Tests were conducted at 5, 10, 15 and 20 wt% solids. The relationship between

solids mass fraction X slurry density ps;, and solids density ps is given by:

X____ps(pSL—pL) (a)
Ps(Ps—P1)
PsP
Py = (b)
* Ps _X(ps —pL)

..................................................... Equation 3-1
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Solids concentrations are also often given in solids volume fraction ¢s, given by:

GsPs

- P05 +(1—95 )0,

X/ ps

@5

X/ pg +(1-X)/p,

(a)

(®)

.....................................................

Equation 3-2

The solids concentration conditions for all test conditions are summarised in Table 3.2,

Table 3.2 Solids Concentrations Used In This Work

Ps pL X PsL g Vr s
[kg/m’] | [kg/m’] [wt%] [kg/m’] [kgl [’ [vol%]

2650 1000 5 1032 6.3 0.124 1.9
10 1066 13.01 0.124 4.0
15 1103 20.18 0.124 6.2
20 1142 27.86 0.124 8.6
4200 " 1000 5 1040 6.34 0.124 1.2
10 1082 13.2 0.124 2.6
15 1129 20.66 0.124 4.0
20° - - 0.124 -
4700 1000 5 1041 6.35 0.124 1.1
10 1085 13.24 0.124 2.3
15 1134 20.73 0.124 3.6
20° - - 0.124 -
2650 1096° 18.6 1230 27.86 0.124 8.6
1160 17.7 1288 27.86 0.124 8.6
1206 17.2 1331 27.86 0.124 8.6

"' - Rutile sand; * - Zircon sand; - - No tests were done here (motor limitations); — - Viscosity work using sugar

3.24

Viscosity and Liquid Temperature

Different ways of modifying the viscosity of the liquid were considered. Using

organic liquids were considered but they were thought either too expensive to use on such a

large scale or too hazardous to use in this environment. Sucrose sugar was considered the

safest and least expensive way of modifying the viscosity of the liquid in the tank (corn syrup

is also often used). As seen in Section 2.4.4.3.4 (cf. Figure 2.22) the viscosity of a slurry

containing about 20 vol.% solids (X~43%; SGs=3) would vary between a relative viscosity of

about 2-3 times that of water, except if it contains large quantities of fines resulting in the dso
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dropping below 30pum. It was therefore decided 1o use a viscosity range that goes beyond a
relative viscosity of two, ie. 2, 4 and 8 (based on relative kinermatic viscosities). Dynamic
viscosity measurements were done using a Brookfield viscometer to determine how much
sugar to add. Liquid sugar solution densities were determined by weighing of 500ml sugar

solutions accurately made up in volumetric flasks. These results are shown in Fable 3.3,

Table 3.3 Sucrose Sugar Concentrations vs. Solution Density and Viscosity

Sucrose Conce Solution Density Dynamic Viscosity | Kinematic Viscosity
g/ [kg/m’ | <P [x 107 m’/s]
0 1000 .00 1.00
104) 1037 1.37 1.32
200 1075 1.72 ' 1.60
300 O RETT 248 [ 2:23
400 1130 3, 72 3,30
500 1153 6,25 5.27
&0 1220 L1.60 Fial

Note: 1 ¢P = 0001462 ke/mds = 1,002 mPa.s = water's dynamic viscosity at 20°C

i - i -] 5 2
The sugar concentrations to use for kinematic viscosities of 2, 4 and B x10™" m'/s were

determined by linear interpolation as shown in Figure 3.3 and were found to be 263, 436 and

504 gpl.

14 1.2580
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Figure 3.3 Determining the sugar concentrations to use for the viscosity tesis
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The viscosity of watcr is also influenced by the temperature of the liquid. Due to the large
scale of the test tank, these tests were not done in a water bath to control the temperature of
the fluid in the tank. The temperatuie of the liguid was however momitored using a standard
mereury thermometer dipped inte the tank, and controiled by a 3kW heating e¢lement and
ambient cooling to remain within 20 to 25°C as far as possible. As can be scen from Figure
3.4 this variation n temperature causes the viscosity of the water 1o be 095 = 0,05 cP. The
temperature for each test was taken and the variation of viscosity duc to wmperature as given

by the trendline equation was incorporated in the analyscs.

1.2 ,
& T
=
1.0
]
L]
i 1
= N5
£ 08
=
o
ol 1 P0Gt 1720 041 T = 1.659

Ri=1
0.5 . .
10 5 Ly 25 30 35

Temnperature (70

Figure 3.4 The viscosity of water vs, temperature [Dxata taken from Rogers and Mayhew

(1988)]

3.2.5 Air Addition

The air addition was adjusted using a valve in the aitline and measured with an air
rotameter (metric 45G) as shown in Figure 3.1, The pressure of the feed air was kept constant
using a pressure regulator on the air feed line, For the three-phase tests, the air was added at
superficial gas velocities of 1, 1.5 and 2 cm/s as shown in Tabie 3.4, The superficial gas
velocity 1s calculated by dividing the air llowrate £ by the cross scctional area of the tank 4.
It follows that the superficial gas velocilies used relates to specific air flowrates varying

Belween 1.1 and 2.2 vwm,
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Table 3.4 Air Addition Settings and Measurements

Rotameter Setting Q¢ Qgv Jo
[cm] [m*/min] [m’/m’/min] [cm/s]
0.0 0.000 0.00 0.0
1.5 0.138 1.11 1.0
3.5 0.207 1.67 1.5
6.0 0.276 2.22 2.0

Tank details: T=0.54m; Z=T; V7=0.124m"; A=0.229m"; Air rotameter: metric 45G

3.2.6 Frother Addition and Gas Holdup

It is well known that frother concentration has a strong influence on bubble size,
gas hold-up and impeller power consumption (cf. Section 2.3.2), which in turn also effects
solids suspension. In order to determine which frother concentration to use some tests were

conducted where the frother concentration was varied. These results are shown in Figure 3.5.
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Figure 3.5 Effect of frother concentration on the critical impeller speed

(Silica, 75-106pm, X = 20%, J; = 1 cmy/s, frother = MIBC)

It follows from Figure 3.5 that increased frother additions at low frother concentrations
At frother

concentrations of 30ppm and above the critical impeller speed remains relatively constant

([MIBC] < 20ppm) causes the critical impeller to increase quite dramatically.

with increasing frother concentration. The initial frother concentration at the start of a test
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was made up to be 30ppm. During the test, the frother would however evaporate. To
maintain the frother concentration at or above 30ppm, the frother concentration was topped up
with an additional 10ppm of frother every 30 min’s. The average gas hold-up in the tank was
found to follow the same trend as critical impeller speed with frother concentration and was

used as a check of the frother concentration as shown in Figure 3.6 below.

Gas Holdup [%].

0.0 : ; ; ‘ ;
0 10 20 30 40 50 60

Frother Concentration [ppm]

Figure 3.6 Effect of frother concentration on the average gas holdup in the tank

(Silica, 75-106pm, X = 20%, J6 = 1 cnv/s, frother=MIBC)

The gas holdup was measured by measuring the expansion of slurry with gas addition (bed
expansion technique). The level of the liquid (slurry) was allowed to increase above T on air
addition, i.e. Z, > T. Using a vertically mounted float on the surface of the liquid, the rise in
the liquid level could be determined. This measurement gave the average gas hold-up ¢g in

the tank.
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3.3 EXPERIMENTAL PROGRAMME AND PROCEDURES

As outlined in the 'Scope and Objectives' in Section 2.6, this work focused
primarily on off-bottom suspension in the form of critical impeller speed measurements,
whilst solids distribution formed a secondary consideration in the form of concentration
profiles measurements. From the literature review (cf. Table 2.6 and Table 2.11), it follows
that solids suspension in stirred tanks are mainly influenced by the variables indicated in
Table 3.5. The variables that were varied in this test programme are indicated in bold text,

whilst the values of those kept constant in the programme are also indicated.

Table 3.5 Variables Influencing Solids Suspension and Those Tested In This Work

Variable Symbol | Varied/ | = Range/ Values Unit
Constant

Tank diameter T Constant | 0.54 m

Impeller diameter D Constant | D=0.150 (Dy); (D/T = 0.278) m

Impeller clearance (midpoint) C Constant | 0.25 T (0.133 m) -

Impeller-bottom clearance Cy Constant | 0.15 T (0.083 m)

Particle size dyp Varied 75-106; 106-150; 150-250; pm
250-500; S00-850

Solids Mass Concentration X Varied 5,10, 15, 20 wit%

Solids Density Ps Varied 2650 (Silica), 4200 Rutile,| kg/m’
4700 (Zircon)

Liquid Density pL | Varied 1000, 1096, 1160, 1206 (water, | kg/m®
263, 436, 564 gpl sugar soln’s)

Kinematic Liquid Viscosity v Varied 1,2, 4, 8x10° (@20°C) m®/s

(Dynamic Liquid Viscosity) (n) (1.0,22,4.4,9.3x107) (mPa.s)

Acceleration of gravity g Constant | 9.81 m/s*

Gas Flowrate as J; Jg Varied 0,1.0,15,2.0 cm/s

(Gas Flowrate as Qgv) (Qav) (0, 1.11, 1.67, 2.22) (vvm)

Frother Concentration MIBC | Constant | 30 (=30, cf. 3.2.6) ppm

It follows from Table 3.5 that the variables tested in this work included all the two-phase
slurry variables (dp, X, ps-pr and v) as well as the effect of gas addition Js on solids
suspension. The geometrical variables of impeller diameter D, tank diameter 7" and impeller
clearance C were not tested in this work. The test procedures and test programme to test the
effect of the solid-liquid-gas wvariables on the critical impeller speed and the solids

concentration profile will be discussed in more detail in the following two sections.
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3.3.1 Critical Impeller Speed

The critical impeller speed N, describes the solids suspension conditions on the
bottom of the tank and is taken at that condition where the solids are just suspended off the
bottom of the tank (cf. Section 2.4.4).

3.3.1.1 Critical Impeller Speed Measurement

The critical impeller speed for complete suspension N, was determined by
gradually increasing the impeller speed from 300 min" and observing the bottom of the tank
from below. The base of the tank was viewed on a PC monitor, using a video camera
mounted below the tank (cf. Figure 3.1). The Is-criterion introduced by Zwietering (1958)
and commonly used by others, was used to determine the just suspended condition (cf.
Section 2.4.3.1). As the impeller speed was increased, more and more solids were lifted off
the bottom of the tank. Due to the flowline on the bottom of the tank returning from the tank
wall to the centre (eye) of the impeller, the last solids to be suspended were in the centre of
the tank. This is where the bottom of the tank was observed. At impeller speeds close to the
just suspended condition, solids on the bottom of the tank would continuously be suspended
and then sediment out again. At a certain impeller speed, the solids would be resuspended off
the base within approximately 1s after settling out. As per the 1s criteria, this was taken as
the critical impeller speed. The determination of this condition is slightly subjective and the
exact point depends on the experience of the observer. The determination of the critical
impeller speed was repeated in a number of tests and the results show that the average
difference in Nj repeats by the same observer was 2%, with the maximum difference being
5%. This compares very well with the repeatability of Zwietering (1958) given as 2-3%, and
Chapman et al. (1983a) given as repeatable within approximately +5%.

3.3.1.2 Critical Impeller Speed Test Programme

The critical impeller speed test programme can be divided into three phases. The
programme will be discussed here as planned. As will be seen when the results are discussed,

it should be noted that some of the critical impeller speeds could not be achieved due to either



Experimental 131

the electric motor reaching its maximum power output or the gearbox reaching its maximum

speed output.

The aim of the first phase was to determine the effect of particle size d, and solids
concentration X on the critical impeller speed. The gas flowrate J; was varied and tested
throughout all phases of the test programme. The variables and ranges for this first phase of
testwork are given in Table 3.6. All variables were tested under all conditions, which led to
80 tests being planned for Phase I. These 80 tests consisted of five particle sizes being tested
at four percentages solids and at four superficial gas velocities (5x4x4 = 80). Phase [ thus

consisted of 20 ungassed and 60 gassed tests.

Table 3.6 Critical Impeller Speed Tests Phase I: Effect of Particle Size, Solids

Concentration, and Superficial Gas Velocity

Variable Range/Values

dp [pm] 75-106; 106-150; 150-250; 250-500; 500-850
X [wt%] 5,10, 15,20

Jg [em/s] 0.0,1.0,1.5,2.0

The second phase in the critical impeller speed test programme was to test the effect of solids
density on the critical impeller speed. In addition to the silica (ps = 2650 kg/m3), already
tested in Phase I, tests were done using rutile (ps = 4200 kg/m®) and zircon (ps = 4700 kg/m®)
as shown in Table 3.7. Again all the variables indicated in the table were tested under all
conditions leading to an additional 32 tests (1x4x4x2). Phase Il thus consisted out of 8
additional ungassed and 24 gassed tests.

Table 3.7 Critical Impelier Speed Tests Phase II: Effect of Solids Density

Variable Range/Values
d, [pm] 75-106

X [wt%] 5,10, 15,20

Jg [cm/s] 0.0,1.0,1.5,2.0

ps [kg/m’] (2650)", 4200, 4700

*: pg=2650kg/m’ (silica), was already tested in Phase I
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The third phase in the critical impeller speed test programme was to test the effect of liquid
viscosity on the critical impeller speed. Silica sand of the two smaller size fractions was used
in these tests and the liquid kinematic viscosity was varied in addition to 1 x 10® m?%/s (water),
already tested in Phase I, also to 2, 4 and 8 x 10°® m?/s as shown in Table 3.8 below. Phase III
thus led to an additional 12 tests being conducted (2x1x2x1x3), consisting of 6 ungassed and
6 gassed tests.

Table 3.8 Critical Impeller Speed Tests Phase III: Effect of Liquid Viscosity

Variable Range/V alues
d, [pm] 75-106; 106-150
X [wit%] 20
Jg [em/s] 0.0, 1.0
ps [kg/m’] 2650
vi, [x10°® m*/s] (1),2,4,8x10°

*: Water (v, = 1x10™ m*/s), was already tested in Phase I.

In conclusion, 124 critical impeller speed tests (34 ungassed and 90 gassed) were planned to
determine the effect of solid-liquid-gas variables as indicated in Table 3.5, on the critical
impeller speed in a 124 1 Bateman pilot flotation cell. The raw critical impeller speed data is

given in Table A.1 in Appendix A.

3.3.2 Solids Concentration Profiles

An axial solids concentration profile is a plot of solids concentrations vs. slurry
height in the tank, and thus describes the vertical distribution of solids in the vessel (cf.
Section 2.4.6).

3.3.2.1 Solids Concentration Profile Measurements

The solids concentrations at different vertical heights Xj;; were determined by
sample withdrawal. A vertical sampling tube was used for sample withdrawal. The bottom of
the tube was bent to be horizontal and oriented in a tangential direction in the same direction
as impeller rotation. The tip of the sampling tube had a 45° profile to improve isokinetic
sampling, as used by Barresi and Baldi (1987a). The radial position of the sampling tube was
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midway between the tank wall and the outside of the stator assembly. The rate of sample
withdrawal was determined to give a flow velocity in the tube which was approximately 10
times that of the terminal settling velocity of the coarsest particle as indicated in Table 3.1, viz
(Usampiing ~ 10 x 0.1 = 1 m/s). Barresi and Baldi (1987a), working at solids concentrations
below 5 wt.%, found that varying the withdrawal velocity in the range of 0.61 to 1.06 m/s had
a relatively small influence on the measured solids concentrations. They further found the
average sampled solids concentration to be generally 10-20% lower than the known actual
concentration. This was attributed to, lack of isokinetic sampling (diverted fluid / particles),

the existence of slight radial profiles, and the uncertainty in sampling the solids concentration

near the bottom.

" L/m P P \J ......
10
9 To peristaitic pump
8
7 + Vertically adjustable
Z o | [ FSRNRRNSSVINIUURTUUR * TSSO sampling tube
5
4 , RN
________________________ . e L R N %
S . .‘J,k ;/ "‘l P & N T 4 ‘\ L ::
2 |‘ 2 ,}_.‘* - My »
--------------------------------- T Sampling fube
1 45° tip profile

Figure 3.7 Sample withdrawal to obtain selids concentration profiles

As shown in Figure 3.7 the height of the tank was sliced into ten sections. The solids
concentration in each section was determined by sample withdrawal midway between the top
and the bottom of the slice as indicated in Figure 3.7. The solids concentration was
determined by accurately measuring the slurry density of a relatively large withdrawn sample

of approximately 3-4 1 and then calculating the solids concentration using Equation 3-1 (a).
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3.3.2.2 Solids Concentration Profile Test Programme

Solids concentration profiles were measured to determine how the solids
distribution varies with impeller speed. This was done for two particle size fractions under
both two-phase and three-phase condtions. The 75-106 and 150-250 size fractions were
selected to represent a finer and coarser size fraction in a flotation cell in terms of solids
suspension. The gassed profiles were done at a superficial gas velocity of 1 ecm/s. These
profiles were done together with the critical impeller speed measurements and co-incided with
runs 29 and 77 for the ungassed and 30 and 78 for the gassed profiles. The conditions for
these profiles are given in Table 3.9, and led to 10 ungassed and 12 gassed concentration

profiles. The concentration profile results are given in Tables B.1 and B.2 in Appendix B.

Table 3.9 Solids Concentration Profile Conditions

Variable Range/Values
d, [um] 75-106; 150-250

X [wt%] 20

I [em/s] 0.0, 1.0

ps [kg/m’] 2650

vt [m%/s] 1x10°

N [min™] 300, 450, 600, 750, 900*, Njs

*: Could only be obtained under the gassed conditions
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This chapter discusses the development of a critical impeller speed correlation for
complete off-bottom solids suspension in a mechanical flotation cell for both two- and three-
phase conditions. It follows from the literature review that no published critical impeller
speed correlations could be found in the flotation literature (cf. Section 2.5.1). Therefore, the
aim of this work was to develop such an Nj, correlation for a 124 1 pilot scale mechanical
flotation cell, using the methods as described in Chapter 3 . The N, correlation will first be
developed under two-phase conditions in Section 4.1, before developing the three-phase
correlation in Section 4.2. These correlations will incorporate the effect of solid-liquid
variables (i.e. dp, X, (ps-pL)/pr, v1) as well as the effect of gas addition (J;) for the three-phase
case. Geometrical variables (i.e. T, D/T, C/T, impeller/mechanism design) are however not
considered. Both graphical, and numerical analyses methods will be employed in this
chapter. Graphical methods have the advantage of visually displaying the data, allowing
trendlines to be fitted to demonstrate the quality of the fitted correlation. Multiple linear
regression, as the numerical method used in this chapter has the advantage of fitting
coefficients to an equation optimally, to minimize the sum of squared errors in the predicted
values versus the actual values. It can also quantify the confidence limits of the obtained

correlation coefficients.

4.1 SOLID-LIQUID TWO-PHASE CRITICAL IMPELLER SPEED

It follows from Sections 2.4.4 and 2.4.5 by comparing Table 2.6 to Table 2.11 that
most critical impeller speed work in stirred tanks have been done under ungassed, two-phase
conditions. Two-phase tests are often easier and more repeatable than the three-phase tests,
and comparing the ungassed tests with the gassed tests, the effect of gas addition on solids
suspension can be isolated. The Zwietering correlation is commonly used to determine the

ungassed critical impeller speed for complete off-bottom suspension, Ny, in stirred tanks.

0.45
N, = §T%q 00pogts [—psl; pL) v*%; where §” = £ (D/T, C/T, design); Stirred tanks
L

..................................................... Equation 4-1
[Zwietering (1958)]

As already summarised in Section 2.4.4.2, many other correlations similar to Equation 4-1

have been developed for stirred tanks. Power functions such as Equation 4-1 have been found



Critical Impeller Speed 137

to correlate the effects of the most commonly studied solids suspension variables on Nj
effectively, as summarised in Section 2.4.4.3. Only the effect of impeller clearance, C/7,
could not be incorporated as a power function due to abrupt transitions in circulation patterns
as the impeller clearance is reduced. This led Zwietering and others, to introduce an §
parameter, which can be graphically displayed as a function of D/T, C/T, and impeller design
[cf Figure 2.18; S = S(T/D)**].

The aim of this section is to develop an equation similar to Equation 4-1 for a mechanical
flotation cell. The 34 ungassed tests planned as part of Phases I, II and III of the experimental
programme (cf. Section 3.3.1.2) were designed to produce the following two-phase

correlation for a mechanical flotation cell.

N, = Kgd, ‘X* (M] v/ ;Where Ky, = £ (T, D/T, C/T, design); Mechanical flotation cell
P

..................................................... Equation 4-2

It follows that all the solid-liquid slurry variables in the Zwietering equation (Equation 4-1)
are included in Equation 4-2. The effect of geometrical variables including scale, T, were
however not tested in this work, and therefore will the correlation coefficient, K, be a
function of these, Kg = f (T, D/T, C/T, design). Due to the solids mass concentration, X,
being commonly used in flotation work it was used in Equation 4-2 instead of the solids to
liquid mass ratio, B, commonly used by Zwietering and others in their solids suspension work.
Acceleration of gravity, g, is a constant and if included the exponent of g is normally taken
the same as for density difference, which follows from a force balance on a settling particle as
in the terminal settling velocity equation (cf. Equation 2-18). In this section, the effect of
solid-liquid properties on the ungassed critical impeller speed, N, will be considered, first
graphically (cf. Section 4.1.1), before developing the Ny, correlation numerically using
multiple linear regression in Section 4.1.2. Section 4.1 concludes with comparing the two-

phase Nj,, correlation developed here for a flotation cell with stirred tank findings.

4.1.1 The Effect of Solid-Liquid Variables on N,

The effects of particle size d,, solids concentration X, solid-liquid density

difference (ps-pr)/pr, and liquid viscosity v, on the ungassed critical impeller speed, Ny, will
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be displayed graphically in Sections 4.1.1.1 to 4.1.1.4 and compared with the findings in
stirred tanks as already summarised in Section 2.4.4.3. As shown by Equation 4-2, the aim of
these plots is to find the power function fit between N, and each of the variables (i.e. ¢, d, e,
/). Traditionally these power function relations are found by plotting ;; against each variable
on log-log plots and measuring the slope. Measuring the slopes will thus give graphical
estimates of the power values ¢, d, e, and fin Equation 4-2. In the next section (4.1.2) these
power values will also be determined using multiple linear regression. Good agreement
between the graphical and numerical results is a way of double-checking the value of and the

confidence in the final result.

4.1.1.1 The Effect of Particle Size on Nj,

As seen in Section 2.4.4.3, Zwietering (1958) found Nj, a dpo‘zo, whilst the
proportionality exponent found by others varied over a fairly large range of between

approximately 0.1 and 0.5.

N, o<d " Stirred tanks

..................................................... Equation 4-3
Zwietering (1958)

The two-phase, Njg vs. dj, results obtained during Phase I of the experimental programme are
shown in Figure 4.1. Of the 20 runs planned, only 17 datapoints were obtained as N, could
not be reached for some of the larger particle sizes at 15 and 20 wt% solids, as the motor

reached its maximum power output.
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Figure 4.1 The effect of particle size d, on the ungassed critical impeller speed N, for

solids concentrations ranging between 5 and 20 wit%

iExp. Phase 1i{2ph): ofey =01, 128, 204}, 375, 673um; X =3, 1, 15, 20 wils; J; = 0; Silicy sund)

[t follows from Figure 4.1 that very consistent power relations between Ny, and o, had been

053 0,58

found, varying between N ¢ &7 1o Ny o0 dy ", tor the different solids concentrations

tested, Taking the average slope from the four curves gives the tollowing relation,

N & a';,”'ﬁ . A mechanical flotation cell (graphical analys1s)

reveranneenees BQUAIOT 4-4

This effect of d; on Ny, 18 stronger than that found in stirred tanks by Zwietering (cf. Equation
4-3) and mosr others, and is thought to be related to the proximity of the stator to the impeller
in a fletation cell as comparad to batftles in a stirred tank which arc fitted to the sides of the
tank. The stator decrcases fluid flow in favour of increased turbulence in the vicinity of the
impeller, Fhuid flow is an important suspension mechanism of especially the larger particles,

with higher settling velocitics.

4.1.82 The Effect of Solids Concentration on Ny,

Zwietering (1958) found the effect of solids-liquid mass ratic B as shown in

Equation 4-5{a}, which can be converted to the effect of solids concentration X (cf, Equation
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4-5(b)) as alrcady demonstraied in Section 24.43.2, ie. B X' The findings of others in

stirred tanks varicd mostly between B '7 and 8%,

N, e B"" ; Stired tanks {a)

(L]

N o X™7 : Stirred tanks {h)

e

_____________________________________________________ Equation 4-5
Lwiclorme {1958)

The relation between A, and X found n the two-phase tests during Phase ! of the
cxperimental programme is shown in Figure 4.2, As already mentioned in the previcus
section, some of the N, values could not be determined at X equal to 15 and 20% for the
coarser particle sizes as the just suspended conditions laid above the maximum power the

electric motor could deliver,

=
L Nl (AT
TG TRopsERS
10L0 A
o _ ® cp=ian
s ST o

Maji, [rpom]
(3]
[}
=

5 10 15 20 a0 40 a0
X, [wetth)
Figure 4.2 The effect of solids coneentration X on the ungassed critical impeller speed

N, Yor average particle sizes ranging between 91 and 675 nm

{Exp. Phasc 1 (2ph): dlsp =91, 128, 200, 375, 675m; X=5, 10, 15, 20 wit%, J; = [ Silic sund)

It follows from Figure 4.2 thai fairly consistent power relations between Ny, and X were
obtained with the exponent varying between 6.10 and G.14. Taking the average slope from

the five curves gives the following relation.
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Nn e X 72 . A mechanical flotation cell (graphical analysis)

tveeerereeeness BQUALION 4-6

Comparing Eguation 4-6 to Equation 4-5, it follows that the relation between N and X for
this flotation cell is slightly weaker than that found by Zwietering and others in stirred tanks.
The smaller effect of X in this work using a mechanical flotation ecll is difficult to explain but
may be related to the relatively low impeller elearance used in this work (C/T =025 or C/T=
{1 15) apart from other geometrical differences in impeller and baflling design. On balance
though 1t can be concluded that changes in solids concentration have a relatively small

influecnce on the critical impeller speed in a flotation cell.

4. 1L1.3 The Effect of Solids Density on Ny,

With respect to solids density, Zwietering (1958), and others decided to
incorporate the effect of solids densily in the form of relative solid-liquid density difference
[(gspr o] This s the same form that solids density affects the terminal settling velocity as
already shown in Equation 2-18. Zwictering found the proportionality exponent between N,
and the relative density difference to be 0,45 as shown in Equation 4-7, whilst other findings

varied mostly between 0.40 and .50 10 a relatively narrow band.

2R

! |
N o £ B ; Stirred tanks
: S 2/

trenreereennrnr EGAIAtION 4-7
Fwietering {1938)

The effect of solids density on Ay, can be derived from the two-phase runs in Phase 11 of the
experimental program using tutile (ps = 4200 kg/m’) and zircon (ps = 4700 kg/m”), and
companing it to the dpg; tests using silica (ps = 2650 kg/m’) in Phase | of the experimental
program as already shown in Table 3.7, A, could not be reached at X' = 20%; for mutile and

zitcon, which resulted in only three curves as shown in Figure 4.3 for X'=3, 10 and 15%.
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Figure 4.3 The effect of relative solid-liquid density difference [(pspr)pe] on the

ungassed critical impeller speed V;,, for solids concentrations ranging from 5 to 15%

{Fxp. Phascs | & 11 (2ph): dsy = 91 pm; X =5, 10, 13 wits; pg= 2630, 4200, 4700 kg'm’; p;=1000 kg/m’; /5= 0
cIs]

Although only three curves were obtained, the consistency of the propartionahity exponents m
the power functions in Figure 4.3 is very encouraging with the slopes varying only between

.63 and (.64, with an average of 0,63,

’ PR ]
g I i . . .
N w‘ Pl ; A mechamcal flotation cell {graphical analysis)

E
O

crevarneeneees EQUaAtion 4-8

From this section on the nfluence of solids density on the just suspended impeller speed, it
follows that solids density has a large effect on the critical impeller speed. Similar to the
findings on 4, the effect of [(ps-p: ) o] found here for a flotation cell, 1s also stronger than the
relation found n stirred tanks. Tt is interesting to note that o, and [(ps-p;)pe] are also the two
main variables affecting the particle settling velocity (cf. Equation 2-18). This supports the
notion that the reason for the stronger relations between Ny, and o, and [{psp:¥pz] in a
flotation cell may be related to baffling arrangenients in a flotation cell vs, baffles on the sides
in a slirred tank. As already meniioned, the stator decreases (tuid flow in favour of increased

turbulence in the vicinity of the impeller. This finding suggests that fluid flow 15 an important
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suspension mechamsm ol espeeially the larger and higher density particles, with higher

scttling velocities.

4.1.1.4 The Effect of Liguid Viscosity on Ny,

[t was scen in Table 2.6 that only some of the N investigators considered the
effect of liquid viscosity in the form of kincmatic viscosity, v, on N, Of those that did, the
findings for the power function exponent vaned mostly between 0 and 0.149, with some thus

finding v to have no effect on A,

N e 1" Stirred tanks

frar
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Equation 4-9
Zwietering (1958)

The stirred tank solids suspension work thus suggests that N is either independent of vy or
the cffcct of v; on Ay 15 given by a relatively small proportienality exponent of not more than
approximately . 1. A small proportionality exponent indicates that only large changes in vy
will have significant effects on & Liquid viscosily can display large variations in some
processes where viscosity thus might stll have a large influence on N, despite its low
proportionality exponent. If for example the power relation is given by Ny @ v."'’, then N,
will only be changed by more than 10% if the kinematic viscosity changes by morc than 2.5

times (consider 2.5 = 1.10).

The liquid in Aotation cells consists mainly of water. The viscosity of waler 15 modified by
liquid temperature and by dissolved components (cf. Section 3.2.4), but the effects of these in
industnal flotation cells are normally relatively small  However, 1if the iquid is seen as a
pserdofluid of water and fine solids, the slurry viscosity may be taken as the fluid viscosity,
As already shown in Figure 2.22 (cf Section 2.4.4.3.4), slurry viscosity 15 increascd by solids
concentration and the effect 15 more significant with very fine particle sizes. In flotation cells
solids concentrations in the region of 40% is commonly used, which is comparable to a pg of
just below 20 vol% given a ps of 3 kg/l (cf. Equation 3-2 in Scction 3.2.3). At this solids
concentration the slurry viscosity is only significantly increased to more than 2 to 3 times that

of water when the sharry is very fine with dsq's below 40 and especially 34 pm.
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With this in mind, the effect of v; on N}, in a flotation cell was investigated by varying v, up
to 8 times that of waler during Phase [T of the expenimental programme (cf. Section 3.3.1.2).
These tests for two-particle sizes dys; and a0 at 20 wt¥ solids are then compared with the
equivalent tests tests during Phase | of the experimental programme.  The Nj, vs. vy results of

these tests are displayed in Figure 4.4
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Figure 4.4 The cffcet of kinematic lignid viscosity vy (and p;) on the critical impeller

speed N, tor dsp =91, 200 pm

{Exp. Phases | and 111 (2ph): dsp = %lpm, 200pm; X = 200wt pg = 26§U kg,-‘nf: pr=1000, 1160, 1206 kppm'; S
=0 cnwfs; v, (@ 20°C = 1210 m'/s)

It can be seen from Figure 4.4 that the kinematic viscosities were slightly lower than the
planned 2, 4 and 8 times that of water. This is purely a function of the liguid temperature in
the tank being mostly above 20°C in the region of 25°C (cf. Figure 3.4 in Section 3.2.4). The
double data points appearing at v/, ~ | 18 from duplicale runs. Although Figure 4.4 shows
the results of Ny, vs, vr using sugar solutions it can net be wsed te graphically determine the
effect of vz on Ny, The reason for that being that the addition of sugar to modify v causes a
simultanecus change in p: and thus in {{ps-p: )] The change in the Njq, values in Figure 4.4

thus shows the combined effect of [{py-p:)p:] “.v//. Fortunately, the effect of [{(ps-pr)ipc] on

1", Removing the

Nis was already determined as shown in Equation 4-8, My, w [(ps-pe)ipe
effect of changes in [{pepe)/pc] on the N, values in Figure 4.4 leads to Figure 4.5 to shew the

effect of v; alone,
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Figure 4.5 The effect of kinematic liquid viscosity vy on the eritical impelier speed N,
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From Figurc 4.5 it follows that the effecl of liquid viscosity on the crilical inpeller speed was
found to be slightly conflicling. For the finer {59 = 91pm) particle size fraction the liquid
kinematic viscosity caused the just suspended impeller speed to imcrease at a rate of N, o
v*'! swhich is similar to that found by Zwictering (N, « vu'm). However, for the coarser size
fraction (ds; = 200pm), vy gave a slight decreasing effect of vy on Ny, (N uv{'m}. which
was uncxpected.  These results show the coffeet of v on Ny, to be relatively small but
inconclusive. In companson, resulls from stirred tank work are also somewhal inconclusive
with workers given the proportionahty exponent of kinematic viscosity to be small but mostly

variable between ) and 0,10,

N, e plaaed 005 0l A machanical flotation cell (graphical analysis)

................................................... FEquation 4-10

4.1.2 Critical Impeller Speed Correlation for Two-phase conditions, N,

[n this section, the critical impeller speed corrcluion will be developed for the
two-phasc solids suspension tests in the pilot mechanical flotation cell vsing multiple lincar

regression.  Refernng back (o Equalion 4-2, it follows (hat the aim of this two-phase critical
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impeller speed (V) section is to find the power function exponents ¢, &, e, and f. These
exponents indicate the relative effects of variations in particle size ). solids concentration X,
sold-Hquid density difference Ag/pr, and kinematic viscosity v; on the ungassed critical
impeller speed N, The value of the correlation coefficient Ks; for the specitic geometry

used here will also be found.

L

N o= KSL(IP"X"J[MJ v’ where Ky = (T, D/T, C/T, design): Mechanical (lotation cell
2

wviieereee.. (cf. Equation 4-2)

Miliiple linear regression can be used to fit coetficients to terms in a linear equation (e.g. y —
My Vomaxs L ex, T K). However, Equation 4-2 is not a linear equation, but a power
function. Power functions can however be linearised by taking logarithms on both sides of

the equation.

.

log &, = logKy +eclogd, +a’.lﬂgX+e.1ﬂg[% + f.logy ; (from Equation 4-2)

il
L )

i Equation 4-11

The following numerical strategy was used tor the analysis of the two-phase data. The data
from all the N, tests during Phase | and 11 of the experiments were analysed first (cf. first 27
entries in Table A.2). This gave the exponents for o, X, and Ag/p; as shown in Table A.12.
In a second step, the viscosity tests using sugar solutions were included. In this analysis the
exponents for d,, X, and Ap/p, were fixed as already determined in the first step.  This
therefore gave the effect of viscosity during all the runs and not ouly the runs in Phase 111
The reason for deing this is also to include the effect of temperature variations on the
viscosity and not only the effect of the sugar solutions. The results from this second analysis
are given in Table A 13 in Appendix A. These numerical results are summarised in Table 4.]

and compared with the graphical results obtained in the previous section.
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Table 4.1 Two-phasc Critical Impeller Speed Correlation Results

Analyses Exponents of N, Power Function
Niw = Ksi.dy' X (Apip ) v
: Kt dy X" | Appo) € v
[Graphicalanalyses 7635 0.12 0.63 -0.03
_ {0.33:0,38) {0.100,14) (0EID64) | (L0501
Numerical analysis 54.1 035 cp0z | 0122000 | 066 w005 | -0.0] +g.03
This Wark (Proposcd) ' 54.1 035 12 .66 =~ 1)

- Values are given with 95% confidence intervals

It 18 encouraging to see that the numerical results generally agree very well with the graphical
results nblained in the previous section. The graphical viscosity trends were conflicting in the
previous section, The numerical results including all the tests confirm that the effect is st
confhicting but so small that it can be ignored. The results from Table 4.1 can be incorporated

into a two-phase critical impeller speed correlation as follows.

6
N..'Hl = KﬂdF”JSXUIIJ [psp_ pL ] ; KSL F 54
L

wereemnnrensens EqUation 4-12

A mechanical flotation esll

The quality of the fit of the predicted values from vsing Equation 4-12 to the experimentally
measurcd critical impeller speed values are graphically displayed in Figure 4.6. It can be seen
from Figure 4.6 that the quality of the fit is very good ( ¥ =10.963). Cnly one value {trom the

viscosity tests) lie outside the = 10% deviation lines,
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Figure 4.6 N, predicted by Equation 4-12 vs. experimentatly measured V,, valucs

(excludes viscosity work)

Finally, the two-phase critical impeller speed findings obtained in this mechanical flotation

celf can be compared to standard stirred tank results from literature (cf. Table 4.2).

Table 4.2 Comparison of Two-phase Crifical Impeller Speed Results with Literature

: Relerence Exponents of Variables in Ny, Power Function
| Nig = K T D .S X* (Apipr)* v/
dlp < X d 1] rwpu r ‘,f._f (Dmh () Tq'l'h i 5}
Zwictering (1958) 0.20 017 0.45 010 | 22350 (L83
=215

Summary of Stirred | 0.1-05 | 0.1-03 | 04-05 | 001 | -19¢t0- | -0.7610-
Tanks findings {cf. Table 2.4 085
2.6)
This Work (Propased) ™ | 035 <002 [ 012 o 066005 | -0

't Soltds concentration is often also correlated as the effect of solids 1o liquid mass ratio & on A, to change
from H (o X the expanents were multiplied by 1.27 being the power relation between & and Y over the range
5%<XY<50%% as used in this work and applrcable to flotation cells {cE Section 2.4.4.3.2).;

" Dependent on impeller iype: quoled here for iurbine rype radial impellers (e.g. DT = disc wurbine, FT = fla
Blade wurbing);
*, tndiga.tnr of scale (£3 18 also sometinkes used 1o indicate scale);

4. Vulues are given with 95% confidence intervals

Comparing the two-phase¢ results from this work 1o that found for stirred tanks as shown in

Table 4.2 it follows that sohds particle size (d,) and solids density difference (Ap/pr) scems to
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have stronger influences in a mechanical flotation cell, than found by most m stirred tank
work. As already alluded to in Sections 4.1.1.1 & 4.1.1.3 1t 15 thought that this might be
related to the proximity of the stator to the impeller in a flotation cell as compared to baffles
in g stirred tank, decreasing fluid flow in favour of increased turbulence mostly in the vicinity
of the mpeller. Variations in solids concentration (X} seems to have a relatively small
influence on the critical impeller speed in flotation cells, which is also smaller than what
many found in stirred tanks. As already discussed, the effect of viscosity on N, was slightly
contradicting and inconelusive, but small enough to ignore withm the liquid viscosity range
tested in this work (ve/vy— 1 to B). This is in agreement with what some also found in stirred

tank work.

In order to extend these two-phase results to three-phase conditions, gas is added into the
system and the effect of these two-phase variables on N, under gassed conditions, as well as

the effect of gas itself on N;; will be considered in the next sections.
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4.2 THREE-PHASE CRITICAL IMPELLER SPEED

In this section the gassed critical impeller impeller speed (V) correlation for the
pilot mechanical flotation cell used in this work will be developed. A, cormelations for
stundard stirred tanks have dlready been discussed in Section 2.4.5 and summarised in Table
2.1, It 15 evident from companng Tahle 2,11 with Table 2.6, which summarises the two-
phase critical impeller speed findings, that much less work has been done n three-phase
cnvironments than in two-phase, solid-liguid systemas.  The threc-phase correlations arc
commonly divided into two parts, A {irst part, Ny, which incorporates the cffcets of the two-
phasc variables (e &, X, Ag/pr, ve) under gassed conditions, and a sceond part, which
incorporates the effect of gas addition {(J:) on the gassed critical impeller speed.

As already mentioned in the two-phase section of this chapter, &y, for standard sticred tanks is

commonly caleulated using the Zwielening eguation.

145
N = S8 1R gt [M) v Where § = F(D/T, C/T, design); Stirred tanks
2h

ceremesnneen et Equation 4-1)
[Ewietaring (1958)]

In this work, the effect of geometrical variables {c.g. 1. D/Y, /7, designj) on the ungassed
eritical impeller speed N, were not considered. The form in which the solid-liquid vanables
will be incorporated under gassed conditions is thus given by Equation 4-13 {a). As was scen
from Table 2.11, many have found that N, increases linearly with gas addition (cf. Equation
4-13 {b)}, although other forms of incorporating the effect of gas addition have also been

proposed.

N, = KSL.df,"'X""(MJ v/ Where Kso = f(T, VT, /T, design) (a)
2.

_ *n
N, =N, +K,0 (b)
eeoveernreenns Cguation 4-13

L. Different forms of N = A ©0) have been propesed (of, Table 201k (1) &, = & = constant for given
peometry; of (2 K= KNl of (3 N = N1+ or (4y. K, = a finction of system vanables, cp O, 7, ur,
N, BEE,
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The aim of this three-phase section 1= summarised by Equation 4-13. Equation 4-13 (a)
suggests that the ungassed enitical impeller speed correlation, Ny, is used as the starting point
for the three-phase correlation, Ny, The applicability of using the N, equation as already
developed in Section 4.1, to incorporate the effect of two-phase variables (e.g d. X, (ps-
#r)pe. ve) under three-phase conditions should be considered. Contlicting ¢, ¢, e, and f
exponents for the two-phase vanables in gassed conditions have been reported for stirred
tanks {cf. Table 2.11). Chapman et af. (1983¢) and Wong, Wang and Huang (1987) have
proposed that the exponents of some of the two-phase variables reduce sigmificantly from
two-phase to three-phase conditions, whilst Dutta and Pangarkar (1995) and Dol e af.
{2003} used exponents very similar to that proposed by Zwietering for two-phase conditions,
The other aim of this three-phase section is given by Equation 4-13 (b). Equation 4-13 (h)
suggests that the effect of gas addition is incorporated separately from the two-phase effects
with most finding that the addition of gas causes a linear increase in ¥,,. The slope of the
linear increase in ¥, is however not a constant under all conditions and different forms of
Equation 4-13 (b) have thus been suggested for strred tanks, and suitahle forms of

incorporating the effect of gas for the mechamical fiotation cell used here will be considered.

This section will achieve the aim of finding Equation 4-13 for the mechanical flotation cell by
first considering the effect of gas on the critical impeller speed (cf. Equation 4-13 (b)) in
Section 4.2.1, Once the effect of gas has been determined, the influence of the solid-liquid
variables can be considered under gassed conditions, The effect of the two-phase variables on
the eritical impeller speed will be considered graphically in Section 4.2.2.  After graphical
inspection and analyses of the data, multiple lingar regtession will be emploved in Section
4.2.3 to fine-tune the three-phase critical impeller speed correlation numerically. The three-
phase findings will then be summansed and compared with literature findings in Section

4.2.5.

4.2.1 The Effect of Gas Addition on the Critical Impeller Speed

This section will consider the form of Equation 4-13 (b), ie the way to
mcorporate the way that gas addition increases the critical impeller speed. Referring to
Section 3.3.1.2 in the experimental chapter, it follows that the effect of air addition was

mainly considered in Phases | and [ of the experimental runs, where the conditions were
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changed from ungassed (/; = (} em/s), 1o air addition rates of J; = 1.0, 1.5, and 2.0 cm/s, The
viscosity tests during Phase 111 only considered either ungassed or gassed conditions (Jg = 1.0
cm/s), and will not be used here to determine the effect of gas. Two- and three-phase results
of all three experimental phascs are given in Table A 11 in the appendix. In Scetien 4.2.1.1,
Ny will be considered graphically against Jg to see how N, increases with increased air
addition. Thereafter four methods, denived from literature, of incorporating .J; into the N,
corrclation will be evaluated in turn in Section 4.2.1.2, This will lead 1o a decision on the

form of Equation 4-13 (b} 1o adopt here for the pilot mechanical flotation ccll.

420X Critical Impefler Speed, Ny, versus Gas Additton, .

When all the cnitical impeller speed values {(A,), as given m Table A11, are
plotted against gas addition, Figurc 4.7 is obtained. A couple of observations can be made
from this figurc. Firstly, as expected, it can be seen that there is a general increase in N,
values as gas was introduced and as the gas addition rale was increased from 1.0 to 2.0 cm/s,
Secondiy, it can be seen that there are less dala points at J; — 1.5 and 2.0 ain/s. This s only
partly due 1o the 6 additional Phase 111 viscosity runs that were only conducted at both Sz = 0
and 1.0 ¢cm/s. Some of the Nj; speeds at Jg = 1.5 and 2.0 ¢m/s could not be reached due to the
maximum impeller speed of the gearbox (N, ~ 1100 rpmi) being reached first. As indicated
in Table A.8, could 20 of the 28 tests planned at ./ = | em/s be reached (experimental Phases
I and 11). On the other hand could only 14 and 12 tests be reached at Jz = 1.5 and 2.0 em's
out of also 28 tesls planned for both gassing rates (cf. Table A9 and Table A1), Thesc
critical impeller speeds that could not be reached occurred especially at the larger particle
sizes, solids concentrations, solids densities, and gas rates.  Thirdly, it can be seen that there is
a larger spread in the N, datapoints at Jg = 1 than for the ungassed tests, although the same
number of tests were conducted at both conditions (34 (ests, excluding repeatsj. This is a
graphical demonstration of the fact thal Ny, 1w generally more difficult to determine during
gassed than ungassed conditions, and that gassed Ny, results generally have lower levels of
precision than ungassed tests. This is partly the rcason, for much sohds suspension work,

even for three-phase processes, being conducted in ungassed conditions.
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Figure 4.7 Graphical presentation of all NV, results vs, air addition rate, Jg

Although Figure 4.7 give a uscful overview of the cffcets of gas addition on the ;. results, the

specifics of the effect of gas addition on the critical impeller speed 15 hidden by the large

number of data points obtained under different conditions being shown together, In order to

focus on the way that gas addition increases N, similar conditions will be grouped together.

Results from Phase [, where in addition to gas addition, the sohds density and particle size

was also varied, are given in Figure 4.8, Results from Phase II, where in addition to gas

addition, the solids density was also varicd, arc given in Figurc 4.9,
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Figure 4.9 Inerease in N, with air additiop (Ji) obtained in experimental Phase 11

Tt follows from Figure 4.8 and Figure 4.9, which summarises the effect of gas addition on N,
that the addition of gas causes the critical impelier speed (N} to increase and that the increase
in N 1s linear with the gas flowrate (f;), 1.e. Njyy = Nia + KioJe. This agrees with many of the
findings in stirred tanks (cf. Table 2,11} and the form of the N, equation as given in Equation
4-13 (b). The slopes of the |ines on the graphs indicate the value of K. It can be seen that X,
varies for different conditions. 1 is noticeable from Figure 4.8 that the value of K increases
as solids concentration, X, increases from 5 o0 20%. There is also some indication that K,
increases somewhat with o, Figure 4.9 indicates furthermore strong increases in K, with

mereasing solids density differences, Ap/p.. It therefore seems that the effect of gas on the
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critical impeller speed increases with increasing X, . and Apip;. These observations will
suffice for now. The K, values indicated on Figure 4.8 and Figure 4.9 will be revisited in the
next section, where different forms of Equation 4-13 (b) will be applicd to the experimental
dataset to sce how cffective each method is in incorporating the effect of gas addition into the

My correlation.

Table 4.3 Rate of Linear Increase in /Vj, with Gas Addition, K., for Different Conditions
{Obtained from Figure 4.8 & Figure 4.9)

H ¥y Njew dy | X - Apfpy
1 190 aa0 | 41 5 1 185
2 70 487 | 128 5 1.85
3 203 585 200 5 1.85
4 190 | 485 g1 | 1 | 185
5 196 52% 128 | 10 185
5 213 625 200 10 165
_ 7 220 5015 91 15 165
8 217 545 128 15 165
9 243 856 2w |15 1.65
10 262 505 91 20 _ 15
11 248 587 128 20 1,65
12 270 670 200 20 1,65
13 293 663 g1 5 3.20
14 310 735 91 5 ! 3.70

4.2.1.2 Ways of Incorporating the Effect of Gas into the N, Correlation

Four methods for incorporanng the effect of gas addition, Jg, on the gassed
¢ritical impeller speed, N, will be evaluated in this section. 1n other words, different forms
of Equation 4-13 (b) will be evaluated here. These four methods can be derived from
correlations given in literature for stirred tanks, as summarised in Table 211 (cf. Section
2.4.5.4), and will be referred to as Option 1 to 4. [n the following sections, these four options
will be evaluated in the following way, The first step 15 to fit the specific Ny = f (M, Ji)
correlation to the experimental data. After determining the correlation coefficient in this way,
the resultant equatien for incorporating the effect of gas addition can be tested, The testing of
the equation is done by turning the equation around {i.c. make Ny, the subject of the equation)
and calculating the ungassed critical impeller speed from the gassed measurements. These

predicted or caleulated ungassed critical impeller speeds, N can then be compared to the
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relevant experimentally measured ungassed critical impeller speeds, N,. The better the
parity fit between N and N, the more suitable the equation will be judged to incorporate

the ettect of gas on V...

4.2.1.2.1 Opition I: Ny = Npy + Koo 0 K, = a = const

Option | assumes that K; = a, 15 a constant for a given geometry, Different values
of @ are then normally given for different types of impellers and impeller diameters. The
approach of Option | has heen followed by Chapman er &f. (1985¢), Wong. Wang and Huang
(1987), and Dutta and Pangarkar (1995). This approach leads to the tollowing form of
Equation 4-13 (b), which will be tesled in this section (cf. Equation 4-14).

Nig = Nae + Kol Where, K, = a = const for certain geomeiry {a)
O,
AN, = Ny - N = KoJi s Where, K, = a = const for certain geometry (b)

cveeeseeeren Bguation 4-14

Only one geometry was used 1n this work, and thus according to this option, AN, should be a

lincar function of Jg (cf. Figure 4.10).

B e
= aNRvaues ANjs = 228 % Jg
=i & ablis.Au
Ao
1o
& !
Ty
@
i
1
0N
bl o A
R = A6
il T
1L 0.5 1 Tk 0 5
Jim [z

Figure 4.10 Nominal increase in critical impeller speed (ANy) vs. J

It follows Irom Figure 4.10 that the best fitted value of 'a' to be used in Equation 4-14 (a} is

cqual to 226 rpm.(cm.s™ B
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N =N, +taJ,; Wherea=226 pmfem.s ) (Or, a= 34 vwm's7)

S

ciieeeene Equation 4-15

It follows from Figure 4.10 that the fitted line agrecs reasonably with the average increases in
N with gas addition. However, despite a reasonable coefficient of determination [r3 = 0.89).
it can be scen that many inercases (AN, values) were higher or lower than that predicted by
the fitted line. The effectivencss of Equation 4-15 to incorporate the cffect of gas can be
evaluated by calculating N, values from gassed Ny, data points and comparing them with the

cquivalent N, measurements (cf. Figure 4.11).
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Figure 4.11 Predicted N values using Ny, = N, — atg vs. experimentally measured

Ny, values; a = 226 rpvm.(n:mfs}'i

The parity ¢hart in Figure 4.11 is reasonable but not very good (#' = 0.86). Quite a number of
data pomts fall outside the = 10% deviation lines. It is noticcable that N, valucs were
underpredicted at the low end and overpredicted at the high end.  This means that the etfect of
gas were overpredicted at the low end and wnderpredicted at the high end, using the
correlation, N = Nie — 226.0;. The 'a' valuc obtained here can be compared with that
derived from graphical results presented by Weiss and Schubert (1989) (cf. Section 2.5.1). In
the 541 cell they used the slope of the merease in N, with gas addition was measured as, @ =
2.4 vvm™ s, Converting the '@ value obtained in this work (124 1 cell) to the same units one

obtains, @ = 3.4 vvm ™ s, T therefore follows that gas addition caused a larger increasc in this

larger Bateman impeller, than with the smaller double finger impellers used by Weiss and
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Schubert (1989). One would normally cxpect the smaller impeller, which operates at a higher
pm, to expericnce a larger nominal increase with gassing. This may be due to the much
smaller impeller clearance (Cy = 0.057) used by Weiss and Schubert compared to the higher

impeller clearance used here (€, = 0.15T)
4.2.1.22 Oprion 2: Ny = Ny, - KN Jy

Option 2 assumes that K, is proportional to N, (Le. K, — K.N.) and is thus
dependent on system variables in the same way as N,,,. Chapman et a/. (1983¢) found that the
valie of K, was influenced by the relative impeller diameter, and found that X, o (DT,
This is the same as the dependency they found for Ny, on /T, My, 0 (D/TYY, for dise
turbines. Thus both K, and Nj, has the same dependency on I/T from which it can be
hypothesised that the same applies to all the variables that influences Ny, and thus that £, a
Nisw. This approach was also proposed by Bujalski, Konno and Nienow (1988) and leads to
the Equation 4-16 form of Equation 4-13 (b}, which will be tested here.

Nivz = Njpu + K Njde = Nl | + KiJg)y Where, K — const {a)
Or dividing by My,
AN N = NiNiwe - 1 = KoJg Where, K = const (b)
cievireeeenne. Equation 4-16

Whether, K, was proportional to N, can be tested by considermg the X, values obtained from

Figure 4.5 and Figure 4.9 as summarised in Table 4.3,
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Fignre 4.12 K, values from graphical results in Figure 4.8 and Figure 4.9 vs. Ny
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It follows from Figure 4.12, that the X, values generally increased with increasing N,
although it 18 not a very good linear irend. The coefficient to detenmine in this equation is the
value of K. K, = K. N, Figure 4.12, which considers the graphical results, suggests that the
value of K should be around .44, but using Equation 4-16 (b) the value of K can be fitted as

follows,
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Figure 4.13 Relalive increase in eritical impeller speed (AN Q) v, g

Figure 4.13 confirms that the best-fitted value of K is indeed 0,40 {cm/s)”’, although many
AN, values still lie above or below the fitted line. This leads to the following form of

Equation 4-16 (a).

N, =N (1+K.J;); Where, K=0.40 (cm.s™y' 5 (Or, K= 036 ywm™)

v quation 4-17

Again the effectiveness of this equation to incorporate the effect of gas addition can be tested
by comparing the calcutated ungassed critical impeller speeds, Ny« with the experimentally

measured ungassed critical impeller speeds, N,
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Figure 4.14 Predicted Ny, values using Ny, = Ny /{1 + KJg) vs. experimentally
measured ¥y, values; K = 0.49 {i:mis}"

It follows from Figure 4.14 that the calculated ungassed N values using Equation 4-17
compares relativelv pood with the relevant experimentally measured ungassed critical
impeller speeds, Ny, The predicted values are generally spread symmetrically around the
parity line, with only some points at the lower end lying slightly above and below the 10%
deviation limes. The improved fit compared ta Option 1 is confirmed by the higher coefficient
of determination, »* = 0.93. As with Option 1, this result can again be compared with that
derived from graphical results presented by Weiss and Schubert (1989). It was seen in Option
1 that the impellers they used caused a lower nominal increase in the critical mmpelier speed.
The relutive incrcase can be determined by dividing the nominal increase, ¢ = 2.4 vwm' 57,
by the ungassed critical impeller speeds of 8.5 and 9.5 §' obtaincd for the two types of
impellers used in their work. This gives the relative increase caused by gas in Weiss and
Schubert's work to vary between 0.25 and 0.28 vwm™. It follows that the relative increase in
Ny caused by gas addition from Weiss and Schubert's work is smaller than the 0.36 wwm’
obtained here. Apart from differences in the designs of the impellers they used compared to
the Bateman impeller, the low impeller clearance of C, = 0..05.7 might also have contributed

to the smaller effect they found.

4.2.1.2.3  Option 3: Niw = Nuuf ! + J5)™

Option 3 wag also proposed by Bujalski, Konno and Nienow (1958) and is the

only methad where the effect of gas on Ny 15 not incorporated as a second linear term but as
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another factor added onto the Ny, product function. ./ ¢an however not be added as another
product term as 15, and therefore {1+.J) is used to prevent the product from becoming zero
when gassing is removed. This form has the advantage of considering gassing in the same
manner as the other variables that influence N, i.e on log-log basis to determine the
proportionality exponent. However, most findings in literature and the findings as already
given in Figure 4.8 and Figurc 4.9 suggests a linear relation between N, and J; and not a

power function. This form of Equation 4-13 (b) is given in Equation 4-1¥,

N = Nial 1 + )™
Or dividing by Ny,
Nie/Nigu = {1 + J)"
Stvesenneenenn BQUANION 4-18

The value of the exponent, s, can be determined by fitting a power function to the following

plot.

220
. N!snggJ vallEs Njsg = Njsu.(1 +JG:|D'52
| *Hishisu, avg o firvaae

s

W s, |-

I &
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Figure 4.15 Relative increase in critical impeller speed as a power function of (1+1;;)

It follows from Figure 4.15 that the best fitted value of m is equal to 0.52 (cf, Equation 4-19).
A linear fit similar to option 2 (dotted line) is also indicated on Figure 4.15, which ean be seen
to generally be in better agreement with the experimental observations. When comparing the
power function fit to this line, it can be seen that a power function fit will generally be
overpredicting the effect of gas at low gassing and underpredicting the cffeet at high gassing

rates,
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N N.l'.w{l * JL.' ]“jz

ceeeeereeeen.. Bquation 4-19

Once mere, the guality of this fit can be evaluated by comparing the predicted ungassed
critical impeller speeds, Ny, using Equation 4-19 with the experimentally measured ungassed

critical impeller speeds. N, (cf. Figure 4.16).

1050
Nisu' = Njsg /(1 + J b

B e
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Figure 4.16 Predicted NV, values using Ny,= N, /(1 +Jg)™ vs. experimentally

measured ¥, values; m = (.52

It follows from Figure 4.16 that, although the experimenial observations does not suggest a
power function relation between &, and Jg, a reasonable fit is siill achieved when the effect
of gas is incorporated in this way. However, compared with Option 2 the guality of the panty
fit 1s slightly reduced with slightly more poinis lying outside + 10% devialion lines, The same

is suggested by the very slightly reduced coefficient of determination, # = (.92,

42.1.2.4  Option 4: Ny = Niy, + Kd,™ X2 (8p1p)" . T

(ption 4 proposes that K, 15 equal to a product function of some system variables.
Along this theme Rewatkar, Raghava Rao and Joshi (1991) has suggested thal £, 15 equal to 2
power function containing ur, D, and T (e K, « w7 1Y whilst Dohi et al. (2003)

suggested a more complex function power function containing N, o, and Ny, (e, Ko o wy”
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" Nap' ). To develop this method of incorpurating the effect of gas for this work, the
relation between K, and other variables is needed. From the gruphical analyses done in
Figure 4.8 and Figure 4.9 it was already noticed that K, increased with X, o, and Apip;. It
can therefore be postulated that K, a &,™'. X™. (Ap/p)™, which leads to the following form
of Equation 4-13 {b) as given in Equation 4-20.

Nig = N + Kudr Where, K. = K ™. X, (Apig)™ ()
Or dividing by N,
AN, = Nip - Niw =Ko Jo i Where, K, =K 4™ X™ (Apip)™ {h)
wrrereeeenane BEquation 4-210

Considering the X, values in Figurc 4.8 and Figurc 4.9, it can be seen that K, shows the
largest varation with X" and Ap/pr. Taking the K, values given on the figures and plotting the

relevint ones against X and Ap/py leads to.

Han v = ]
| K. X" : 300 K, o [.‘-.p.l'pL:lu b |
Y ) 2B |
260 * 2ER I
] 7 ___.-""-' o0 .
£ a4 57 _ £ Mo
) ;
W i 230
| e |
WK * nn o x
=100 |
L 4
185 1
3 5 11l 14 2 2% 3C T 1.2 an A5 340 35 a4l
LN | apipl, [-
(a) (b)

Figure 4.17 Variation of K, vs. (a) X and (b) Ag/py from the graphical results given in
Figurce 4.8 and Figure 4.9

By numcrical analyses of the &, data as given in Table 4.3, the dependence of &p, X, and Ap/py
can be determined as, K, = K.o,"'' X*¥_ (Apip)"®. This leaves the correlation cocfficient,
K, still to be determined. According to Equation 4-20 (b), a plot of AN, / a},n'“, X,
{ﬁpfpi}“'m vs. Jo will give the value of K as the slope of the fitted line {¢f. Figure 4.18).
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Figure 4.18 thus gives the correlation coefTicient 1o be 54 rpm{um""'' .cm/s)y”,

Niwg =

Nigu + K5

Where, K, = 54.4"" . X" (Apipr)"®

ceereeensenn o Bquation 4-21

The effectiveness of using this equation to incorporate the effect gas into the N, correlation

can he tested once again by reversing the cquation and comparmg the calculaled Ny, values

with the cxpenmentally measured N, values (cf. Figure 4.19).
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Figure 4.19 Predicted Nj, values using N, = Ny - 544,71 X" (Aptp)™ 2 g vs.

experimentally measured Ny, values
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[t follows from Figure 4.19 that despite the relative complexity of Equation 4-21, it docsn't
necessarily lead to a large improvement in the way that the cffect of gas is accounted for. A
fair number of calculated values are outside the 10% deviation lincs and the »° value is

slightly lower than both Option 2 and Ogption 3.

In conclusion, if all four options above arc considered. a decision should be made of how to
meorporate the cffect of gas in this work., A number of aspects should be considered. Firstly,
by considermg the experimental observations on the cffect of gas as shown in Figure 4.8 and
Figure 4.9, it was seen that J/; caused a finear increase in the critical impeller specd. The
slope of the linear increase was however not constant for this geometry. This obscrvation
agrees with Option 2 and Option 4. Secondly. the quality of the parity fir of calculated
ungassed critical impeller speeds, Ny vs. expenmentally measured values should be
considered, and thirdly the simplicity of the final consideration should be considered. Opfion
2 fairs the best in all these considerations and is thus selected as the way to incorporate the

effect of gas addition on the critical impeller speed in this work.

N =N

fagr o

(1+K.J,) : Where, K 0.40 (em.s™y' : (or K- .36 vwm™)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, {cf. Equation 4-17}

4.2.2 Graphical Analyses of the Effect of Solid-Liquid Variables under Gassed

Conditions

Now that Equation 4-13 (b), i.e. the effect of gas addition on the critical impeller,
has been correlated (cf. Equation 4-17), can the N, part of the gassed critical impeller speed
be revisited (cf. Equation 4-13 (a)). The N, correlation, indicating the cffect of two-phase
variables, has already been developed in Section 4.1 {cf. Equation 4-12). The question (o
consider here is whether the &, part to be used in the three-phase corrclation is the same as
that developed in ungassed conditions, or whether the effects of some two-phase variables
change on gassing. As alrcady mentioned, have some [Chapman er af. (1983¢); Wong, Wang
and Huang (1987)] found the effect of some two-phase variables to reduce on gassing, whilst
othcrs [Dutta and Pangarkar (1993); Dohi ef af. (2003)] have found these effects to be very
similar to that proposed by Zwictering for two-phasc conditions (cf. Table 2.11). For this
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reason, the effect of the two-phase variables (d,, X, Apipr, vi) on the eritical impelier speed

under gassed conditions will be considered graphically in this section.

£.2.21 The Effect of Particle Size on N,

The effect of particle size, o, at different gassing 1ates (Jg — 0, 1.0, 1.5, and 2.0

cm/s) is considered in Figure 4.20.
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Figure .20 The effect of particle size, d, on /¥ at different gassing rates, {a) Jo= 0, (b)
Je= 10, (€} Je= 1.5, {d} ;= 2.0 cm/s

It can he seen from Figure 4.20 that the effect of d, on ¥, seems to increase slightly from
ungassed conditions (a) to Jg = 1.0 cm/s (b), from where the effect decreases refatively

quickly on further increasc inJi. [t therefore follows that the refative effect of o, on N, under

(k.41

gassed conditions seems to vary between o, 1o d_';;["” depending on the gas addition rate,
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From the flotation literature {cf. Scetion 2.5.1), a relation could be cxtracted from the work

done by Schubert (1985).

Nz o.d,” ™ ; For a 34 | flotation cell in three-phase conditions

wrenverneeeeeee BUENON 4-22
Extracted from Schubert ([985); Osp = 45vwvm

This finding was at a volume based gas addition rate of Ogy = 0.45 vvm. In flotation, surface
based gas addition rates, Jg, are commonly used. Chapman ef of. (1983c) found in Ny work
done on different scales of stimed tanks, that the N, relationships remained much more
similar when scaling on a ¢onstant (g basis rather than a constant Jg; basis {J; basis: Qg o
D; Ogp basis: O DY), This suggests that solids suspension (V) scales with the volume
based gas addition rate, Ogy. rather than with the surface based gas addition rate, J;. The
surface based gas addition rates used in this work of 1.0, 1.5, and 2.0 cm/s are equivalent to
relatively high QOgy values of 1.1, 1.7, and 2.2 m’/m’/min (or vwm), The gas addition rate
used by Schubert is cquivalent to a low gassing rate of around /g ~ 0.5 cm/s n this tank. By
intcrpolation between the result obtained at J; = 0 and Ji; = 1.0 cmis, it is expected that the
effect of &, at Jg= 0.5 emvs should be around N, @ ¢,"*". The finding derived from Scubert
on the effect of o, on Ny, thus agrees very well with the finding of this work. This suggests
that the effect of particle size on the eritical impeller specd is most probably consistent in

different flotation cells, as is the case with standard stirred tanks,

$:2.2.2 The Effecr of Solids Concentratinn on N,

The effect of solids concentration on N, at different gassing rates 15 given 1n

Figurc 4.21.
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Figure 4.21 The effect of solids concentration, X on N;, at different gassing rates, (a) J;

=10, (b) Je = L0, (¢} Jo= L5, (d) Jo = 2.0 crfs

From Figure 4.21 it follows that the effect of solids concentration also scems to increase from

ungassed to a gassed condition of J; = 1.0 cu's.  As the gas addition rale is increased further,

the relative effect of X decreases similarly to what was observed with 4, No relalion between

Ny and X could be found i or derived from the Motation lilerature,

4.2.2.3

The Effect of Solids Density ont N,

The effect of solids densily difference Ap/p; on Ny, is shown in Figure 4.22.
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Fizure 4.22 The effect of solids density difterence, Apfpy on %, at different gassing rates,
(A) Ja =0, (b} S =10, ¢} J=1.5

Agpain, as with &, and X, the effect of Apfsy seems to become sironger at the gas rate of Jy =

1.0 s, O lurther ingreases in gas rates the cffeet of gas addion drops off once more. As

abrcady mentioned in Section 2.3.1, although Schubert {1985) give &, data for two densities

of matenals (hallotini and sylvinite) a relation between & and gs can oot easily be derived

due 1o msufficient information given on the density and particle size fraction ot the svlvenity

ore.
42.2.4 The Effect of Liguid Viscasity on N,
The effect of liquid kinematic viscosity v is shown in Fignre 4.23,
1406 REHH] =
1200 Njsu o [vLivH2O]" " _ [{pS-pLypL] ™ _azon|  Mispa [LvH20] ' [{pS-pLipL]
E 0 E B
= = g
= Al I5-00 2 ah N
=700 o O g 0 PR [ ——
Z 5
= Wl > Wt JG=1.0
E eI 5 g; }{I o
= 400 W/J e = A i ¥ "
*p=M * rip=51 va e
300 a0
[N 2 i 4 Ll 2 e 10 20 300 a0 S GOT0AN
vl o wH20, [ wl ! wH2o, [
(&) b}

Figure 4.23 The cffect of liguid kinematic viscosity, v, on /¥, at different gassing rates,

(ayJo=0,(b) Js= L0 cm/is
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The eflcet of liquid kinematic viscosity af ungassed conditions was somewhat conflicting and
inconclusive. A more consistent increasing trend is observed at Jo = 1.0, For both partcle
sizes, M increased with increasing vz, Nonetheless, still stronger for the finer particle size
fraction, suggesting that tarbulent effects, which is reduced by increasing viscosity, play a
larger role in the suspension of especially the smaller particles. No correlations relating
liquid viscosity v, to the just suspended impeller speed N, could be found m the flotation

literature,

The results of the graphical analyses of the cffect of two-phase variables on the critical

impeller speed under ungassed and gassed conditions can be summarised as in Table 4.4.

Table 4.4 Graphical Analyses of the Effect of Two-Phase Variables at Different Gassing

Rates
"~ Gas Addition Rate Ny ad, Nya X | Ny a(Apipr)® | Ny @ (vefv,)
o 0.0 cmis (Ocr = 0.0 vwm) | 0.35 0303 | 012010014 | 0.63 @eoss 0.03 00510
0.1y
Jo 10emis{Ogr L1 vwm) | 0.40 0s304n | 0.22 wasoz0 | (.84 0720k (.15 005 1
0.24)
Jo= 15 emis (Qor= 1.7 vwm) | 0.25 022025 | 0.14 012015 (.56 -
Je=20omis (Oor— 2.2 vem) | 017 wizo2m | 0011 @aoeazy - =

4.2.3 Numerical Analyses of the Effect of Solid-Liguid Yariables under Various

assed Conditions

The form of the Equation 4-13 (a), which considers the effect of two-phase
variables under gassed conditions is still outstanding. Some pointers of how these variables
behave under gassed conditions were obtained from the graphical analyses in the previous
section.  From these graphical analyses it was seen that the etfect of all the two-phase
variables increased from the ungassed conditions to an air addition rate of Ji; = 1.0 () = 1.1
vvm), where after the eflects decreased again on further increased aeration. The best-hit
values of these exponents at different gassing rates and the statistical significance of the
observations are howcver not casily obtained quantitatively from the graphical analyses. For
this reason, numerncal analyses will be employed in this section. Multiple linear regression

will be used to find the best-fit coefficients under various gassing conditions. The regression
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routine cbtains the best-fit coefficients by minimising the sum of the squared differences
between the predicted and observed values. As the name of this numerical method implics, a
linear correlation is required. So before applying this technique the gassed critical impeller
speed corrclation should be linearised. In Section 4.2.1.2, the form of Equation 4-13 (b},
which best described the effect of gas in this work was found to be Equation 4-17, which

leads to the followmg form of the gassed critical impeller speed correlation,

N =K .a’p'“'X""[MJ v/ Where Ko = (T, D/T, C/T. design) (a)
. T 2y

Np= Ny KNS =N 1+ KJ;); Where K =040 (b}

o

weeeno- EQuation 4-23

Combining Equation 4-23 (a) and (b) give Lquation 4-24,

Ny = N (4040.0,) =K d X" [Ei;ﬂ) v {1+0.40.J,,)
L

wrreeee. Eqquation 4-24
Where K- = (T, IvT, O/, design)

Equation 4-24 can be linearised by taking logarithms as follows.

log N, = logK, +logd, +d" log X +E'.l{}g[%]+ £ dogy +log(1+040.7,)  (a)

L

O,

L

Iogm= logh',, ~logK, +¢'logd, +d" logX +e‘,lng[M)+,f'.lngv (h)

veeeeees Bgquation 4-23

It 13 important to use Equation 4-25 (b) when different gassing rates are considered together.
It Equation 4-25 (a) 15 fitted to a dataset containing difforent gassing rates, the effect of
changes in gassmg (last term on the RHS) will incorrectly be attributed to the other
cocfficients (i.c. ¢\ &' ¢’ f). Equaticn 4-25 (b) first removes the effect of gas addition before
fitting the coefficients. It should also be noted that the way in which the gassed critical

impeller speed is lincarised (cf. Equation 4-25}) is dependent on the way that the effect of gas
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is incorporated into the three-phase critical impeller speed correlation {¢ff Option 1 o 4 in

Scetion 4.2.1.2).

Another point that should be discussed before considering the results of the numcrical
analyses is the strategy that was used in the numecrical analyscs of the data, All numerical
analyses of datascts were done in the following two-step manner. The effects of 4, X, Apip
were considered during Phases [ and ! of the experimental programme (cf. Section 3.3.1.2).
As a first step, the cocfficients of these vanuables will thus be fitled by considering data from
Phases | and I, The effect of viscosity was tested by adding Phase 111 to the above. In this
second analysis, all the tests in Phases 1, 1, and 11 arc considered. However, the cxponents of
dp, X, Apipy are fixed as found in the first step and this analyscs thus only considers the cffcet
of viscosity. The rcason for considering viscosity on the full dataset and not only the Phase
! reduced datasct 1s in order to incorporate the viscosity effects due to lemperature

vanations, which oceurred w all runs, in addition to the sugar tests.

The resubts of these analyses on different datascets arc given in Section A5 in the Appendix

and is summarized in Table 4.5 and displayed graphically in Figure 4.24.

Table 4.5 Numcrical Analyses of the Effect of Solid-Liguid Variables wnder Varions

Gassed and Ungassed Conditions

Nivw = Kson d” X¥ (Apipe)” (vifv)” (1 +0.40 Jg)

Datasct K ¢ d' e f
e = DA eI (040 = 040 vwm) 541 | 035_coz | 12100 | 0.66 005 0.3 20m
Je= L0 emfs o= 1.1 v 28.7 (.39 w08 0.25 s0s (.85 2011 0.13 s
Je = 1A emds (0, =17 vm) 807 .27 s 0.1 w0 0.61 w13 -
Je= 2.0 cmfs i@ =22 v 185 G170 | 0.11 200 - -
All Gassed (J; > 1) 53.1 031 +om (1R o 0.73 ww . 011 w008
All Ungassed & Gassed 51.6 033 mm | 17 wm 0.70 10106 0.05 004
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Figure 4.24 Numerical analyses of the effect of solid-liguid variables under various

gassed and ungassed conditions (/o= 4, L0, 1.5, 2.0 emfs: Or Q6= 40, 1.1, 1.7, 2.2 ¥yvm)

It 15 important always to cheek that numerical results agree with what was observed
graphically m order to ensure thal numerical results arc refleetive of reality and not just a
numeri¢ally optimum combination. It 15 therefore encouraging when comparing Tabie 4.5
{numcrical) & Table 4.4 {graphical} to see that the exponent results are very similar. The
ungasscd results (o - 0 om/s) were already discussed m Sectien 4.1 but 15 included here as
reference.  Considering the exponents of particle size (d,), sohds concentration (X), solids
dengity dilference (Apdpg), and kinemabic wiscosity (v/vy) for Jp = 4, 100 1.5. 2.0 ¢mds,
stmilar trends are observed,  All the exponents increased from ungassed to Js - 1.0, where
after it decreased on further increased gassing. The increase from ungassed W S = 1.0 (Ogy =
1.1 vvm} is interesiing. In stired tanks, Chapman ef «of. (1983¢) and Wong, Wang and Huang
(1987} have proposed that the effect of some bvo-phase vanables reduce m passed conditions,
whilst Dutta and Pangarkar (1995) and Dohi es af. (2003) proposed cxponcnts very similar to
that of Zwietering (195%8) for ungassed conditions (cf, Tuble 2.11). It should be noted that
these increases in the effects of ali the two-phase variables from ungassed to a gassing rate of
| emy are significant for all vanables except &, at the 3% confidenee level. Above o= L0
the effect of all the two-phase variables starled to decrease relatively quickly, Tt can further
he noted that the Y3% confidence intervals on the gassed results are wider than for the
ungassed condition, which 1s indicative of the ingreased difficuliy of doing solids suspension

work under gassed conditions. In the last two columns of Figure 4 24 data from differemt
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gassing rates were also analysed together, In the first instance, all gassed resuits were
considered together (J; = 0) and in the second case the full dataset of both ungassed and
gassed tests (J; = 0) were considered together. The results from these combined gassing rates
are averaged values from the different gassing rates and the confidence in the values wall also
increase due to thesce results being based on larger data sets. The critical impeller speed

correlations that can be derived from these resuits will be considered in the next section,

424 Critical Impeller Speed Correlations for Two- and Three-Phase Conditions

Now that the cffect of two-phase variables have been considered under gassed
condiions (Table 4.5 and Figure 4.24), can the complete critical impeller specd correlation
(ct. Equation 4-24) be tested for both gassed and ungassed conditions. From the numerical
analyses in the previous section, a number of correlations ecan be drawn. The ungassed
comrelation (Jf; = 0.0) was already considered in Section 4.1.2. The ungassed correlation will
however be compared to the gassed correlations, which will be tested herc.  Firsthy. the
correlation developed for a constant gassing rate of 1 cm's (J; = 1.0), will be tested here. All
the variables tested during ungassed conditions (J; = 0.0} were also tested sl this gassing rate
and the total number of tests at each condition 15 very similar {i.e. datasets are similarly sized;
cf. Tables A.12 to A.15). Correlations for constant gassing rates of 1.5 and 2.0 cm/s will not
be tested here because the number of tests were less (not all Ny, values could be reached), and
not all variables could be considered at these higher gassing rates. Secondly, the correlation
developed from all the gassed runs together {Js = 0) will be tested, and thirdiy the correlation
developed from the full datasct, of gassed as well as ungassed tests (J; = 0), will be tested.

From Table 4.5 the folowing N, correlation is obtained for a constant gassing rate of Js =

1.0 em/s {Qgpr = 1.1 vwm).

nhs
N}_W = Kﬂldpﬂ.ﬂhliyills [M] [Vu'll V“, }1].|3[] s KG .JG } ;

P
Where, K- = 28.7; K5 — .40 (t.:rnfs.]'E
serssrnmyaness FQUMTOT 4-20
Only for S~ 1.0 emis (e~ 1.1 vvn)
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If this corrclation is applied to the experimental results obtained at J; = 1.0 cm/s, the parity

chart as shown in Figure 4,25 is obtained,

o000
1200 Js=1.0 o
1100
A0
4500 lur
200 - 5 :

Miggipresdt [rgm.

70 Ko Lo LA
600 :
500 A i ,"" # Phasn |
; i & Phasz |1

1
AN A Phaza ||l

300 . |
300 400 500 600 70O 800 900 1000 1100 200 1200

Mizgin=oy | rpra|

Figure 4.25 The quality of the N, correlation fit obtained from the J; = 1.0 ¢cm/s data

It follows from Figurc 4.25 that a relatively good fit is obtained when applying Equation 4-26
to the Jg = 1.0 cm/s data. Only 3 data points are outside the = 10% deviation lines, two of
which arc from the viscosity wark in Phase I11. The coefficient of determination, r*, of 0,89
also indicates a reasonably good fit. The quality of the fit of this equation obtamed at .J; =
1.0, 15 however not as good as the quality of the fit of the ungassed cquartion (cf. Figurc 4.6),
where # was 0.96 and only 1 viscosity datapoint deviated outside £ 10% of experimentally
observed. This is very normal when comparing two- and three-phase solids suspension work.
and is also cxpected when considering the wider confidence limits of the results obtained at Jy
= 1.0 compared to .J; = 0.0 (cf. Figure 4.24).

From Table 4.5 the correlanion fitted from considering all the three-phase data combined (J; =
() is given by Equation 4-27, and testing this correlation against the experimentally observed

values under gassed conditions leads to the parity chart given in Figure 4.26.
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73
NM = K.. dpﬂllz‘[-n_ln[ﬂiﬁif}_;_] “”fV.;-}u”“‘i"KG .J,.t':l;
|

Where, Ksi = 53.1; Kg = 0,40 (em/s)”
cevereneenee . Equation 4-27

Only for gassed conditions (J > 0% Gassing range, Oz 1] 10 2 2 vvm

135000 pEr
o J->0 i gt
1200 A : G i
,.;i“
1400
=" o0 0%
e 1”‘0’“' .'.. .:.‘.
2 om Ao BeE, .
Za == =087
T 80 .
5 @’ il
= 700 . S A
= . e » Phase|, J3=1.0
50 1 L i ® Phase |, Jii=1.5
&) . : # Phase |, JD=20
cad . ’..-" i Plgage ||
A Plase I
JC £ T

300 400 S00 500 TOO80C GO0 100G 100 200 1300
Neglexp; (o)

Figurc 4.26 The quality of the N, correlation fit obtained from all three-phase data (J,

> 0 cm/s)

It is interesting to see that even thoush the exponents of the selid-liquid variables are
influenced by gas rate, a fit of all the daw combined still gives a relatively good fit as shown
in Figure 4.26. Most of the predicted values are within the 10% deviation lines and evenly
spread around the parity line. It seems as if there is some trend to overpredict the critical
impeller speeds slightly ol the lower end. which in this work will be the finer particle sizes at
a gus rate of 1 em/s during Phase [ Overall. the fit is reasonably good as also indicated by the

coefficient of determination (# = 0.87).

Finally, the correlation devcloped by considering all the critical impeller speed data in this
work combined can be taken from Table 4.5 as given in Equation 4-28, and testing this

correlation against the full dataset of gassed and ungassed tests leads tw the parity chart in

Figure 4.27.
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S ZTR.

iy

.
N, = KSL.dFmX”'”[M} (vfv )" (14K, ) ; Where, Keir = 52, Ko = 0.40 (em/s)”

cieviieieenn. Equation 4-28

For both gassed and ungassed conditions (fg = 0); Gassing range, Oge 000 2.2 yomn (g 0 10 2 cmd's);
Kgp: = £ T, 47, O/, imp. design): ¥ = (0T, imp design)

1300 -
+10%,,
1200 4 Js =0 o
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1100 s iy | &
RLULE gF. = -10%
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Figure 4.27 The quality of N correlation fit obtained from the full dataset of gassed and
ungassed tests (Jg = 0 em/s)

Tt follows from Figure 4.27 that the correlation for two- and three-phase tests combined, as
given by Equation 4-28, gives a good fit to the experimentally measured critical impeller
speeds. Again, the predicted values are spread relatively symmetrically about the parity line
with most of the 92 predictions within the 10% deviation lines. Apart from one gassed
viscosity test outlier (Phase I1i, JG=0), the other points falling cutside the 10% deviation lines
are relatively close to these lines. There seems to be some over prediction of values at the
lower end. These overpredicted values consist of gassed tests during Phase T (Phase 1, J(:=0),
which will be the finest silica fraction under gassed conditions, as well as some ungassed test
from the viscosity tests during Phase 11 (Phase 111, JG=0}. Overall, as also indicated by the
coefficient of determination (# = (.92} this correlation gives a good fit to all the measured

data.
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4.2.5

summary of Findings and Comparison with Eiterature

In this section. the two- and three-phasc correlations developed in this work will

be summarised and compared against stitred tank findings from literature.  The two-phase

correlation given by Equation 4-12. together with the three-phase corrclations tested in the

previous section (cf. Equation 4-26 to Equation 4-28) is summarised m Table 4.6 and

compared with stirred tank findings from Table 2.11,

Table 4.6 Comparison of Three-phase Correlation Resnlts with Findings from

Literature
Reference Effect Two-I'base Variables on N, ) Fifect of Gus ™
e & 87 X Ay < v
4, X4rR (Apipn)” v’ Npoe = HNjow, Q)
| Zwictering (1958) ™ eV I P R (45 [y.} . Qup=0_
Chapman o af. {1983a) .15 015 040 ey =0
Chapman ef f. {1983c) 012 0.l5 naa ANy = a0 ;4= eomsl: (a
=q94. 24 ™
Woung. Wang and Huang | ¢.]2-0.16 .14 (.20 AN = a.0gy; 8= comst; (4=
{1987) 240,50
Bujalski. Konno and Noe = Wi (.82 + 0310
Nicnow (1988) Or: Ko~ Wil 140600 ™"
Rewatkur, Raghava Rag | (0049-01]2 N =Py Kl
and Joshi (1991} K= 132702 Fron
K, = 3306, 0" 7
Dottn and  Mancarkar 18 021 1042 AN = 8.0 [ 4= const; (a=
| {1993) N _ 3.75,447,3.16,2.75)
Dobi ef af. £2003) 1.20 a3 43 ] M=
; ) - N [1H0030m, ) N "
Gassed  Slirved  Tank : U05-0.20 | 0134021 G.20-0.95 -G L
Range -
Derived from  Flotalicn 0,33 ANy = 0l
literature: [Schubert a=24 wvwm’s’
(1985 Wenss and Cir,
Schubert (1989) Nie = Moo (1 + KOk
K=02510 028 vwm',
K = 0.28 and 0.31 (cm/s}'
This Work (f=0 cow's) | .35 2002 | L1202 | 0062045 | D01 2003 Ja=10
145
‘This Work (f;=1 cmy/s) 2 .39 4005 | 025 0s | 0852001 | .13 20058
; > = Ny = Mook L+ B.40.1)
This Work (All GGassed) b3k ss | IS =200r | 073000 | LD 400s Or.
Thizx Work (Two- and | (233 2003 | 017 2005 | 070 weoe | O(ROS M Nige = Nl + 0.36.0001)
I'hree-phase combined) ™
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MNedes o Table 4.6
' Two-phase, Nj,., correlations
"*: Solids concentration is often also correlated as the effect of solids to liquid mass ratio B on Ny, to change
from B to X the exponents were muliiplied by 1.27 being the power relation between & and X over the tange
FUo=X=50% as used in this work and applicable to flotation cells (cf. Secnon 2.4.4.3.2),
! In solids suspension the effect of gas addition is most commonly incorporated in terms of the tank velume
normalised gas flowrate, Oy, m m’/m /min or vvm. To convert: Cor=Ja ! Z x 6l simin £ 0.01 mom.
" 2" was found to be constant for constant geometry, but changed with impeller type and impeller diameter
(DT}
“: Values are given with 95% confidence intervals

The two-phase findings, included for reference in Table 4.6, have already been discussed and
compared to two-phase litcrature findings im Section 4.1.2. Here, the discussion and
companson will focus on the three-phase correlations results. That is, the cffects of variables
under gassed conditions and the effect of gas itself. As with the two-phase results, the cffects
of particle size and solids density under gassed conditions have been found to be stronger than
reported in stirred tanks. As speculated before, this may be attributed to the proximity of the
stator mechanism to the impeller, leading to increased turbulence in the impeller region and
reduced fluid flow further away for solids suspension. Another inferesting finding from this
work compared to hterature, i1s the increase wn the effect of all solid-liquid variables trom
ungassed conditions to a gassing rate of Jo = 1.0 em/s (or Qgr = 1.1 vwvm). Considering the
95% contidence limits, it can be seen that these merensed effects are very significant,
Reductions in the effccts of these solid-liquid variables to below the two-phase conditions
only occurred (relatively quickly) on further incrcased gassing to /g = 2.0 emis {or Oy = 2.2
vvm}. No reports of increased cffects of solid-liquid vanables could be found in stirred tank
work.  Reports have only been made, about reductions in the obscrved effccts of some
variables from ungassed to gasscd conditions [Chapman et «f. (1983¢); Wong, Wang and
Huang (1987)]. Chapman ef &f. (1983c) reported this reduction to be relatively strong for the
sohids density difference, for which the exponent almost halved, and to a lesser extent for
particle size (cf Table 4.6). Solids density difference, Ap/pr, and particle size d,, remain the
variables with the largest exponents. also for gassed conditions. Although having smaller
exponents than, Ap/oy, and d,, it can be seen that the effect of solids concentration, X, and
liquid kinematic viscosity increased significantly from ungassed to gassed conditions. The
two-phase viscosity results showed conflicting but relatively small trends with kinematic
viscosity, which could be best fitted by making N; independent of viscosity {(f = 0.0).
However, under gassed conditions viscosity consistently caused N, to increase. The value of
this exponent for all the gassed conditions together (i.e. 0.11) is almost the same as the upper

limit found in two-phase work, i.c. 0.10. The relations as given in the last row of Table 4.6
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were developed by considering all the tests (two- and three-phase) combined. Owerall, this
correlation gives good predictions under all conditions (cf. Figure 4.27), and is therefore

recommended for general two- and three-phase use.

4.2.6 Application of Ny, Correlation

In this section, the N, correlation will be apphed to different conditions, This
will serve as a bref demonstration casc study of how to use the N, correlaion. The N,
correlation, which was developed from all the two- and three-phase data combined, will be
used here (cf. Equation 4-28). Two sets of variable values were selecled for this casc study
{ef. Table 4.7). A base case condition was selecled to represcnt a low critical impeller speed
condition in a mechanical flotation cell. frereased vafues were then selected to represent high
values tor each variable, which may be likely in a mechanical flotation cell. Caleulating the
critical impeller speeds using these variable values leads to the eritical impeller speeds given
in Table 4,8, To demonstrate the effect of each variable, N, valucs were calculated by
changing only one variablc at a time from the basc casc condition. The dramatic effect of
moving all variables together from a set of low N, variables to a set of high N, variables is
also given. It should be noted that although each vanable is likely to vary within these ranges,
it is highly unlikely in reality that a/f veriables will vary together from the low base case lo
the increased values. The inereased eritical impeller speeds caused by changing each variable
on its own from the base case is shown graphically in Figure 4,28, The large effects of solids
density followed by gas addition and particle size can clearly be seen. The very small effecis

of solids concentration and kincmatic viscosity are also evident

L v
N =R d g [—""’; ) J (viv, )" (14K, J,); Where, Ksi =52, Ko =0.40 (cmis)”
L

........................................... (cf. Equation 4-28)

Table 4.7 Base Case and Increased Values used in this Case Study

dop"[pm] | X wt%] [ Apipe [ v, Jg lemis]
Base Case Values 53 30 165 i s
Increased Values 150 50 460" 4 207

¥, Characteristic size for upper 20% of solids, where solids suspension problems may be expected; - The
average density of silica; ™ The average density of chromitite [Wills {1997)] ; Equivalent to k= 0.56 vvm,
*: Equivalent to (g = 2.2 vvin.
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Table 4.8 Calculated /¥, Values using Equation 4-28 and the Case Study Variable

Yalues in Table 4.7

Ny Condidion Nizo |rpm| Nie [rpm] Nl Moo 1
Base Case {0} - 035 635 1.0
Iacrease dyy only i T N HES 1.3%
Llocrease X only 310 i 1434
locrease Ap/pL only 639 1303 244
Lncrease v ouly. I - ___6ix3 LO7
Increase Jg; nnly B34 959 | 50} ]
All Variablex Combined nia 3140 441

" Due 1o Ny, being a product funetion of variables, is the combined relative e(lzel ol all the varfubles, the

product of the relalive elfeers ol cuch vanable on its own,

1400

1200

100}

MNisg [rpm]

Basa Case  dal onfy

B0 -
620
407 A
200
0 ¥ T T r

Mign Condition

Xoanly  Ap'pL orly

W only

Figure 4.28 Critical impeller speeds determined from Equation 4-28 by changing one

variable at a time from a hase condition (¢f. Table 4.7 & Tabie 4.8)
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4.3 CONCLUSIONS

This chapter formed the primary: aim of this thesis, Le. the development of an N,
corrclation for a mechanical flotation celi. In this way, off-bottom solids suspension, and how
it was affceted by the solid-liquid-gas variables in the 1241 pilot mechanical flotation ccll that
was used in this study, was evaluated, This was achieved in this chapter by first considering

two-phasc solids suspension and then solids suspension under gassed conditions.

4.3.1 Two-Phase Critical Impeller Speed

T'he aim of this section was to investigate the effects of dsy X, Ap/oy, and v; on
N These findings can be compuared with a large body of stirred tank AN, work and
specifically lo the work of Zwietering (1958). The N, corrclation also forms the basis from
which the N, corrclation can be developed. The following N, correlation was developed by
first considering the effects of the different variables graphically and then developing the final

correlation through multiple limear regression.

(LR 415
-Njﬂ; - K.?LdFﬂ.ﬁiiﬂ.ﬂinJ.lZiUﬂi [%] : K.S'I. =34 and -'!N"'Z".:u m rpm
L

verrreneennnes LGF, Equation 4-12)
A mechanical flotation cell (this work); Ky = (7, YT, C/T. imp. design)

The following specific observations could be made about the N, results.

. Good agreement between graphical results and numerical results were obtained,
which validated the numcrical fit.

. Narrow 95% confidence limits were oblained for the cffects of the solid-liquid
variables, which confirmed the high accuracy at which two-phasc critical impeller
specd work can be done.

. The cffect of viscosity was found to be conflicting, with an increasing trend
observed for the smaller 75-106 pm size fraction (N, o vi'"y and a decrcasing
trend observed for the coarser 150-230 um size fraction (N, o v JD'“). This may
reflcet a ditference in the suspension mechanism for finer and coarser particies

under two-phase conditions. It finer particles arc suspended more by wrbulent
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4.3.2

action and coarser particles more by fluid tlow drag, these positive and negative
trends would be expected (increased viscosity decreases turbulence and therefore
is an increase in impeller speed required for the fine particles; increased viscosity
increases drag, cf. Equation 2-19, and therefore can the impeller speed be reduced
for the coarser particles).

The two-phase corrclation fitted the cxperimental data very well with only one
predicted value outside the 10% dewviation lines and a good cocfficient of
detcrmination (# = 0.963),

The effect of particle size (N, o d, **°) is stronger than that found by Zwiectering
(N ¢t ") and most others in stirred tanks (N, @ d" ' 1o Ny, ot d, ™.

The effect of solid-liquid density differcnce found here (N, a Apip”®) is
stronger than found by Zwictering (N, o ﬂp.ﬂplu"ﬁ} and all others in standard
stirred tanks (Vs o Apip"* to Ny @ Aglp™ ™y,

The larger influence of particle size and espeeally solid-liquid density difference
is thought to be related to the proxamity of the stator to the impeller in a tlotation
cell decreasing the fluid flow from the impeller in favour of increased turbulence.
Particle size and density difference are the two main variables influencing the
terminal setthng velocity of a particle (cf. Equation 2-18).

The effect of solids concentration (N, @ X *'%) was found to be small, smaller
alsc than found by Zwictering (N, o0 X 917y and most other findings (N, a0 X Sty
to Ny 0 X 0-30) i stirred tanks.

Although conflicting trends were observed for viscosity, was the overall offect of
viscosity found to be small enough to ignore in the two-phase work, which
disagrees with Zwictering (N, o an.m] but agrees with some others [Chapman et

af {1983a)] n stirred tank work.

Three-Phase Critical Impeller Speed

The aim of this section was two-fold. Firstly, the effecr of gas addition on N,

should be determined, and secondly the effect of the other solid-Tiguid variables should be

tested under gassed conditions,

(ias addition was seen to causc a fnear increase in Ny, but the rate of the increase varied for

different conditions. Four ophonis for incorporating the effect of gas was cvaluated, i.e. linear
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with a constant slope, (N, = Ny + @./g), linear with the slope propertional 10 N, (Nje = N
i K.Nydi), a power relation, (N, = Niod1 +.J5)™), linear with the slope being a function of
system variables, (N, = Njn 1 Ko Jg; where Ky = f (system vanables)y. Option 2, where the
slope of the linear increase caused by gas addition was taken as proportional o Ny, was

selected as the best way in this work to account for the effecl of gas. This lead to.

N =N, (1+K.J.): Where, K=040 {em.s"'y' ; (Or. K=0.36 vvm}

e dwar

ceernimenene 0F, Equation 4-173

Air addition had a stronger effect on N, in this work than the effect taken from Weiss and
Schubert {(1989), which varied between K = 0.25 to 0.28 vwm™. The very low impeller
clearance, € = 0.057, they used might have contributed to the smaller effect of air addition
they observed in addition to differences in the impellers they used (double finger impellers)

compared to this work.

Secondly, the effects of the other solid-lguwid variables were considered under different

gassed conditions (of. Figure 4.24).
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Cf. Figure 4.24 Numerical analyses ol the effect of solid-liquid variables under varions

rassed and ungassed conditions (A= 0, 1.0, L5 2.0 emis; Or Qe =0, 1.1, 1.7, 2.2 vwvm}

It followed that:
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. Good agreement between the graphical observations and numerical results
validated the numencal analvses.

- The effect of all solid-ligwid vanables consistently increased from ungassed to a
gassing rate of 1 cm/s, before starting to decrease relatively quickly as the gassing
rate was increased further,

s The increased effect of the solid-hiquid vanables at a gassing rate of 1 em/s or 1.1
vvm were unexpected but were significant at the 95% confidence level for all
variables except o,. In stirred tank work, the effects of sohd-liquid variables are
erther taken as very similar as two-phase or decreasing for some variables, most
notably Ap/m [Chapman ef af. (1983c); Wong, Wang and Huang (1987)).

. Where kinematic viscosity (vi} gave contradicting effects on N, for the finer
(positive} and the coarser (negative) size fractions in the two-phase work, it now
caused the critical impeller speed to increase for both size fractions. Still the
increase was larger for the finer particle fraction, which may again indicate a
larger influence of turbulent action on the suspension of the finer particles,

. Although, the gassing rate affected the influence of sohd-liquid variables on N,
were the average effects of these sohd-ligumd variables for all gassed conditions
combined (Jfs > 0) very sipular to the two-phase findings (J; = 0). It was
therefore decided to base the final Ny, comelation for use in three-phase (and two-

phase) conditions on all the data combined (Jg = 0 em/s), which gave,

A
Where, Ky = 52, K; =040 {cms’s}" or .36 \"‘l.-"l"l‘l_]

LERplG AT
M= K dﬂu,mn.n:l Y10 ( M] {V ,I"V.,,. }n_ns:u_m GETS <

wevencennnnl€f. Equation 4-28)

For both gassed and ungassed condinions (S = 0); Gassing range, Oyt (e 2.2 vm (S O 1o 2 cm/s);
Keu = ££T, OAT, C/T, imp, design); K = £{C/T, imp design)

. The three-phase correlanon predicted the experimental observed N, values very
well with most predictions lying within 10% or very close to 10% of the
experimental values. The good fit is also confirmed by the good coefficient of
determination (+* = 0.92).

. Similarly to the two-phase findings, the effects of particle size and especially
solid-liquid density difference found here, were stronger than that found in stirred

tank work. Again, this is thought to be related to the proximity of the stator to the
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impeller in a flotation cell, decreasing the fluid flow from the impeller in favour of
increased turbulence, which effect is more linited to the impeller region only than
the further reaching effect of fluid circulation.

The average effect of particle size on Ny Nye & &7, is the same as that
extracted trom Schubert (1985) in a 541 mechanical flotation ccll at a gassing rate
of Oy = 0.45vvm.  The good agreement implics that these findings arc gencric
for ditferent flotation cells {as is the casc in stirred tanks} and that the effect of
particle size in flotation cells are generally higher than in stirved tanks,

The cffects of both solids concentration and kinematic viscosity mcreased from
the two-phase correlation, where both were low compared to stirred tank findings,

to being very similar to average stirred tank findings under gassed conditions.



CHAPTER 5 SOLIDS CONCENTRATION PROFILES

CHAPTERS SOLIDS CONCENTRATION PROFILES................. 187
s.1 SOLIDS CONCENTRATION PROFILES..ccvcorervnssenssnssssasssnssonsrassosensvmsssrsrannsorenonanrs | 88
.11 Two-Phase Profiles at Various Impcller Spuds T e e il )
5.1.2 Three-Phase Profiles at Various Impeller Speeds (J’G =3 ) 1 T3 P——— L |
5:1.3 Concentration above the Base vs. Inereasing Impeller Speed......ccoiiiinncns 193
5.1.4 Testing the Sedimentation-Dispersion Model for Vertical Solids Distribution..

.................................................................................................... 195
5.2 EFFECTIVENESS OF SOLIDS BUSPENSION ioviiuesriimsesn sisssnsness rersss sissrans sessssss sasren 199
521 Extent of Off-bottom Solids Suspension (o X e 199
522 Extent of Vertical Solids Distribution (Suspension Heights) .. 201
523 Variability of Vertical Solids Concentrations (RSD) ..ovivvenaensnecsnennenrenn 2003




188 Chapter 5

This chapter discusses solids concentration profiles that were measured in a 1241
pilot scale mechanical flotation cell as used in this work. In the previous chapter, complete
ofi-bottom suspension conditions as characterized by the critical impeller speed (N,) were
related to solid-liguid systemn conditions and gas addition. The critical impeller speed is
important for the performance of many multiphase processes, as is evident from the large
body of work that has been deone on the critical impeller speed in standard stirred tanks.
However, some processes are not only influenced by the extent of off-bottom solids
suspension, but also by the disiribution of solids throughowt the vessel. In this chapter, the
axial (or vertical) distribution of solids wn the tank is considered  Although the cntical
impeller speed was the matn focus of this thesis, some concentration profile measurements
were also done, Four sets of concentration profiles, consisting of a finer and coarser particle
size fraction under two-phase and gassed conditions, will form the main discussion in this
chapter. The mestly qualitative discussion and analvses of these four sets of concentration
profiles at different impeller speeds will be done in Section 3.1, Axial solids concentration
profiles focus on the vertical distribution of sehds. When concentration profiles are however
used in conjunction with critical impeller speed measurements, a more complete guanbtative
picture of the effectiveness of solids suspension can be determined by deriving some
effectiveness measures from the concentration profiles, which will be discussed in Section

5.2

5.1 SOLIDS CONCENTRATION PROFILES

A number of axial solids concentration profiles wall be considered in this section.
The solids concentration profile data is given in Appendix B. The profiles formed part of four
sets of profiles done at impeller speeds ranging from 300 rpm te a maximum of approximately
1100 rpm. Two particle size fractions {75-106um, 150-250pm) were tested under both lwe-
and three-phase conditions {J/; = 0, 1 em/s). These particle sizes are commonly encountered
in flotation and were selected to present a finer and a coarser feed in terms of solids
suspension. For gassed conditions, the gas flowrate of 1 em's {or 1.1 vim) were selected as 1t
15 commonly used in flotation cells, For each of the four conditions, the solids concentrations
(X) were measured at ten relative vertical heights (#/7) in the tank to form vertical sofids
concentration profifes (cf. Figure 5.1 to Figure 5.4). As per the convention used by Arbiter,
Harris and Yap (1969) and others, /7" will be used here to indicate relative height as an
alternative to A/Z. Using the tank diameter, 7, has the advantage of being a fixed value,
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whereas the top of the pulp phase, Z, may be variable during operation. Vessels with different
aspect ratios (H/T) can also be compared directly on this basis. In this work Z =T, and AT
thus reached '1.{ at the top of the slurry in the tank. The two-phase profiles will be discussed
in Section 5.1.1 and the three-phase profiles in Section 5.1.2. A potential N, criterion linking
solids concentration profile measurements to off-bottom suspension is the 'concentration
above the base' criterion, which will be tested in Section 5.1.3. In Section 514 the
sedimentation-dispersion model will be briefly considered to aid in the mechanistic discussion
of vertical solids distribution. This model attempts to model the vertical distribution of solids
in a vessel as a balance between the opposing mechanisms of upward turbulent dispersion,
and downward particle settling, and has mainly found some application in high aspect ratio

vessels such as columns.

5.1.1 Two-Phase Profiles at Various Impeller Speeds

It this section, the two-phase concentration profiles will be introduced and
discussed. The two-phase concentration profile data 1s given in Table B.1 in Appendix B.
The two-phase profiles were done together with entical impeller speed runs 77 and 29 as
indicated in Table B.1. The profiles as displayed in Figure 5.1 and Figure 5.2 plot the
measured solids concentrations, X, on the horizontal axis versus the relative height in the cell,
#/T, on the vertical axis. The impeller speeds (e.g. 300rpm) as well as the percentages of
critical impeller speed (e.g. 60%N;,) are indicated on these figures for each concentration
profile. The bulk solids concentrations line (X, = 20%) represents the theoretical vertical
profile for the condition where the solids are completely suspended and homogeneously

distributed throughout the tank.
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It should he noted that A, for the finer dyo; size Iraction (ef. [1gure 5.1) was 500 rpm and 673
rpm for the coarser .y fraction (ef, Vigure 52). This causcs the percentage ol eritical
impeller speed (%N,) o be lower for the coarser compared io the finer size fraction at the
sume impeller speed. It is therelore expecied that the extent of of-boliom suspension will be

lower for the coarser size fraction than for the finer lraction at the same impeller speed. The
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extent of off-bottom suspension for each size fraction will be evaluated at different impeller
speeds in Seetion 53.2.1. It can be seen from Figure 5.1 and Figure 5.2 that the solids
concentrations in the profiles remain relatively uniform from the bottom of the tank up to a
certain height before dropping off rapidly. [t folliws that the suspension height (h,) to which
solids are distributed vertically in the tank can easily be extracted Irom these concentration
profiles, At N = N, (100% N;) solids were just noticeable at &7 = (195, indicating that a
relation between suspension height and M. may exist.  These suspension height (/)
observations will be analyzed further in Section 5.2.2. It is also noticeable how the protiles
approaches the homogeneous suspension line (X,.) as the impeller speed increases, especially
at N above N, and especially for the finer particle size fraction (¢f. Figure 5.1). At relative
impeller speeds below 50 percent of critical (ef. Figure 5.2) solids concentrations up the tank
are very low and most of the solids are ¢learly still sedimented on the base. At 100 percent of
critical impeller speed the solids are well distributed although slightly above the bulk
concentration with a drop-off in concentrations at the very top. 1t can be seen from Figure 5.1
how a homogeneous suspension is approached as the impeller speed is imcreased to 130
percent of critical. This agrees well with observations already made m Table 2.4 (cf. Section
2.4.1) that a homogeneous suspension is normally approached as the relative impeller speed is
increased to approximately 150 to 170 percent of the critical impeller speed, N, depending on
particle propertics and concentration [Oldshue, Herbst and Post (1995); Shaw (1992)].
Comparing Figure 5.2 to Figure 5.1 1t follows that slightly more variations in the vertical
concentrations of the coarser g,z fraction are also noticcable compared to the finer dsr
fraction, Variation in the vertical concentrations as measured by the RSD will be considered

further in Section 5.2.3.

5.1.2 Three-Phase Profiles at Various Ilmpeller Speeds (o= 1 cm/s)

In this section, the three-phase concentration profiles for the d.or (75-106pm} and
200 {150-250pm) fractions at a gassing rate of Ji; = 1 em/s {or 1.1 vvm) obtained at various
mmpeller speeds ranging from 300 to approximately 1100 mm will be introduced and
discussed. The three-phase concentration profile data ts given in Table B.2 in Appendix B.
These profiles were done together with critical impeller speed runs 78 and 30 as indicated in

Table B.2. The profiles are displayed graphically in Figure 5.3 and Figure 5.4.
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The three-phase profiles, shown i Figure 5.3 and Figure 5.4, display somewhat different

characteristics compared to the two-phase profiles in Figure 5.1 and Figure 5.2. The effecis

of gus on the solid-ligmd hydrodynamics were already considered in Section 2.4.5.3, The

introduction of gas causes both a reduction in turbulent dispersion, through increased

turbulence dampening by the presence of gas, as well as a reduction in the impeller discharge
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mass flowrate, through the reduction of the effective slurry density and the formation of gas
cavities behind the impeiler blades. Solids are suspended off the bottom and distribuled
throughout the tank by a combination of turbulent dispersion and fluid circulation. The
presence of gas thus reduces both these mechanisms of sohds suspension and it 1s therefore
expected that the effectivengss of solids suspension at the sume impeller speed will deteriorate
with ncreased gas addition. The reduction in off-bottom suspension cun be seen by
comparing the percent of critical impeller speed (%6),) values at the same impelicr speed (V)
from the ungassed (Figure 5.1 and Figure 5.2) to the gassed (Figure 5.3 and Figure 5.4)
conditions. This reduction m percent critical 15 the result of the gassed critical impeller
speeds, V., being higher (782 and 101 2 rpm) than the ungassed critical impeller speeds, Ny,
{500t and 675 rpm}. The reduction in the effectiveness of solids distribution can be seen from
comparing both the position and the shape of the three-phase profiles with that of the two-
phase profiles. In lerms of position, the lower sections of the three-phase profiles are
generally further above the homogeneous suspension line (X,.) than for the two-phase
profiles. This indicates less vertical distribution of solids with more solids remaining in the
lower sections. The shape of the curves indicates slightly decreasing slopes in the lower
sections with the drop-off in vertical solids concenfrations occurring at lower levels than for
ungassed cases, which are indicative of turbulence dampening and reduced circulaiion caused
by the addition of gas. A further noticeable fealure of the three-phase profile 1s that although
it generaliy starts to drop-off at lower levels than the comparable two-phase profile the drop-
off is less rapid than for two-phase with the solids concentrations at the top generally not
dropping off to zerco as for many two-phase profiles. This additional solids distribution effect
m ihe case of the three-phase profiles is due o rising bubbles having a solids dispersion
effect, which can be seen to be more significant for the finer particles (cf. Figure 5.3} than for

the coarser size fraction (¢f. Figure 5.4).

5.3 Concentration above the Base vs. Increasing Impeller Speed

It can be noted. especislly in the two-phase solids concentration profiles in
Scetion 3.1.1. but also to some extent in the three-phase profiles in Section 5.1.2 that the
vertical concentrations in the lower sections of the profiles are relatively uniform, und
changes with increasing impeller speed. This concentration above the base is determined by
the interaction between the exlent of off-bottom suspension and the extent of solids

distribution.  As more solids are suspended from the base the concentration above the hase
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increases, and as the solids are distribuled higher up in the cell, this concentration above the
buase tends to decrease. As already discussed in Scetion 2.4.3 this concentration above the
base criterion has been used and tested by some as an alternalive method for identifying N,
[Chapman et al. (1983¢); Ayazi Shamlou and Koutsakos (1989)]. This criterion equates the
point where a plot of solids concentration sbove the base vs. impeller speed shows a
maximum or a discontinuity to the jusl suspended condition (N;). This criterion can be tested
for the two- and three-phase profiles in the previous two sections by choosing a point above
the base {e.g. AT = 25%) and plotting the solids concentrations at this heighl (Xs) vs.
increasing impeller speed. Plotting the values as given in Table B.1 and Table B.2 leads to

the plots as given in Figure 5.5.
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Figure 5.5 Solids concentrations (X2} at a point /T = 25% abave the base vs. relative

impeller speeds (V/IN)

It follows from Figure 5.5 that plotting the solids concentrations at a relative height of 0,25 T
above the base agamst impeller speed did form discontinuities in the curves as predicted.
However, it is clear that these disconlinuities occurred relatively consistently at points far
below N, and not al .. The discontinuities for the three-phase curves oceurred at a point
close to 60% of N, and it seems that the same applies for the two-phase condition. This
finding is in agreemenl with the finding of Avaz Shamlou and Koutsakos {(19589), who also
found that the concentration above the base criterion often gave a predicted N, value lower

than that obtained from visual chservation.
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5.1.4 Testing the Sedimentation-Dispersion Model for Yertical Solids Distribution

The sedimentation-dispersion model for vertical solids distribution has already
been introduced in Section 2.4.6.3 in the Chapter 2. Barresi and Bald: (1987a) and Ayazi
Shamlou and Koutsakos (1989) madelled the distnbution of selids vertically in stirred tanks
by applymg the sedimentafion-dispersion model. Both used relatively dilute solids
concentration systems (X = 6 wt%) in small vessels (T = 0.39 m). The sedinentation-
dispersion maodel relies on the assumptions of, negligible madial profiles, negligible solid-solid
mterachion and isotropic turbulence. These assumptions were approximately met in these
works. In the current study, a larger tank {T = 0.54 m} and a higher solids concentration (X =
20%) were used. Applying the sedimentation dispersion model here is therefore not expected
to agree with an fdealized nurbulent suspension as referred to by Schubert (1999) in his
discussion of the sedimentation-dispersion model. Still, the sedimentation-dispersion model
will he applied here to the results obtained, This while keeping in mingd that although not
incorporated into this model the contribution of bulk fluid circulation to solids distribution
should not be forgotten, especially at larger scale, higher solids concentrations, and gassed

comditions.

The basie bulance equation from which the sedimentation-dispersion model is dertved is as

given in Equation 5-1 (sedimentation flux vs. dispersion flux of solids).

“:Xn"'Ds((?;:J:U

..................................................... Equation 5-1

With some manipulation of Equation 3-1, it can be written as Equation 3-2, showing how the
chamge m solids concentration with height is determined by the ratic of the solids slip

velocity, u,, and the solids dispersion cocfficient, Dy

imX U . . y . . : . .
! b =_——t . Where u, = solids sedimentation velocity; s = solids dispersion coefficient

dh n,
.................................................... Equation 5-2
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Schubert (1999} used modified Peclet numbers, Np.r = u,. 7/, to define three different types
of vertical solids distributions. High #, and low D5 (Np» = 100) will lead to all solids
remaining on the bottom of the tank. Low &, and high Dy {Ne.« < 0.1} will lead to 4 constant
vertical solids distribution. Ratios of 1, and D between these cxtremes will lead, under
ideaiized turbulent suspension conditions, to cxponential decays in solids concentrations from

the bottom of the tank.

Equation 3-2 thus suggests that a plot of InX vs. & will give the ratio &, / Dy as the slope.
Avyazi Shamlou and Koutsakos {1989) did the same (cf Figure 232} It should be
remembered that they worked in g smaller vessel at very low solids concentrations (X = |
wt %) Plotting the natural logarithms of the solids concentrations against height for the two-

phasc profiles alrcady discussed in Section 5 1.1, Figure 5.6 is obtaned,
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Figure 5.0 Applying the sedimentation-dispersion model to the vertical solids

distribution of the (a) d,s; and (b} d,24p size fractions under two-phase conditions

It can be seen from Figure 5.6 (a) and (1) that most of the data points gave very uniform
vertical profiles, and thus by applying Equation 5-2 that, d.InX / d& — o,/ D5~ 0. It follows
that in most of the profiles tested. the upward turbulent dispersion coefficient {Dg) was totally
controlling and much larger than the solids slip velocity (u,). lkeading to very uniform vertieal
profiles. It should be noted that slope of d.nX [ dk, as referred to by Equation 5-2, is the
slope aff the verfical due to the onentation of the axes in Figure 5.6. Ounly at very low
impeller speeds and higher up m the cell does the shp velocity of the solids become
controlling causing the solids concentrations to drop off. Overall, the application of the

sedimentation-dispersion model to  two-phase  suspension conditions at high  solids
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concentration and turbulence can be evaluated as to provide mechanistic insight into the
opposing processes of sedimentation and dispersion. However, due to the very flat profiles

ohserved in most of the tank al impeller speads above 60% of Ny i1s praclical value is limited.

The three-phase soiids concentration profiles as already discussed in Section 5.1.2, will now
be considered in terms of the sedimentation-dispersion model. The model 1s still the same as
thal used for the two-phase conditions; however, equating upwards solids dispersion to
turbulent ditfusion action of the impeller only, will now change. The additional dispersion
effect of pas bubbies, as observed in three-phase bubble columns [Smith and Ruether (1985);
Reilly et al. (1990)] and three-phase fluidized beds [Kim, Kim and Han {1992}); Matsumoto et
al. {1997)] should now also be considered n addition to the impeller aciion. !t is however
thought that the dispersion of solids by air will only become prevalent under lower turbulent

conditions as existing in the upper parts of a mechanical flotation cell.
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Figure 5.7 Applyving the sedimentation-dispersion model to the vertical solids

distribution of the {a) d,¢; and (b) d,20p size fractions under three-phase conditions

Applying the sedimentation-dispersion modei to the three-phase profiies for the dye; and dozu
size fractions leads to Figure 5.7 (a) and (b). Considering Figure 5.7 (a} and (b} il can be seen
that most of the plots al higher impeller speeds above approximately 60% of N;, gave very flat
slopes (off the vertical) in the lower 60% of the tank with increased siopes in the upper 30%
of the cell. This indicates that the dispersing action was controiling in the lower part of the
cell, with the solids shp velocily starting to compete higher up in the cell. The dispersing
action in the lower part of the cell i1s due to the rotation of the impeiler al these relatively high

speeds, and the very flal profiles indicate that the smpeiler action was totally controlling over
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the solids slip velocity. However, the solids drop-off occurred congistently at lower levels
than in the two-phase cases, pointing to the turbulence dampening effect of the gas. In the
upper 30% of the cell, the profiles dropped off at almost constant slopes, but not as sharply as
in the two-phase cases, with solids bemng dispersed in all cases to the very top ol the cell. This
indicates the dispersing action in the upper part was mostly due to the rising gas bubbles.
Only at very high impeller speeds (e.g. 115% of Nj) can it be scen that the dispersing action
al the impeller is extended into this upper scction of the ccll. On the other hand, at very low
impeller speeds (Y < 50% of &,,), the rising gas bubbles become the main dispersing action
against solids settling, The larger gas bubbles that form at these low impeller speeds also
have larger dispersing actions, However, under these conditions most solids arc scttled out on

the bottom ol the tank.

Crverall, it was shown how the sedimentation-dispersion model, mechanistically, explains the
opposing effects at work m solids distribution. Its practical appheation to model vertical
solids distribution however seems limited in mechanical flotation cells, Tt 1s further thought
important to acknowledge the solids dispersion efleet ol the rising gas bubbles as this efleet is
at the top of the cell, below the froth, and might interact with separation and recovery into the

froth (entrainment).



Suhds Concentration Profiles 199

5.2 EFFECTIVENESS OF 50OLID5 SUSPENSION

In Section 5.1 the solids concentration profiles obtained for the four different test
conditions were discusscd mostly qualitatively to give a better mechanistic understanding of
solids suspension and specifically solids distribution as measured by concentration profiles.
[n this scction, quantitative measures of the effectivencss of solids suspension as derived from
the concentration profiles will be cvaluated both in terms of increasing impeller speed (N},
and increasing percentage of critical impeller speed (N/N,,). The four different test conditions
had diffcrent critical impeller speeds (), and it will be shown how the cffectiveness of
solids suspension i1s nermalized if benchmarked in terms of percestage of critical impeller
speed (NV/Ni). The solids suspension effectiveness enteria that will be quantified here are
extent of off-bottom suspension (cf. Section 5.2.1), extent of axial solids distribution (cf.

Section 5.2.2), and variability of axial solids concentrations (cf. Section 5.2.3).

5.2.1 Extent of Off-bottom Solids Suspension (X,/X,,.}

The extent of off-bottom solids suspension can be determined from conceniration
profilcs donc at different impeller speeds by caleulating the mcan solids concentration from
cach profile {X,). As morc and morc solids arc suspended off the bottom, X, will increase
until all the solids are suspended at or above the just suspended condition. Within sampling
error, X, will remain constant at a constant mean suspended value of X, at or above N
Comparting X w the actual bulk solids concentration X, which was known in this work,
indicated that the relative sampling error was gencrally less than five percent (cf. Tables B.1
& B.2). The average profile concentration under complete off-bottom conditions, X.., was
taken at the just suspended condition in this work but can also be taken at anv point above.
Plotting the mean profile concentrations (X,,) against increasing impeller speed {(N) results in
Figure 5.8 from which it can be secn how the average profile concentrations (X)) generally
increase with increasing impeller speed (N) until the solids are full suspended. However these
fully suspended conditions (N;) occur at different impeller speeds and it is difficult to identify
a general trend off this hgure. Figure 5.9 plots the extent of off-bottom solids suspension
{X/X..) against pereentage of critical impeller speed (N/A;). In so doing, much clearer trends
emerge. As per definition, off-bottom solids suspension is complete (X,/ X ~ 1) when the

critical impeller speed 1s rcached (N/N, = 100%). Below N, the extent of solids
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sedimentation {1-X,/X.,) can be derived from this figure, The extent of solids sedimentation
mcreases relatively slowly until the impeller speed drops to around 60 percent of N, below
which solids sedimentation becomes much more drastic. In gassed conditions the fraction of
sedimented solids increases rapidly from less than ten percent, whilst for ungassed conditions
the fraction of sedimented sohids increases rapidly from around 20 percent as the impeller
speeds drops below 60 percent of N, (J; = 1 om/s} and N, respectively. This would suggest
that in order to prevent significant sanding and associated losscs in a flotation eell, it should

be operated above at least 60 percent of the gassed critical impeller speed (N = 0.60 X Nj).
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5.2.2 Extent of Vertical Solids Distribution {Suspension Heights)

The suspension height (4.) 1= a sohds suspension effectiveness measure that
quantifies the extent of vertical distribution of solids rather than off-bottom suspension of
solids. Similarly, concentration profiles are also measures of solids distribution rather than
off-battom suspension.  Tn this regard Arbiter, Harris and Yap (1969) suggested that oft-
bottom suspension conditions, whether complete or not, should always be noted together with
solids distribution measures, in order to obtain a more complete picture of the effectiveness of
solids suspension, both off-bottom and distribution. The suspension height A, iz per definition
the upper height from the basc to which solids are distributed to in a vessel. 1t is sometimes
mcasured visually and is also referred to as cloud height. However, the visual measurement is
somewhat subjective and very difficult under three-phase condihons. In this work the
suspension heights were determined from the concentration profiles {cf Tables B.1 & B.2},
Relatively sharp drop-offs were already noted m the profiles higher up in the tank and the
suspension height was tuken as the height where the profile dropped below a certain
comcentration. Here thig detection concentration was taken as X' = 10 percent, which was half
the bulk solids congentration. Suspension heights are often made relative by dividing it by the
tank diameter (A,/T) [Arbiter, Harris and Yap (1969)]. When plotting the relative suspension
heights (A/T) vs. impeller speed (), Figure 5.11) 1s obtained, As can be expected, &, for the
four different test conditions incresses with increasing A until the solids reach the top of the
liquid surface (h/T = Z/T = 1) al high impeller speeds. Figure 5.11 shows how /./T changes
versus percenlage of critical impeller speed (M/V,). As with extent of off-bottom solids
suspension, the suspension height drops off dramatically as the impeller speed drops below 60
percent of ¥, 1t is further noticeable that the suspension height (/,) consistently reached a
height equivalent to 99 percent of the tank diameter (7) as the critical impeller speed is
reached. As already discussed in Scction 2.4.3.6, this finding is in good agreement with the
9% suspension height criterion proposed by some to identify the just suspended condition in
standard stirred tanks, Weisman and Efferding (1960) and Einenkel {1980) have proposed the
90% suspension height as an alternative N, criterion to the visual ls criterion, whilst
Chapman et al. (1983¢) and Hicks, Myers and Bakker (1997} have found thal the relation
between A/T = 90% and the directly observed N i1s not always that consistent.  SHll it is
thought that the Y0% suspension height criterion may be worth considering in testing solids

suspension conditions in industrial scale flotation cells, but should always be checked against
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some other direct measurement of the conditions on the bottom of the tank, eg visual, contact

with the tank bottom, ultrasound, or radiation,
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5.2.3 Yariahility of Vertical Solids Concentrations (RS.0)

Finally, the variation of the solids distribution can be considered by calculating a
rclative standard deviation 858 of the solids concentrations in each profile (Tables B.1 &
B.2). It should be remembered that only ‘measurable’ solids concentrations were included in
these profiles and not the sedimented =olids on the bottom of the tank as the sedimented layer
will normally not be sampled, Plotling the caleulated RSD values of the concentrations in the
profiles versus increasing impeller specd (A), Figure 5.12 15 obtained. The RSD value 15 a
measure of the variation of the solids concentrations within the distribution. When low RSD
values arc rcached, which remains constant with increasing impeller speed, the homogencous
suspension condition is normally assumed. [t can be scen that the two-phase RSD valucs are
mitially higher but then decreases more quickly with increasing impeller speed compared to
the three-phase RS values. The three-phase RST) values on the other hand, are initially
lower at very low impeller speeds due to the dispersing action of the rising gas bubbles, but
then remains constant or decreases at a much slower rate versus increasing impeller speed due
to the presence of gas inhibiting both the fluid circulation and the turbulent dispersion actions
produced by the impeller. Figure 5.13 shows the 5D values from each profile versus relative
mpeller speed (AN} Once again, the usefulness of benchmarking sclids suspension
conditions versus percentage of critical impeller speed becomes clear as all conditions display
approximately the same RSP value when the ¢ntical impeller speed is reached. In this work
the RSP value at the just suspended condition was n the region of 30%. Others working in
two-phase standard stirred tanks [Einenkel (1980); Bohnet and Nicsmak (1980); Barresi and
Baldi {1987a)] have also reported that they observed consistencies in the calculated variation
in sohds concentrations in profiles obtaincd at the just suspended condition {(cf. Scction
2.4.3 8). However, the actual RS2 value at the just suspended condition does depend amongst
other things on the number of measurements v the profile, and the repeatability of the
sampling, and a generally applicable value does not seem to exist, For a given system this
RSD valug may be found and might be useful in indirectly identifying the just suspended
condition. Howewver, this criterion is not widely cstablished, especiallv not for gassed
conditions, and as seen for the finer particle size fraction under gassed conditions, the same
RSD values of close to 30% are obtained, even with the impeller speed dropping to almost
50% of critical.
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5.3 CONCLUSIONS

The aim of this chapter was to evaluate the solids distribution aspect of solids
suspension in a pilot scale mechanical flotation cell and to determine whether it can be related
to off-bottom suspension conditions in terms of the critical impeller speed. As outlined in the
'Scope and Objectives’ of this work (cf. Section 2.6), concentration profiles formed a
secondary objective after the primary objective of characterising off-bottom suspension in
terms of the critical impeller speed, which was addressed in Chapter 4. In this chapter,
concentration profiles were measured at a full range of impeller speeds for two solids size
fractions (75-106um, 150-250pm) under both two- and three-phase conditions (Jg = 0, 1
cmy/s). The concentration profiles obtained under the different conditions were then discussed
mostly qualitatively and mechanistically, before considering some solids suspension measures
(i.e. extent of off-bottom, suspension height, and variation within the profiles) by which the
effectiveness of solids suspension and distribution can be quantitatively evaluated and related

to off-bottom suspension conditions.

Considering the concentration profiles versus impeller speed, the following observations were
made.
® At the same impeller speed the coarser solids fraction were less distributed and
showed more variation than the finer size fraction.
® The two-phase profiles generally displayed uniform solids concentrations up to
certain height above which it dropped off rapidly (suspension height).
® At the critical impeller speed, the solids are distributed relatively homogeneously
throughout the tank, although above the average bulk concentration in most of the
tank, with a sharp drop-off in concentration at the very top of the tank (h ~ 0.907).
® A homogeneous suspension was approached for the finer size fraction as the
relative impeller speed was increased to 150 percent of critical. This agrees well
with observations by Oldshue, Herbst and Post (1995) and Shaw (1992).
° The introduction of gas caused the critical impeller speed to increase and the
extent of off-bottom suspension for the three-phase profiles was thus less at the
same impeller speed if the impeller speed dropped below the gassed critical

impeller speed.
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The effectiveness of solids distribution was also reduced with gassing. The
concentrations in the lower parts of the profiles were generally higher and further
above the bulk average concentration and the drop-off in concentrations occurred
at lower heights than for the two-phase profiles. The reduced solids distribution
with gassing is thought to be related to turbulence dampening and reduced fluid
circulation caused by the presence of gas.

The drop-offs in solids concentration at the top of the cell were however not as
steep as those obtained for two-phase conditions, indicating that the rising gas
bubbles were contributing to solids distribution in the upper regions of the tank.
The dispersing effect of the gas bubbles could be seen to be stronger for the finer
particle size fraction. It is thought that this dispersing action of the gas bubbles in
the upper regions of the tank may be affecting the separation between valuable
and gangue particles that should be occurring in this region below the froth and
may thus be contributing to entrainment in mechanical flotation cells.

In testing the ‘solids concentration above the base' Nj; criterion it was seen that
some criterion does seem to exist but that it related to a relative impeller speed far
below the critical impeller speed (~ 60 % of Nj). Similarly, Ayazi Shamlou and
Koutsakos (1989) also found that this criterion predicts N, values below the
visually observed values.

The sedimentation-dispersion model, developed for small stirred tanks at low
solids concentrations and negligible radial concentration profiles, aided in the
mechanistic discussion of the opposing effects of the downward solids
sedimentation flux versus the upwards solids dispersion flux [Schubert (1999)].
Its practical application to model the solids distribution in larger flotation cells,
operating at higher solids concentration and radial profiles does however seem
limited.

For the two-phase profiles the sedimentation-dispersion model indicated that the
turbulent dispersion action of the impeller is totally controlling in most of the cell,
causing uniform vertical profiles, up to the suspension height where the impeller
action reduces abruptly and the sedimentation of particles become controlling
leading to sharp drop-offs in solids concentrations.

In three-phase conditions the dispersion action is not only due to the impeller

action, but also due to the dispersing action of the rising gas bubbles, which will
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become significant in low turbulent conditions, such as those normally existing in
the quiescent region at the top of the cell.

For most of the three-phase profiles (at impeller speeds between approximately
60% and 100% of critical impeller speed) the sedimentation-dispersion model
indicated two regions to exist vertically in the cell. In the lower approximately
60% of the tank the dispersing action of the impeller was controlling leading to
almost vertical profiles, although turbulence dampening caused the solids
concentrations to drop slightly. In the upper approximately 30% of the cell, the
dispersing action of the impeller dropped off and was replaced by the dispersing
action of the rising gas bubbles.

As the impeller speed is increased significantly above N, (e.g. = 115% of Nj,)
the dispersing action of the impeller starts to expand into this upper region of the
tank, superseding the dispersing action of the bubbles, and resulting in very
uniform vertical profiles to extend further up into the top section of the cell.

The effectiveness of solids suspension was further quantified in terms of the extent of off-

bottom suspension, suspension height, and the variability of the concentrations within the

distribution.

When plotting the extent of off-bottom suspension against relative impeller speed
rather than impeller speed, consistent trends emerged for the different conditions
tested.

The extent of off-bottom suspension decreased dramatically for all conditions as
the relative impeller speed dropped below 60% of critical. This suggests that in
order to prevent significant sanding losses a flotation cell should be operated
above at least 60 percent of the gassed critical impeller speed (N > 0.60 x Nj,).
The extent of off-bottom suspension was determined in this flotation cell (batch)
by plotting average profile concentrations versus increasing impeller speed. This
method may also be useful in continuous industrial flotation celis.

Similarly to the extent of off-bottom suspension, the extent of solids distribution
in terms of suspension heights, displayed consistent trends for the different
conditions tested, when plotted against relative impeller speed (% of Nj,) rather
than impeller speed (V).

Similarly to Weisman and Efferding (1960) and Einenkel (1980) it was found that

the suspension as derived from the concentration profile consistently reached 90%
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as the critical impeller speed was reached. This 90% suspension height criterion
(h = 0.907) thus show some promise to be used in industrial mechanical flotation
cells, but should be applied with caution due to many finding it not to give very
consistent results of off-bottom suspension conditions [Chapman et al. (1983c);
Nienow (1992)]. It should therefore always be checked against some other direct
measurement of the conditions on the bottom of the tank, eg visual, contact with
the tank bottom, ultrasound, or radiation.

The variation in vertical solids concentrations in terms of the relative standard
deviation, showed consistent results for the two-phase conditions, when plotted
against relative impeller speed, but not for the three-phase conditions. In this
work the RSD value at the just suspended condition was in the region of 30%.
Others [Einenkel (1980); Bohnet and Niesmak (1980); Barresi and Baldi (1987a)]
working in stirred tanks have also observed consistencies, but their RSD values
are different. For gassed conditions this RSD value also seems less significant for
relating solids variation with the just suspended condition.

The consistent trends that were obtained when the effectiveness of off-bottom as
well as solids distribution were benchmarked against critical impeller speed (an
off-bottom suspension condition) demonstrated the importance of the critical
impeller speed as a general measure of solids suspension conditions in a vessel,
both off-bottom and solids distribution. This is thus a further motivation for using
the critical impeller speed for solids suspension correlation purposes, as was done

in Chapter 4.



CHAPTER 6. CONCLUSIONS

The overall aim of this thesis was to evaluate solids suspension in a 1241 pilot scale
mechanical flotation cell. Different solids suspension parameters were considered and the
critical impeller speed, which relates to the complete off-bottom suspension condition, was
selected as the primary parameter for evaluating solids suspension conditions. A number of
concentration profiles were also measured to extend the evaluation of solids suspension from
off-bottom suspension conditions to include solids distribution aspects. The conclusions

reached in Chapters 4 and 5 are summarised here.

6.1 CRITICAL IMPELLER SPEED

The primary objective of this work was to develop a solids suspension correlation
relating the critical impeller speed (Nj) to solid-liquid-gas system variables. In so doing the
effects of particle size (dp), solids concentration (X), solids density (Ap/p;), liquid kinematic
viscosity (v), and gas addition (Jg or Qgr) on off-bottom solids suspension would be
determined. Geometrical variables (7, D/T, C/T) were not considered in this work. Schubert
and co-workers [Schubert (1985); Weiss and Schubert (1989)] also measured critical impeller
speeds in mechanical flotation cells but did not develop a correlation of how this important
off-bottom suspension condition is affected by system parameters. In this work, the N
correlation was developed in two stages, first for solid-liquid, two-phase and then for three-
phase conditions. This approach is also commonly followed in stirred tanks and assists in

isolating the effect of gas on N

6.1.1 Two-Phase Critical Impeller Speed

The two-phase critical impeller speed correlation developed in this work shows
how the critical impeller speed under ungassed conditions (V) is influenced by the main

solid-liquid variables that has been found to influence solids suspension in stirred tanks.
0.66::0.05
st“ =K, dpo.ssio_oz 0122002 ( Psp PL J ; Ky =54 and Msu in rpm
L

............................................ (cf. Equation 4 12)
A mechanical flotation cell (this work); Ky = £ (7, D/T, C/T, imp. design)
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The Ny, correlation fitted the experimental observations very well with almost all predictions
lying within 10% of the experimentally measured values and a good coefficient of
determination (* = 0.963). The effects of particle size and especially solid-liquid density
difference on Ny, were found stronger than that found by Zwietering (1958) and most others
in stirred tanks. This is thought to be related to the proximity of the stator to the impeller in a
flotation cell, reducing fluid circulation in favour of increased turbulence in the impeller
region. Particle size and solid-liquid density difference are the two main variables influencing
the settling velocity of particles. The effect of solids concentration was within the range, but
towards the lower end of stirred tank findings. Similarly, kinematic viscosity was found to
have a small influence on Nj,. Viscosity gave somewhat conflicting effects for two particle
sizes tested, decreasing for the coarser 150-250 pm and increasing for the finer 75-106 pm
size fraction. This may suggest that coarser particles are suspended more by fluid flow drag
and finer particles more by turbulent actions, which will cause viscosity to have these
conflicting effects on Nj,. However, numerical analyses suggested that on balance viscosity
effects should be ignored in the two-phase work. This disagrees with Zwietering (Njsy o v 19
but agrees with some others [e.g. Chapman e al. (1983a)] also finding viscosity to have a

negligible effect on Njg.

6.1.2 Three-Phase Critical Impeller Speed

The aim of this section was two-fold. Firstly, the effect of gas addition on Ny,
should be determined, and secondly, the effect of the other solid-liguid variables should be

tested under gassed conditions.

Gas addition was seen to cause a linear increase in Njyg, but the rate of the increase varied for
different conditions. It was found that the effect of gas is best accounted for by assuming the

linear increase to be proportional to the ungassed critical impeller speed (Nj,).

N,, =N, (+K.J;) ; Where, K=0.40 (cm.s")" ; (Or, K =0.36 vvm™)
............................................ (cf. Equation 4 17)

In comparison, data from Weiss and Schubert (1989) showed that air addition had a slightly
smaller effect (K = 0.25 to 0.28 vvm™) in a smaller 541 cell using double finger impellers at a

very low impeller clearance, C, = 0.05. It is thought that the impeller type and the low
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impeller clearance they used contributed to the smaller effect of air addition derived from

their data.

The effects of the other solid-liquid variables were found to be influenced by gas addition and
varied under different gassed conditions. The effects of all solid-liquid variables consistently
increased from ungassed conditions to a gassing rate of 1 cm/s (1.1 vvm), where after the
effects decreased on further gassing up to 2 cm/s (2.2 vvm). However, all the gassed
conditions combined (1.1 to 2.2 vvim) gave exponents comparable to the ungassed effects. It
was therefore thought best to develop the final correlation based on all the ungassed and

gassed tests combined (0 to 2.2 vvm).

0.70+0.06
stg = K, dp0.33¢0.03 0172003 {Psl; 2 ) (V /Vw )0.054;0‘04 A+K, J,);
L

Where, Ksi = 52, Kg = 0.40 (cm/s)™ or 0.36 vvm™

............................................ (cf. Equation 4 28)

For both gassed and ungassed conditions (Jg = §); Gassing range, Ogy: 0 t0 2.2 vvm (Jg: 0 to 2 cm/s);
Keu = (T, D/T, C/T, imp. design); K = £(C/T, imp design)

This three-phase correlation predicted the two and three-phase experimentally observed N
values very well with most predictions lying within 10% or very close to 10% of the
experimental values. The good fit was also confirmed by the good coefficient of
determination (#* = 0.92). Similarly, to the two-phase findings, particle size (d,) and
especially solid-liquid density difference (Ap/pr) were found to have the largest influences on
the gassed critical impeller speed, and that their effects were also larger than that found in
gassed stirred tank work. Again, as with the two-phase findings, this was thought to be
related to the proximity of the stator to the impeller, increasing turbulence levels around the
impeller, but decreasing fluid circulation with further reach for solids suspension purposes.

The effect of particle size on Ny, Njse @ dp™>°

, is also exactly the same as that extracted from
data given in Schubert (1985) for a 541 mechanical flotation cell at a gassing rate of Qgy =
0.45vvm. This implies that the effect of solid-liquid variables on N;; may be independent of
flotation cell design as is also the case with different impellers in stirred tanks. The effects of
both solids concentration and kinematic viscosity increased slightly from the two-phase
correlation and compared very well with the average findings in gassed stirred tank work. In
gassed conditions, kinematic viscosity caused Nj;, to increase for both particle sizes, but still

stronger for the finer particle size fraction, suggesting that turbulent effects, which is reduced
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by increasing viscosity, play a larger role in the suspension of the smaller particles, whilst

coarser particles are suspended more by fluid flow.

6.2 CONCENTRATION PROFILES

A secondary objective of this work was to evaluate the solids distribution aspect
of solids suspension in a pilot scale mechanical flotation cell and to determine how it related

to off-bottom suspension in terms of the critical impeller speed.

6.2.1 Evaluation of Concentration Profiles

Concentration profiles were measured at a full range of impeller speeds (300 to
~1100 rpm) for two solids size fractions (75-106pm, 150-250pm) under both two- and three-
phase conditions (Jg = 0, 1 cm/s). Some qualitative observations can be made from
considering these concentration profiles, and by applying the sedimentation-dispersion model

for interpretation purposes.

The two-phase profiles were characterised by uniform solids distributions up to a certain
height, at which level the concentrations dropped off rapidly. The suspension height can thus
be clearly identified from these two-phase profiles. The suspension heights increased with
impeller speed and reached a relative height of around 0.90 of T when the critical impeller
speed was reached. For relative impeller speeds above approximately 60% of critical impeller
speed, the concentrations in the lower (more uniform) section of the profiles were generally
above the bulk average concentration and approached the bulk concentration as the impeller
speed was increased and the suspension became more homogeneous. From results with the
finer fraction, it can be seen that a homogeneous suspension was approached as the relative
impeller speed was increased to around 150% of N, This finding agrees well with
observations from stirred tanks where homogeneous suspension is taken to be between 150

and 170 % of critical [Oldshue, Herbst and Post (1995); Shaw (1992)].

The three-phase profiles, in the range of approximately 60% to 100% of N, can generally be
characterised as displaying worse solids distribution in the lower and larger part of the cell,
but slightly improved solids distribution in the uppermost sections when compared to the two-

phase profiles at the same relative impeller speed. The concentrations in the larger and lower
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part were higher and further above the bulk average concentration with the drop-off in
concentrations at lower heights than for the two-phase profiles. The reduced solids
distribution with gassing implies that gassing caused turbulence dampening as well as reduced
fluid circulation. It therefore follows that gas addition not only negatively affected off-bottom
suspension as seen in the critical impeller speed work but also reduced the effectiveness of
solids distribution in the bulk of the tank. The drop-offs in solids concentration at the top of
the cell were however not as steep as those obtained for two-phase conditions, indicating that
the rising gas bubbles were contributing to solids distribution in the upper regions of the tank.
The dispersing effect of the gas bubbles was seen to be stronger for the finer particle size
fraction. It is thought that the dispersing action of the rising bubbles in the upper more
quiescent region below the froth may interfere with the separation of gangue minerals from

the bubble-particle aggregates, and thus may play some role in entrainment.

In testing the 'solids concentration above the base' N, criterion it was seen that some criterion
does seem to exist but that it related to a relative impeller speed far below the critical impeller
speed (~ 60 % of Nj;). This agrees with Ayazi Shamlou and Koutsakos (1989) also finding

that this criterion predicts Nj, values below the visually measured critical impeller speeds.

Applying the sedimentation-dispersion model contributed somewhat to the mechanistic
understanding of solids distribution in that it highlighted the opposing effects of the
downward solids sedimentation flux versus the upwards solids dispersion flux [Schubert
(1999)]. Its practical application to describe vertical solids distributions in stirred tanks has
however mainly been restricted to idealized turbulent suspensions (two-phase, low solids
concentrations, small vessels), and also from this work it seems as if its practical application
to model the solids distribution in larger flotation cells, operating at higher solids
concentration under gassed conditions is limited.  Nonetheless, some mechanistic
observations can be made by applying the concepts of upwards solids dispersion and
downwards sedimentation.
® For the two-phase profiles the turbulent dispersion action of the impeller was
totally controlling in most of the cell, causing uniform vertical profiles, up to the
suspension height at which height the impeller action reduced abruptly and the
sedimentation of particles became controlling leading to sharp drop-offs in solids

concentrations,
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| In three-phase conditions the dispersion action was not only due to the impeller
action, but also due to the dispersing action of the rising gas bubbles, which
became more significant in the lower turbulent conditions at the top of the cell and
for finer particles.

® For most of the three-phase profiles at relative impeller speeds between
approximately 60 and 100% of critical, the dispersing action of the impeller was
controlling leading to almost uniform profiles up to approximately 60% of the
height. In the upper 30% of the cell the impeller action dropped off and was
replaced by the dispersing action of the rising gas bubbles.  Yet, at higher
impeller speeds (N > ~115% Nj,) the impeller action became more controlling in
the upper section of the cell, leading to more uniform solids concentrations

extending further up in the cell.

6.2.2 Effectiveness of Solids Suspension

The effectiveness of solids suspension was evaluated quantitatively by using solids suspension
measures that could be derived from the concentration profiles. These measures included
extent of off-bottom suspension, suspension heights, and variation within the distribution.
The first measure relates to off-bottom suspension whilst the other two relate to solids
distribution aspects. Together these measures give a complete quantitative picture of the
effectiveness of solids suspension and distribution in the vessel. When these solids
suspension criteria were benchmarked against relative impeller speed in terms of percentage
of critical impelier speed (N/Nj), definite trends emerged. The extent of off-bottom
suspension was obtained by comparing the average profile concentration at different impeller
speeds, and as would be expected the extent of off-bottom suspension was complete at or
above Nj. It was further seen that dramatic sedimentation was evident as N/Nj, dropped to
below 60%. This would suggest that a flotation cell should be operated above at least 60% of
Njsg in order to prevent significant sanding losses. Suspension heights (h;) were determined
from the concentration profiles at the height where the concentration drops below 50% of the
bulk solids concentration and also showed significant reductions when the impeller speed
dropped below 60% of Nj, from which follows that, in addition to off-bottom suspension, the
extent of vertical solids distribution was also significantly reduced as the impeller speed
dropped below 60% of critical. Similar to some findings in stirred tanks, the just suspended

condition agreed consistently with a vertical suspension height equivalent to 90% of the tank
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diameter, which suggests that suspension height measurements may be a considered as an
alternative criterion to the visual Is criterion for determining Ny in flotation cells. This
should however be applied with caution as many stirred tank studies have found that A, is not
a very consistent Ny, criterion. The homogeneity of the solids distribution as depicted by the
relative standard deviation RSD of the solids concentrations in the profile showed a constant
value at the just suspended condition and a consistent trend under two-phase conditions.

However, with gas addition the trend was less clear.

In summary,

A Critical impeller speed (Njsg) correlation, relating complete off-bottom suspension to the
effects of solid-liqguid-gas variables, was for the first time developed for a mechanical
Sflotation cell. This correlation incorporates the effects of dp, X, Ap/p1, vi, and Jg (or Qay)
and fitted the experimental data of this work very well (¥ = 0. 92).

Particle size, density difference, and air addition was found to have the largest effects on
Nise. The effects of d, and especially Ap/p; were also found to be stronger than the results
obtained in standard stirred tanks. The stronger influences are thought to be related to

the proximity of the stator to the impeller in a mechanical flotation cell, which reduces
Sluid flow in favour of increased turbulence. The effect of fluid flow (circulation) extends
Sfurther away from the impeller for solids suspension considerations.

Gas addition caused a linear increase in Njz with gas addition rate and the slope of the

increase was found to be proportional to N,

Solids concentration and liquid kinematic viscosity were found to have small effects on
Njsg and their effects were similar to that found in stirred tank work.

Gas addition affected the effects of solid-liquid variables in three-phase conditions. After
an initial increase in the effects of all variables at around Qgy = 1.1 vvm, the effects of the

solid-liquid variable decreased on further increased aeration.

Solids distribution deteriorated with increased particle size and gassing. Increasing dj
increases the terminal settling velocity of the particles, whereas increased gassing
reduces the solids suspension action of the impeller due to turbulence dampening and
reduced impeller discharge mass flow.

With N below Njs (60-100% N;), the impeller action controlled solids distribution in
approximately the lower 2/3 of the cell, with the dispersing action of the rising gas

bubbles becoming more prevalent in the upper more quiescent areas of the cell. This
dispersing action of the gas bubbles is stronger for finer particles and is thought possibly
to influence the separation of valuables and gangue particles in this area just below the
Sfroth. The impeller action extended more and move into the upper third of the cell as the
impeller speed was increased above Nj.

o The sedimentation-dispersion was not found to be of practical use to model vertical solids
distribution in this flotation cell, but was used in the mechanistic description.
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The effectiveness of solids suspension in terms of extent of off-bottom, suspension height,
and variation showed that common trends emerged for the different criteria, when
benchmarked against percentage of critical impeller speed (% Njs). This demonstrated the
leading role that Njs plays in solids suspension, both off-bottom and solids distribution.
The effectiveness of solids suspension is generally good at the critical impeller speed
(100% Njg), but deteriorated dramatically with N dropping below 60 % Njs. To the other
end, a homogeneous suspension (perfect solids suspension) was approached as the
impeller speed increased to 150-170 % Njs.



REFERENCES

Ahmed, N and Jameson, GJ, 1989. Flotation kinetics. Miner. Process. Extract. Metall. Rev.,
5:77-99.

Aldrich, C and Van Deventer, JSJ, 1995. Modelling of induced aeration in turbine aerators by
use of radial basis function neural networks. The Canadian Journal of Chemical

Engineering, 73: 808.
Anon, 1998. Svedala Flotation Machines. Svedala marketing brochure.

Anon, 2003a. Metso Minerals Flotation Machines RCS. Brochure (No. 1010-10-01-MP/Sala-
Englisch), Sweden.

Anon, 2003b. Wemco SmartCell Flotation Machines. Brochure (GL&V/EMC3327), USA.

Anon, 2004. Outokumpu Flotation Technologies. Brochure (3007EN Libris, Apr 2004),
Helsinki, Finland.

Arbiter, N and Harris, CC, 1962. Flotation machines, in Froth Flotation, Ed(s): D.W.
Fuerstenau, pp 347-364, AIME, New York.

Arbiter, N and Steininger, J, 1962. Hydrodynamics of flotation cells, in Proceedings 6th
International Mineral Processing Congress, Cannes (English version given in

Mineral Processing, 1965), pp 595-608, Pergamon Press, New York.
Arbiter, N, 1984. The flotation cell - a critique, in Principles of mineral flotation, pp 301-311.

Arbiter, N, 1999. Development and scale-up of large flotation cells, in Proceedings SME
Annual Meeting, pp 345-352, Denver.

Arbiter, N, Harris, CC and Yap, RF, 1969. Hydrodynamics of flotation cells. SME
Transactions, 244: 134-148.

Armenante, PM and Uehara Nagamine, E, 1998. Effect of low off-bottom impeller clearance
on the minimum agitation speed for complete suspension of solids in stirred tanks.

Chemical Engineering Science, 53: 1757-1775.

Ayazi Shamlou, P and Koutsakos, E, 1989. Solids suspension and distribution in liquids under
turbulent agitation. Chemical Engineering Science, 44: 529-542.

Baldi, G, Conti, R and Alaria, E, 1978. Complete suspension of particles in mechanically
agitated vessels. Chemical Engineering Science, 33: 21-25.




218 References

Barresi, A and Baldi, G, 1987a. Solid dispersion in an agitated vessel. Chemical Engineering
Science, 42: 2949-2956.

Barresi, A and Baldi, G, 1987b. Solid dispersion in an agitated vessel: effect of particle shape
and density. Chemical Engineering Science, 42: 2969-2972.

Bohnet, M and Niesmak, G, 1980. Distribution of solids in stirred suspensions. German

Chemical Engineering, 3: 57-65.

Bourne, JR and Sharma, RN, 1974., in Proceedings First European Conference on Mixing, pp
B3-25 to B3-38, BHRA, Cranfield, in Chapman et /., 1983. op cit..

Bujalski, W, Konno, M and Nienow, AW, 1988., in Proceedings 6th European Conference on
Mixing, BHRA, pp 389-398, Cranfield, in Nienow, 1992. op cit.

Bujalski, W, Nienow, AW and Huoxing, L, 1990. The use of upward pumping 45° pitched
blade turbine impellers in three-phase reactors. Chemical Engineering Science,
45: 415-421.

Buurman, C, Resoort, G and Plaschkes, A, 1986. Scaling-up rules solids suspension in stirred

vessels. Chemical Engineering Science, 41: 2865-2871.

Calderbank, PH, 1958. Physical rate processes in industrial fermentation. Part I: The
interfacial area in gas-liquid contacting with mechanical agitation. Trans. Inst.
Chem. Eng., 36: 443-460, in Rewatkar, Deshpande, Pandit and Joshi, 1993.

Chapman, CM, Nienow, AW, Cooke, M and Middleton, JC, 1983a. Particle-gas-liquid mixing
in stirred vessels. Part 1: Particle-liquid mixing. Chemical Engineering Research
& Design, 61: 71-81.

Chapman, CM, Nienow, AW, Cooke, M and Middleton, JC, 1983b. Particle-gas-liquid
mixing in stirred vessels. Part 2: Gas-liquid mixing. Chemical Engineering
Research & Design, 61: 82-95.

Chapman, CM, Nienow, AW, Cooke, M and Middleton, JC, 1983c¢. Particle-gas-liquid mixing
in stirred vessels. Part 3: Three phase mixing. Chemical Engineering Research &
Design, 61: 167-181.

Chapman, CM, Nienow, AW, Cooke, M and Middleton, JC, 1983d. Particle-gas-liquid
mixing in stirred vessels. Part 4: Mass transfer and final conclusions. Chemical

Engineering Research & Design, 61: 182-185.



References 219

Chatzi, E, Boutris, CJ and Kiparissides, C, 1991. On-line monitoring of drop size distributions
in agitated vessels. 2. Effect of stabilizer concentration. Ind. Eng. Chem. Des., 30:
1307, In: Mezaki, Mochizuki and Ogawa, 2000. op cit.

Chudacek, MW, 1986. Relationship between solids suspension criteria, mechanics of
suspension tank geometry, and scale-up parameters in stirred tanks. Ind. Eng.
Chem. Fundam., 25: 391, in Rewatkar, 1991. op cit.

Coulson, JM and Richardson, JF, 1990. Pumping of Fluids, in Chemical Engineering, Volume
1, Fourth Edition, Ed(s): J.M. Coulson, J.F. Richardson, J.R. Backhurst and J.H.
Harker, pp 261-311, Pergamon Press, Oxford.

De Nevers, N, 1991. Fluid Mechanics for Chemical Engineers, Second Edition Edition,
Chapter 13, pp 433-447, McGraw-Hill, New York.

Deglon, DA, 1998. PhD Thesis, University of Cape Town.

Deglon, DA, Egya-Mensah, D and Franzidis, JP, 2000. Review of hydrodynamics and gas
dispersion in flotation cells on South African platinum concentrators. Minerals

Engineering, 13: 235-244.

Degner, VR and Treweek, HB, 1976. Large flotation cell design and development, in
Flotation, A. M. Gaudin Memorial Volume, Ed(s): M.C. Fuerstenau, pp 816-837,
ALME., New York.

Dickey, DS, 1992. Dimensional analysis, similarity and scale-up, in Proceedings AIChE 1992
Annual Meeting, Nov 1-6, pp 1-13, Miami Beach.

Dohi, N, Takahashi, T, Mineckawa, K and Kawase, Y, 2003. Power consumption and solid
suspension performance of large-scale impeliers in gas-liquid-solid three-phase

stirred tank reactors. Chemical Engineering Journal, Article in press: 1-12.

Dutta, NN and Pangarkar, VG, 1995. Critical impeller speed for solid suspension in multi-
impeller three-phase agitated contactors. The Canadian Journal of Chemical
Engineering, 73: 273-283.

Edwards, MF and Baker, M, 1992. Mixing of liquids in stirred tanks, in Mixing in the process
industries, Second edition, Ed(s): N. Harnby, M.F. Edwards and A.W. Nienow, pp
137-157, Butterworth Heinemann, Oxford.



220 References

Einenkel, W, 1980. Influence of physical properties and equipment design on the
homogeneity of suspensions in agitated vessels. German Chemical Engineering,
3:118-124.

Fallenius, K, 1976. Outokumpu flotation machines, in Flotation, AM Gaudin Memorial
Volume, Ed(s): M.C. Fuerstenau, pp 838-861, AIME, New York.

Frijlink, JJ, Bakker, A and Smith, JM, 1990. Suspension of solid particles with gassed
impellers. Chemical Engineering Science, 45: 1703-1718.

Gates, LE, Morton, JR and Fondy, PL, 1976. Selecting agitator systems to suspend solids in
liquids. Chemical Engineering, May: 144-150.

Gilbert, CG, 2004. Bateman Flotation Equipment: Round BQR Cells. Memorandum (30 June
2004), Germiston, South Africa.

Godfrey, JC and Zhu, ZM, 1994. Measurement of particle-liquid profiles in agitated tanks, in
Industrial Mixing Technology: Chemical and Biological Applications, AIChE
Symposium Series, Vol. 90, Ed(s): G.B. Tatterson, R.V. Calabrese and W.R.
Penney, pp 181-185, AIChE, New York.

Griffiths, M, 1998. Of Mines and Men: Australia’s 20th Century Mining Miracle 1945-19835,
Kangaroo Press, Sydney.

Harris, CC, 1974. Impeller speed, air, and power requirements in flotation machine scale-up.

International Journal of Mineral Processing, 1. 51-64.

Harris, CC, 1976. Flotation Machines, in Flotation, AM Gaudin Memorial Volume, Ed(s):
M.C. Fuerstenau, pp 753-815, AIME, New York.

Herringe, RA, 1979. The behaviour of mono-size particle slurries in fully baffled turbulent
mixers, in Proceedings Third Euro. Conf. Mixing, pp 199, in Rewatkar, 1991. op
cit.

Hicks, MT, Myers, KJ and Bakker, A, 1997. Cloud height in solids suspension agitation.

Chemical Engineering Communications, 160: 137-155.

Hirsekorn, FS and Miller, SA, 1953. Agitation of viscous solid-liquid suspensions. Chemical
Engineering Progress, 49: 459-466.

Hixson, AW et al., 1942. Industr. Engng. Chem. (Industr.), 34: 120, 194, in Zwietering, 1958.

op cit.



References 221

Holtham, P and Cheng, T, 1991. Study of the probability of detachment of particles from
bubbles in flotation. Trans. Inst. Min. Metall., 100: C147-C153,

Hudcova, V, Nienow, AW, Haozhung, W and Huoxing, L, 1987. On the effect of liquid
height on the flooding/loading transition. Chemical Engineering Science, 42: 375-
377.

Hughmark, G, 1980. Ind. Eng. Chem. Proc. Des. Dev., 19: 638, in Joshi, Pandit and Sharma,
1982. op cit.

Hui, S and Ahmed, N, 1998a. The effect of energy dissipation on coarse particle flotation, in
Innovations in Mineral and Coal Processing, Ed(s): S. Atak, G. Onal and M.
Celik, pp 113-118, Balkema, Rotterdam.

Hui, S and Ahmed, N, 1998b. The effect of vessel geometry on mixing hydrodynamics and
coarse particle flotation, in Proceedings 26th Australasian Chemical Engineering

Conference (Chemeca 98), Port Douglas, Australia.

Hui, S and Ahmed, N, 1999. Hydrodynamics of coarse particle flotation, in Proceedings 27th
Australasion Chem. Eng. Conf. (Chemeca 99), pp 1-6, Newcastle, Australia.

Jonaitis, AJ, 1999. Design, development, application, and operating benefits of 100 m’+
Outokumpu TankCeli flotation cells, in Advances in Flotation Technology, Ed(s):
B.K. Parekh and J.D. Miller, pp 371-380, SME, Littleton, USA.

Joshi, JB, 1981. Axial mixing in multiphase contactors. Trans. Inst. Chem. Eng., 59: 139, in
Rewatkar and Joshi, 1991. op cit.

Joshi, JB, Pandit, AB and Sharma, MM, 1982. Mechanically agitated gas-liquid reactors.
Chemical Engineering Science, 37: 813-844.

Kim, SD, Kim, HS and Han, JH, 1992. Axial dispersion characteristics in three-phase
fluidized beds. Chemical Engineering Science, 47: 3419-3426.

Kneule, F and Weinspach, PM, 1967. Suspendieren Von Festoffpartikeln in Ruhrgefass, in
Verfahrenstechnik, pp 531, Mains, in Rewatkar, 1991. op cit.

Kneule, F, 1956. Chem. Ing. Tech., 28: 221, in Zwietering, 1958. op cit.

Koch, P, 1975. Die einflusse der konstruktion und betriebsweise von ruhrern in mechanischen
flotationsapparaten auf die hydrodynamik des dreiphasensystem und den
flotationserfolg. Freiberg Forschunghefte, 546: 5-80, in Inoue, Nonaka and

Imaizumi, 1986. op cit.



222 References

Kolar, V, 1967a. Coll. Czech. Chem. Commun., 32:, in Chapman, Nienow, Cooke, and
Middleton, 1983a. op cit.

Kolar, V, 1967b. Coll. Czech. Chem. Commun., 32: 526, in Rieger and Ditl, 1994. op cit.

Laskowski, JS, 1993. Frothers and flotation froths. Miner. Process. Extract. Metall. Rev., 12:
61-89.

Lehn, MC, Myers, KJ and Bakker, A, 1999. Agitator design for solids suspension under
gassed conditions. The Canadian Journal of Chemical Engineering, 77. 1065-
1071.

Levenspiel, O, 1972. Nonideal flow, in Chemical Reaction Engineering, Second Edition, pp
253-325, John Wiley & Sons, New York.

Lewis, J, 2003. MSc Thesis, University of Cape Town.

Matsumoto, T, Hidaka, N, Takebayasi, Y and Morooka, S, 1997. Axial mixing and
segregation in gas-liquid-solid three-phase fluidized bed of solid particles of
different sizes and densities. Chemical Engineering Science, 52: 3961-3970.

Matsumura, M, Masunaga, H, Haraya, K and Kobayashi, J, 1978. Effect of gas entrainment
on the power requirement and gas holdup in an aerated stirred tank. J. Ferment.

Technol., 56: 128, in Mezaki, Mochizuki and Ogawa, 2000. op cit.

Mavros, P, 1992. Mixing and hydrodynamics in flotation cells, in Innovations in Flotation
Technology, Ed(s): P. Mavros and K.A. Matis, pp 211-234, Kluwer Academic
Publishers, The Netherlands.

Mehrotra, SP and Saxena, AK, 1983. Effects of process variables on the residence time
distribution of a solid in a continuously operated flotation cell. International

Journal of Mineral Processing, 10: 255-277.

Mezaki, R, Mochizuki, M and Ogawa, K, 2000. Engineering Data on Mixing, Elsevier,
Tokyo.

Middleton, JC, Edwards, MF and Stewart, L, 1980. Recommended standard terminology and
nomenclature for mixing, IChemE, Rugby, as reprinted from. The Chemical
Engineer, Aug/Sep: 557, In: Chapman, Nienow, Cooke and Middleton, 1983b. op

cit.



References 223

Mika, TS and Fuerstenau, DW, 1968. A microscopic model of the flotation process, in
Proceedings VIII Int. Miner. Process. Cong., pp 246-269, Leningrad, in Ahmed

and Jameson, 1989. op cit.

Molerus, O and Latzel, W, 1987a. Suspension of solid particles in agitated vessels -
Archimedes numbers < 40. Chemical Engineering Science, 42: 1423-1430.

Molerus, O and Latzel, W, 1987b. Suspension of solid particles in agitated vessels - IL
Archimedes numbers > 40. Reliable prediction of minimum stirrer angular

velocities. Chemical Engineering Science, 42: 1431-1437.

Musil, L and VIk, J, 1978. Suspending solid particles in an agitated conical-bottom tank.
Chemical Engineering Science, 33: 1123-1131.

Musil, L, 1976. Coll. Czech. Chem. Commun., 41: 839, in Chapman et al., 1983. op cit.

Nagata, S, 1975. Mixing principles and applications, Chapter 6, Agitation in Solid-Liquid
Systems, pp 249-295, John Wiley & Sons, New York.

Narayanan, S, Bhatia, VK, Guha, DK and Rao, MN, 1968. Chemical Engineering Science,
24: 223, in Baldi, Conti and Alaria, 1978. op cit.

Nienow, AW, 1968. Suspension of solid particles in turbine agitated baffled vessels.
Chemical Engineering Science, 23: 1453-1459.

Nienow, AW, 1992. The suspension of solid particles, in Mixing in the process industries,
Second edition, Ed(s): N. Harnby, M.F., Edwards and A.W. Nienow, pp 364-393,

Butterworth-Heinemann, Oxford.

Nienow, AW, Wisdom, DJ and Middleton, JC, 1977, in Proc. Second Conf. Mixing, pp F1-1,
BHRA, Cranfield, in Chapman, 1983. op cit.

Oldshue, JY, 1983a. Solids suspension, in Fluid Mixing Technology, Mc Graw - Hill, New
York.

Oldshue, JY, 1983b. Continuous flow in mixing processes, in Fluid Mixing Technology, pp
338-358, Mc Graw - Hill, New York.

Oldshue, JY, Herbst, NR and Post, TA, 1995. 4 guide to fluid mixing, Lightnin, New York.

Parthasarathy, R, Jameson, GJ and Ahmed, N, 1991. Bubble breakup in stirred vessels -
predicting the Sauter mean diameter. Trans IChemE, 69A: 295, In: Mezaki,
Mochizuki and Ogawa, 2000. op cit.



224 References

Patwardhan, AW and Joshi, JB, 1999. Design of gas-inducing reactors. Ind. Eng. Chem. Res.,
38: 49-80.

Raghava Rao, KSMS, Rewatkar, VB and Joshi, JB, 1988. Critical impeller speed for solid
suspension in mechanically agitated contactors. AIChE Journal, 34: 1332-1340.

Ralston, J, Fornasiero, D and Hayes, R, 1999. Bubble-particle attachment and detachment in
flotation. International Journal of Mineral Processing, 56: 133-164.

Reilly, IG, Scott, DS, De Bruijn, TIW, Maclntyre, D and Piskorz, J, 1990. Axial solids
concentrations in three-phase bubble columns. Chemical Engineering Science, 45:

2293-2299.

Rewatkar, VB and Joshi, JB, 1991. Critical impeller speed for solid suspension in
mechanically agitated three-phase reactors. 2. Mathematical model. /nd Eng Chem
Res, 30: 1784-1791.

Rewatkar, VB, Raghava Rao, KSMS and Joshi, JB, 1989. Some aspects of solids suspension
in mechanically agitated reactors. AIChE Journal, 35: 1577, in Rewatkar, 1991.
op cit.

Rewatkar, VB, Raghava Rao, KSMS and Joshi, JB, 1991. Critical impeller speed for solid

suspension in mechanically agitated three-phase reactors. 1. Experimental part.
Ind Eng Chem Res, 30: 1770-1784.

Rieger, F and Ditl, P, 1994. Suspension of solid particles. Chemical Engineering Science, 49:
2219-2227.

Rodrigues, WJ, Leal Filho, LS and Masini, EA, 2001. Hydrodynamic dimensionless
parameters and their influence on flotation performance of coarse particles.
Minerals Engineering, 14: 1047-1054.

Rogers, GFC and Mayhew, YR, 1988. Thermodynamic and Transport Properties of Fluids,
4th Edition, Basil Blackwell, Oxford, UK.

Sawant, SB and Joshi, JB, 1979. Critical impeller speed for the onset of gas induction in gas
inducing types of agitated contactors. Chemical Engineering Journal, 18: 87.

Schubert, H and Bischofberger, C, 1978. On the hydrodynamics of flotation machines.

International Journal of Mineral Processing, 5: 131-142, .



References 225

Schubert, H and Bischofberger, C, 1981. On the optimization of hydrodynamics in flotation
processes, in Proceedings Thirteenth Int. Miner. Process. Congr., Warsaw, June
4-9, 1979, Part B, pp 1261-1284, in Hui and Ahmed, 1998. op cit.

Schubert, H and Bischofberger, C, 1998. On the microprocesses air dispersion and particle-
bubble attachment in flotation machines as well as consequences for the scale-up

of macroprocesses. International Journal of Mineral Processing, 52: 245-259.

Schubert, H, 1985. On some aspects of the hydrodynamics of flotation processes, in Flotation
of Sulphide Minerals, Ed(s): K.S.E. Forssberg, pp 337-355, Elsevier, Amsterdam.

Schubert, H, 1999. On the turbulence-controlled microprocesses in flotation machines.

International Journal of Mineral Processing, 56: 257-276.

Schubert, H, Bischofberger, C and Koch, P, 1982a. On the influence of the hydrodynamics in
flotation processes. Aufbereitungs-Technik, 16: 306-315.

Schubert, H, Bischofberger, C and Koch, P, 1982b. On the influence of hydrodynamics in
flotation processes, in Proceedings XIV International Mineral Processing

Congress, pp 17, Toronto, Canada.

Schulze, H, 1989. Hydrodynamics of bubble-mineral particle collisions. Miner. Process.
Extract. Metall. Rev., 5: 43-76.

Schulze, HJ, 1982. Dimensionless number and approximate calculation of the upper particle
size of floatability in flotation machines. International Journal of Mineral

Processing, 9: 321-328.

Schulze, HJ, 1984. Physico-Chemical Elementary Processes in Flotation, Elsevier,

Amsterdam.

Sharma, RN and Shaikh, AA, 2003. Solids suspension in stirred tanks with pitched blade
turbines. Chemical Engineering Science, 58: 2123-2140.

Shaw, JA, 1992. Succeed at Solids Suspension. Chemical Engineering Progress, 88: 34-41, in
Hicks, Myers and Bakker, 1997. op cit.

Skillen, A, 1993. Froth flotation - New technologies bubbling under. Ind. Miner., Feb: 48-54.

Smith, DN and Ruether, JA, 1985. Dispersed solids dynamics in a slurry bubble column.
Chemical Engineering Science, 40: 741-754.



226 References

Soong, Y, Gamwo, IK, Blackwell, AG, Schehl, RR and Zarochak, MF, 1995. Measurements
of solids concentration in a three-phase reactor by an ultrasonic technique. The

Chemical Engineering Journal, 60: 161-167.

Stanley, GG, 1987. Plant Design and Commissioning, in The Extractive Metallurgy of Gold in
South Africa, Vol. 2, SAIMM Monograph Series M7, The Chamber of Mines of
South Africa, Ed(s): G. G. Stanley, pp 966, Johannesburg.

Staudinger, G and Moser, F, 1976. Chem. Ing. Tech., 48: 1071, in Bohnet and Niesmak, 1980.

op cit.

Stolojanu, V and Prakash, A, 1997. Hydrodynamic measurements in a slurry bubble column
using ultrasonic techniques. Chemical Engineering Science, 52: 4225-4230.

Taggart, AF, 1945. Handbook of Mineral Dressing, Ores and Industrial Minerals (2nd
Edition), Wiley, New York.

Tatterson, GB, 1991. Fluid mixing and gas dispersion in agitated tanks, Chapter 1, Mixing
geometries, pp 1-17, McGraw-Hill, New York.

Thomas, DG, 1965. Transport characteristics of suspension: VIII. A note on the viscosity of
Newtonian suspensions of uniform spherical particles. Journal of Colloid Science,

20: 267-277.

Voit, H and Mersmann, A, 1985. Chemical Engineering Technology, 57: 692, in Rieger and
Ditl, 1994. op cit.

Wang, M, Dorward, A, Vlaev, D and Mann, R, 1999. Measurements of gas-liquid mixing in a
stirred vessel using electrical resistance tomography (ERT), in Proceedings 1%
World Congress on Industrial Process Tomography, pp 78-83, Buxton, Greater

Manchester.

Warmoeskerken, MMCG and Smith, JM, 1985. Flooding of disc turbines in gas-liquid
dispersions: A new description of the phenomenon. Chemical Engineering

Science, 40: 2063-2071, in Wong et al., 1987. op cit.

Weber, A, Walker, C, Redden, L, Lelinski, D and Ware, S, 1999. Scale-up and design of
large-scale flotation equipment, in Advances in Flotation Technology, Ed(s): B.K.
Parekh and J.D. Miller, pp 353-369, SME, Littleton, USA.

Weisman, J and Efferding, LE, 1960. Suspension of slurries by mechanical mixers. AIChE
Journal, 6: 419-426.



References 227

Weiss, T and Schubert, H, 1989. On optimum hydrodynamics of coarse particle flotation.
Aufbereitungs-Technik, 30: 657-663.

White, AM and Summerford, SD, 1933. Industr. Engng. Chem. (Industr.), 25: 1025, in
Zwietering, 1958. op cit.

Wichterle, K, 1988. Conditions for suspension of solids in agitated vessels. Chemical
Engineering Science, 43: 467-471.

Wills, BA, 1997. Mineral Processing Technology, Sixth Edition, pp 258-341, Butterworth

Heinemann, Oxford.

Wong, CW, Wang, JP and Huang, ST, 1987. Investigations of fluid dynamics in mechanically
stirred aerated slurry reactors. The Canadian Journal of Chemical Engineering,
65: 412-419.

Woodburn, ET, King, RP and Colborn, RP, 1971. The effect of particle size distribution on
the performance of a phosphate flotation process. Metallurgical Transactions, 2:
3163-3174.

Yianatos, J, Bergh, L, Condori, P and Aguilera, J, 2001. Hydrodynamic and metallurgical
characterization of industrial flotation banks for control purposes. Minerals
Engineering, 14: 1033-1046.

Young, P, 1982. Flotation Machines. Mining Magazine, 146: 35-59.

Yung, CN, Wong, CW and Chang, CL, 1979. Gas holdup and aerated power consumption in
mechanically stirred tanks. The Canadian Journal of Chemical Engineering, 57:
672, in Mezaki, Mochizuki and Ogawa, 2000. op cit.

Zwietering, TN, 1958. Suspending of solid particles in liquid by agitators. Chemical
Engineering Science, 8: 244-253.






APPENDIX A. CRITICAL IMPELLER SPEED DATA

APPENDIX A. CRITICAL IMPELLER SPEED DATA..... oo 229
Al CRITICAL IMPELLER SPEED RAW DATA 230
A2 CRITICAL IMPELLER SPEED TWO-PHASE DATA 233
A2 CRITICAL IMPELLER SPEED THREE-PHASE DATA 237
A4 CRITICAL IMPELLER SPEED TWO- AND THREE-PHASE DATA 242

AS MULTIPLE LINEAR REGRESSION RESULTS 245




230 Appendix A
Al CRITICAL IMPELLER SPEED RAW DATA
Table A.1 Critical Impeller Speed Raw Data
dp, dp,
Run Njs min max X ps pl. TL pl vl JG G
x10° | x10®
# pm um um % kgl kg °C kgimis m2is cmls Y%
-3 480 106 150 5.0 2.65 1.000 16.0 1.107 1.107 0.0 0.0
-2 560 106 150 5.0 2.65 1.000 19.0 1.026 1.026 10 104
-1 755 106 180 5.0 285 1.000 18.7 1.033 1.033 1.5 13.7
1 478 106 150 5.0 2.65 1.000 24.6 0.893 0.893 0.0 00
2 570 106 150 50 2.85 1.000 26.0 0.864 0.864 1.0 10.7
2* 570 106 150 5.0 2.65 1.000 21.9 0.954 0.954 1.0 10.4
i* 487 106 150 5.0 2.65 1.000 25.0 0.885 0.885 0.0 0.0
2* 600 106 150 50 2.65 1.000 247 0.891 0.891 1.0 12.6
3 798 1086 150 5.0 2.65 1.000 24.8 0.893 0.893 1.5 16.7
4 800 106 150 50 2.65 1.000 25.0 0.885 0.885 20 216
5 525 106 150 10.0 2.65 1.000 286.1 0.862 0.862 0.0 0.0
6 665 106 150 10.0 2.65 1.000 255 0.875 0.875 1.0 12.2
7 845 1086 150 10.0 2.65 1.000 248 0.889 0.889 1.5 15.9
8 927 106 180 10.0 2.65 1.000 248 0.889 0.889 2.0 18.4
9 545 108 150 15.0 2.68 1.000 255 0.875 0.875 0.0 0.0
10 695 106 150 15.0 2.65 1.000 25.6 0.873 0.873 1.0 104
11 875 106 160 15.0 2.65 1.000 259 0.866 0.866 1.5 16.9
12 1010 106 150 15.0 2.65 1.000 249 0.887 0.887 2.0 221
13 587 106 150 19.9 2.65 1.000 24.9 0.887 0.887 0.0 0.0
14 865 106 150 19.9 2.65 1.000 24.5 0.896 0.896 10 14.4
15 985 106 180 19.9 2.65 1.000 24.7 0.891 0.891 1.5 17.9
16 1048 106 150 19.9 2.65 1.000 26.4 0.856 0.856 20 220
17 585 150 250 5.0 2.65 1.000 26.5 0.854 0.854 0.0 0.0
18 777 150 250 5.0 2.65 1.000 25.3 0.879 0.879 1.0 14.6
19 920 160 250 5.0 2.65 1.000 247 0.891 0.891 1.6 18.6
20 975 150 250 5.0 2.65 1.000 26.1 0.862 0.862 2.0 21.5
21 625 150 250 100 2.65 1.000 252 0.881 0.881 0.0 0.0
22 850 150 250 10.0 2.65 1.000 26.6 0.852 0.852 1.0 13.3
23 960 150 250 100 2.65 1.000 25.5 0.875 0.875 1.5 17.1
24 1035 150 250 100 2.65 1.000 250 0.885 0.885 2.0 206
25 656 150 250 15.0 2.65 1.000 26.3 0.858 0.858 0.0 0.0
26 937 150 250 15.0 2.65 1.000 26.3 0.858 0.858 1.0 14.4
27 1030 150 250 16.0 2.85 1.000 253 0.879 0.879 1.5 18.1
28 1115 180 250 15.0 2.65 1.000 25.1 0.883 0.883 2.0 21.9
29 675 150 250 19.9 2.65 1.000 26.4 0.856 0.856 0.0 0.0
30 1016 150 250 19.9 2.65 1.000 26.3 0.858 0.858 1.0 15.0
3o* 1012 150 250 19.9 2.65 1.000 26.5 0.854 0.854 1.0 13.9
31 1107 150 250 19.9 2.65 1.000 24.8 0.889 0.889 1.5 17.3
32 1100 150 250 19.9 2.65 1.000 25.1 0.883 0.883 20 21.5
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dp, dp,
Run Njs min max X [3] pl T pl vi JG &G
x16? x10*®
# rpm am pm % kgl kgh °c kgimis | m2ls cmis %
29* 670 150 250 19.9 2.65 1.000 16.5 1.093 1.093 0.0 0.0
30° 980 150 250 19.9 2.85 1.000 16.5 1.083 1.083 1.0 15.8
K 1060 150 250 19.9 2.65 1.000 16.5 1.093 1.093 1.8 20.0
33 756 250 500 5.0 2.65 1.000 26.5 0.854 0.854 0.0 0.0
34 991 250 500 5.0 2.65 1.000 28.2 0.822 0.822 1.0
35 1105 250 500 50 2.65 1.000 28.4 0.818 0.818 1.5
37 820 250 500 10.0 2.865 1.000 255 0.875 0.875 0.0 0.0
38 1089 250 500 10.0 2.65 1.000 27.4 0.837 0.837 1.0 16.7
41 850 250 500 15.0 2.65 1.000 25.3 0.879 0.879 0.0 0.0
48 815 500 850 5.0 2.65 1.000 25.0 0.885 0.885 0.0 0.0
50 1030 500 850 5.0 2.65 1.000 25.7 0.870 0.870 1.0 15.9
53 900 500 850 10.0 2.65 1.000 24.6 0.883 0.893 0.0 0.0
65 440 758 106 5.0 2.65 1.000 26.0 0.884 0.864 0.0 0.0
66 526 75 106 5.0 2.65 1.000 26.0 0.864 0.864 1.0 0.0
67 750 758 106 5.0 2.65 1.000 25.0 0.885 0.885 1.5 15.4
68 855 75 106 50 2.65 1.000 24.0 0.906 0.906 2.0 204
69 485 758 106 10.0 2.65 1.000 258 0.868 0.868 0.0 0.0
70 600 75 106 10.0 2.65 1.000 25.8 0.868 0.868 1.0 11.2
71 795 75 106 10.0 2.65 1.000 24.8 0.889 0.889 1.5 15.5
72 885 75 106 10.0 2.65 1.000 23.9 0.909 0.9098 2.0 19.4
73 505 75 106 15.0 2.65 1.000 24.9 0.887 0.887 0.0 0.0
74 670 75 106 15.0 265 1.000 25.0 0.885 0.885 1.0 12.2
75 847 75 106 15.0 2.65 1.000 245 0.806 0.896 1.5 16.7
76 965 75 106 15.0 2.65 1.000 245 0.896 0.896 20 223
77 500 75 106 20.0 2.65 1.000 249 0.887 0.887 0.0 0.0
78 782 75 106 200 2.65 1.000 250 0.885 0.885 1.0 13.7
79 805 75 106 200 265 1.000 25.5 0.875 0.875 1.5 18.1
77 505 75 106 20.0 2.65 1.000 17.0 1.07¢ 1.079 0.0 0.0
78* 770 78 106 20.0 2.65 1.000 17.5 1.065 1.065 1.0 15.0
78" 8920 75 106 20.0 2.65 1.000 180 1.052 1.062 1.5 19.2
80 1000 75 106 20.0 2.65 1.000 25.5 0.875 0.875 20 23.1
81 663 75 106 5.0 420 1.000 258 0.868 0.868 0.0 0.0
82 983 75 106 50 4.20 1.000 27.6 0.833 0.833 1.0 15.8
83 1085 75 106 5.0 4.20 1.000 27.9 0.827 0.827 1.5 20.0
85 750 75 106 100 4.20 1.000 26.0 0.864 0.864 0.0 0.0
86 1076 75 106 10.0 4.20 1.000 26.9 0.846 0.846 1.0 16.7
86" 1084 75 106 10.0 4.20 1.000 2358 0.817 0.917 1.0 17.7
89 778 75 106 16.0 4.20 1.000 25.0 0.885 0.885 0.0 0.0
80 1095 75 106 15.0 4.20 1.000 250 0.885 0.885 1.0 17.2
a7 735 75 106 5.0 4.70 1.000 24.5 0.896 0.896 0.0 0.0
98 1045 758 106 5.0 4,70 1.000 255 0.875 0.875 1.0 16.9
101 805 75 106 10.0 4.70 1.000 28.0 0.826 0.826 0.0 0.0
105 835 75 106 15.0 470 1.000 285 0.816 0.816 0.0 0.0
113 480 75 106 18.6 2.65 1.096 255 1.923 1.754 0.0 0.0
114 740 75 106 18.6 2.65 1.096 25.5 1.923 1.754 1.0 20.0




232 Appendix A

dp, dp,
Run Njs min max X pS pl. TL ph vl JG DG
x10° x10°

# rpm pm pm % ket kgt c kgimis | mis cmis %
115 494 75 106 17.7 2.65 1.160 255 4.089 3.526 0.0 0.0
116 870 75 106 17.7 2.65 1.160 255 4.089 3.526 1.0 18.2
119 560 150 250 18.6 2.65 1.096 21.0 2.145 1.957 0.0 0.0
120 930 150 250 18.6 2.65 1.098 222 2.082 1.899 1.0 26.0
121 510 150 250 17.7 2.65 1.160 240 4.238 3.655 0.0 0.0
122 920 150 250 17.7 2.65 1.160 25.2 4.118 3.552 1.0 22.9
125 510 150 250 17.2 2.65 1.206 257 8.421 6.980 0.0 0.0
126 830 150 250 17.2 2.65 1.206 258 8.401 6.964 1.0 21.7

Note: Phase I: Run 1-80; Phase II: Run 81-112; Phase III: Run 113-126; * - indicates duplicate nuns.
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A2

CRITICAL IMPELLER SPEED TWO-PHASE DATA

Table A.2 Ungassed Critical Impeller Speed Data (All Experimental Phases, 1, Ii, IIT)

(pS-
g+ Run *' Njs dp X pS pL pL)pL | vLiv, JG
rpm pm % kghl kgl - - cmis
1 -3 480 128 5.0 2.65 1.00 165| 1.107 0.0
2 1 478 128 5.0 2.65 1.00 165| 0.893 0.0
3 1 487 128 5.0 2.65 1.00 1.65| 0.885 0.0
4 525 128 10.0 2.65 1.00 165| 0.862 0.0
5 545 128 15.0 2.65 1.00 165| 0875 0.0
6 13 587 128 19.9 2.65 1.00 165| 0.887 0.0
7 17 585 200 5.0 2.65 1.00 1.65| 0.854 0.0
8 21 625 200 10.0 2.65 1.00 165 0.881 0.0
9 25 656 200 15.0 2.65 1.00 1.65| 0.858 0.0
10 29 675 200 19.9 2.65 1.00 165| 0.856 0.0
11 29° 670 200 19.9 2.65 1.00 165 1.093 0.0
12 33 756 375 5.0 2.65 1.00 165| 0.854 0.0
13 37 820 375 10.0 2.65 1.00 165| 0875 0.0
14 41 850 375 15.0 2.65 1.00 165| 0.879 0.0
15 49 815 675 5.0 2.65 1.00 1.65| 0.885 0.0
16 53 900 675 10.0 2.65 1.00 165 0893 0.0
17 65 440 91 5.0 2.65 1.00 165| 0.864 0.0
18 69 485 91 10.0 2.65 1.00 165| 0668 0.0
19 73 505 91 15.0 2.65 1.00 165 0.887 0.0
20 77 500 91 20.0 2.65 1.00 165| 0887 0.0
21 77* 505 91 20.0 2.65 1.00 165| 1.079 0.0
22 81 663 91 5.0 4.20 1.00 3.20] 0.868 0.0
23 85 750 91 10.0 4.20 1.00 3.20] 0864 0.0
24 89 778 91 15.0 420 1.00 3.20| 0885 0.0
25 97 735 91 5.0 470 1.00 370 089 0.0
26 101 805 91 10.0 4.70 1.00 370 0.826 0.0
27 105 835 91 15.0 4.70 1.00 3.70] 0816 0.0
28 113 480 91 18.6 2.65 1.10 142 1.754 0.0
29 115 494 91 17.7 2.65 1.16 129 | 3.526 0.0
30 119 560 200 18.6 2.65 1.10 142 1.957 0.0
31 121 510 200 17.7 2.65 1.16 129 3.655 0.0
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(pS-
#* Run *' Njs dp X pS pL pL¥pL | vLiv, JG
rpm pm Ye kgl kahl - - cmls
32 125 510 200 17.2 2.65 1.21 1.20 6.980 0.0

“1: Exp phase I: 17 runs out of 20 planned, plus 4 repeats, resulting in 21 tests; Exp phase II: 6 additional
ungassed runs out of 8 planned; Exp phase III: 5 additonal ungassed runs out of 6 planned.

Table A.3 Ungassed Critical Impeller Speed Data (Experimental Phase I): Effect of

Particle Size
{(pS-
# Run Nis dp X pSs plL. plipl viiv, JG
rpm pim % kg kght - - cmis
1 65 440 91 5.0 2.65 1.00 1.65 0.864 0.0
2 -3 480 128 5.0 2.65 1.00 1.65 1.107 0.0
3 1 478 128 5.0 2.65 1.00 1.65 0.893 0.0
4 1* 487 128 5.0 2.65 1.00 1.65 0.885 0.0
5 17 585 200 5.0 265 1.00 1.65 0.854 0.0
6 33 756 375 5.0 265 1.00 1.65 0.854 0.0
7 49 815 675 5.0 2.65 1.00 1.65 0.885 0.0
8 69 485 91 10.0 2.65 1.00 1.65 0.868 0.0
9 5 525 128 10.0 2.65 1.00 1.65 0.862 0.0
10 21 625 200 10.0 2.65 1.00 1.65 0.881 0.0
11 37 820 3rs 10.0 2.85 1.00 1.65 0.875 0.0
12 53 800 675 10.0 265 1.00 1.65 0.893 0.0
13 73 505 a1 15.0 2.65 1.00 1.65 0.887 0.0
14 9 545 128 15.0 2.65 1.00 1.65 0.875 0.0
15 25 656 200 15.0 2.65 1.00 1.65 0.858 0.0
16 41 850 375 15.0 2.65 1.00 165 0.879 0.0
17 77 500 91 20.0 2.65 1.00 1.65 0.887 0.0
18 77" 505 91 20.0 2.65 1.00 1.65 1.079 0.0
19 13 587 128 19.9 2.65 1.00 1.65 0.887 0.0
20 29 675 200 19.9 2.65 1.00 1.65 0.856 0.0
21 29* 670 200 19.9 265 1.00 1.65 1.093 0.0
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Table A.4 Ungassed Critical Impeller Speed Data (Experimental Phase I): Effect of

Solids Concentration

(pS-
# Run Njs dp X pS pl. plipl vidvy JG
rpm B Yo kg kan - - cmis
1 65 440 91 5.0 2.65 1.00 1.65 0.864 0.0
2 69 485 N 10.0 2.65 1.00 1.65 0.868 0.0
3 73 505 91 15.0 2.65 1.00 1.65 0.887 0.0
4 77 500 91 20.0 2.65 1.00 1.65 0.887 0.0
5 77 505 o1 20.0 2.85 1.00 1.65 1.079 0.0
6 -3 480 128 5.0 2.65 1.00 1.65 1.107 0.0
7 1 478 128 5.0 2.65 1.00 1.65 0.893 0.0
8 1* 487 128 50 2.65 1.00 1.65 0.885 0.0
9 525 128 10.0 2.65 1.00 1.65 0.862 0.0
10 545 128 15.0 2.65 1.00 1.65 0.875 0.0
11 13 587 128 19.9 2.65 1.00 1.65 0.887 0.0
12 17 585 200 5.0 2.65 1.00 1.65 0.854 0.0
13 21 625 200 10.0 2.65 1.00 1.65 0.881 0.0
14 25 656 200 15.0 2.65 1.00 1.65 0.858 0.0
15 29 675 200 19.9 2.65 1.00 1.65 0.856 0.0
16 29" 670 200 18.9 2.65 1.00 1.65 1.093 0.0
17 33 756 375 5.0 2.65 1.00 1.65 0.854 0.0
18 37 820 375 10.0 2.65 1.00 1.65 0.875 0.0
19 41 850 375 15.0 2.65 1.00 1.65 0.879 0.0
20 49 815 675 5.0 2.65 1.00 1.65 0.885 0.0
21 53 900 675 10.0 2.65 1.00 1.65 0.893 0.0

Table A.S Ungassed Critical Impeller Speed Data (Experimental Phases I and II):
Effect of Solids Density

(pS-
# Run Njs dp X 58 pL plipl vivy JG
pm m %o kg/l kght - - cmis
1 65 440 91 5.0 2.65 1.00 1.65 0.864 0.0
2 81 663 91 50 4.20 1.00 3.20 0.868 0.0
3 97 735 91 50 4.70 1.00 3.70 0.896 0.0
4 69 485 91 10.0 2.65 1.00 1.65 0.868 0.0
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(pS-
# Run Wis dp X pS pl. pl.)pl. viiv,, JG
rpm i % kofl kgl - - cmifs
5 85 750 91 10.0 4.20 1.00 3.20 0.864 0.0
6 101 805 91 10.0 4.70 1.00 3.70 0.826 0.0
7 73 505 91 15.0 2.65 1.00 1.68 0.887 0.0
8 89 778 91 15.0 4.20 1.00 3.20 0.885 0.0
9 105 835 91 15.0 4.70 1.00 3.7¢ 0.816 0.0

Table A.6 Ungassed Critical Impeller Speed Data (Experimental Phases I and 11I):
Effect of Liquid Kinematic Viscosity

(pS-
# Run Nis dp X ps pl plifpl. | viliv, 4G Njs#
rpm Lim % kght kall - - cm/s
1 77 500 91 20.0 2.65 1.00 1.65 0.887 0.0 251
2 7 505 91 20.0 2.65 1.00 1.65 1.079 0.0 254
3 113 480 91 18.6 2.65 1.10 1.42 1.754 0.0 268
4 115 494 91 17.7 2.65 1.16 1.29 3.526 0.0 296
5 29 675 200 19.9 2.65 1.00 1.65 0.856 0.0 340
6 29* 670 200 19.9 2.65 1.00 1.65 1.093 0.0 337
7 119 560 200 18.6 2.685 1.10 1.42 1.957 0.0 313
8 121 510 200 17.7 2.65 1.16 1.29 3.655 0.0 305
9 125 510 200 17.2 2.65 1.21 1.20 6.980 0.0 321

Note: Njs” = Njs/[(ps-pr)/pLl” ™", Njs” is needed to remove the effect of the simultaneous variation in the relative
solid-liquid density difference due to the addition of sugar for the liquid viscosity work.
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A3

CRITICAL IMPELLER SPEED THREE-PHASE DATA

Table A.7 Gassed Critical Impeller Speed Data (Experimental Phases I, II, and III)

(pS-
# Run Njs dp X plipl | viiv, JG Misu ANjs | Njs/Njsu
rpm pirn % . - cmis rpm o -

1 -2 560 128 5.0 1651 1.026 1.0 480 80 1.17
2 -1 755 128 5.0 1.65] 1.083 1.5 480 275 1.57
3 2 570 128 5.0 1.65 | 0.864 1.0 478 92 1.19
4 2* 570 128 5.0 1.65 | 0.954 1.0 478 92 1.19
5 2* 600 128 &80 1.65 | 0.891 1.0 487 113 1.23
6 3 798 128 5.0 1.65 | 0.893 1.5 487 311 1.64
7 4 900 128 5.0 1.65 | 0.885 2.0 487 413 1.85
8 6 665 128 10.0 1.65| 0.875 1.0 525 140 1.27
9 7 845 128 10.0 1.65 | 0.889 1.5 525 320 1.61
10 8 927 128 10.0 1.65 | 0.889 2.0 525 402 1.77
11 10 695 128 15.0 1.65 | 0.873 1.0 545 150 1.28
12 11 875 128 15.0 1.65 | 0.866 1.5 545 330 1.81
13 12 1010 128 15.0 1.65 | 0.887 2.0 545 465 1.85
14 14 865 128 19.9 1651 0.866 1.0 587 278 1.47
15 15 985 128 18.9 1.65 | 0.891 1.5 587 398 1.68
16 16 1048 128 19.8 1.65 | 0.856 2.0 587 461 1.79
17 18 77 200 5.0 1.65| 0.879 1.0 585 192 1.33
18 19 920 200 5.0 1.65 | 0.891 1.5 585 335 1.57
19 20 975 200 5.0 1.65 | 0.862 2.0 585 390 1.67
20 22 850 200 10.0 1.65 | 0.852 1.0 625 225 1.36
21 23 960 200 10.0 1851 0.875 1.5 625 335 1.54
22 241 1035 200 10.0 1.65 | 0.885 2.0 625 410 1.66
23 26 937 200 16.0 1.85 | 0.858 1.0 656 281 1.43
24 27 1030 200 15.0 1.65| 0.879 1.5 656 374 1.57
25 281 1115 200 15.0 1.65| 0.883 2.0 656 459 1.70
26 30 1016 200 19.9 1.65 | 0.858 1.0 675 341 1.51
27 30" 1012 200 19.9 1.65 | 0.854 1.0 675 337 1.50
28 31 1107 200 18.9 1.65| 0.889 1.8 675 432 1.64
29 32 1100 200 19.9 1.65| 0.883 2.0 675 425 1.63
30 30" 990 200 19.9 1.65 | 1.093 1.0 670 320 1.48
31 31* 1060 200 19.9 1.65 | 1.093 1.5 870 390 1.58
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(pS-
# Run Nis dp X pLipl. | vidv, JG Nisu ANjs | Njs/Njsu
Fipim m % - - cmis rpm rpm =

32 34 991 375 5.0 1.65 | 0.822 1.0 756 235 1.31
33 35| 1105 375 5.0 1.65 | 0.818 1.5 756 349 1.46
34 38 1089 375 10.0 1.65| 0.837 1.0 820 269 1.33
35 50 1030 675 5.0 1.65| 0.870 1.0 815 215 1.26
36 66 526 91 5.0 1.65 | 0.864 1.0 440 86 1.20
37 67 750 91 5.0 1.65 | 0.885 1.5 440 310 1.70
38 68 855 91 5.0 1.65] 0.906 2.0 440 415 1.94
39 70 600 91 10.0 1.65 | 0.868 1.0 485 115 1.24
40 71 785 91 10.0 1.65 | 0.889 1.5 485 310 1.64
41 72 885 91 10.0 1.65 | 0.909 2.0 485 400 1.82
42 74 670 91 15.0 1.65 | 0885 1.0 505 165 1.33
43 75 847 91 15.0 1.65| 0.896 1.5 505 342 1.68
44 76 965 91 15.0 1.85 | 0.896 2.0 505 460 1.91
45 78 782 91 20.0 1.65| 0.885 1.0 500 282 1.56
46 78 905 91 20.0 1.65| 0.875 1.5 500 405 1.81
47 78* 770 91 20.0 1.65| 1.085 1.0 505 265 1.52
48 79* 920 91 20.0 1.66 | 1.052 1.5 505 415 1.82
49 80 1000 91 20.0 1.65| 0.875 20 508 495 1.98
50 82 983 91 50 3.20| 0833 1.0 663 320 1.48
51 83 1085 91 5.0 3.20| 0.827 1.5 663 422 1.64
52 86 1076 91 10.0 3.20| 0846 1.0 750 326 1.43
53 86* 1084 91 10.0 3.20| 0917 1.0 750 334 1.45
54 90 1085 91 15.0 3.20| 0.885 1.0 778 317 1.41
55 98 1045 91 5.0 3.70| 0875 1.0 735 310 1.42
56 114 740 91 18.6 1.42 | 1.754 1.0 480 260 1.54
57 116 870 91 17.7 129 | 3.526 1.0 494 376 1.76
58 120 930 200 18.6 142 | 1.899 1.0 560 370 1.66
59 122 920 200 17.7 129 | 3.552 1.0 510 410 1.80
60 126 830 200 17.2 1.20 | 6.964 1.0 510 320 1.63
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Table A.8 Gassed Critical Impeller Speed Data, J; = 1.0 cm/s

(pS-
#7 |Run™ | Njs dp X | pl)pL | vilv, | JG Njsu | ANjs | Njs/Njsu
rpm pm % - . cm/fs rpm rpm -

1 -2° 560 | 128 50| 165| 1.026 1.0 480 80 1.17
2 2 570 128 50| 1.65| 0.864 1.0 478 92 1.19
3 2* 570 | 128 50| 165 0.954 1.0 478 92 1.19
4 2* 600 | 128 50| 165 0891 1.0 487 113 1.23
5 6 665| 128| 100| 1.65| 0.875 1.0 525 140 1.27
6 10 695 128| 150 1.65| 0873 1.0 545 150 1.28
7 14 865 | 128| 19.9| 165| 0.896 1.0 587 278 1.47
8 18 777 | 200 50| 165 0.879 1.0 585 192 1.33
9 22 850 200| 10.0] 1.65| 0.852 1.0 625 225 1.36
10 26 937 | 200| 150| 1.65| 0.858 1.0 656 281 1.43
11 30| 1016| 200| 19.9] 1.65| 0.858 1.0 675 341 1.51
12 30| 1012| 200 19.9| 1.65| 0.854 1.0 675 337 1.50
13 30* 990 | 200| 19.9| 1.65| 1.003 1.0 670 320" 1.48
14 34 991 375 50| 165| 0822 1.0 756 235 1.31
15 38| 1089 375 10.0] 1.65| 0.837 1.0 820 269 1.33
16 50| 1030| 675 50| 1.65| 0.870 1.0 815 215 1.26
17 66 526 91 50| 1.65| 0.864 1.0 440 86 1.20
18 70 600 91| 10.0] 165| 0.868 1.0 485 115 1.24
19 74 670 91| 150 1.65| 0885 1.0 505 165 1.33
20 78 782 91| 200 165 0885 1.0 500 282 1.56
21 78* 770 91| 200| 165| 1.065 1.0 505 265 1.52
22 82 083 91 50 320 0.833 1.0 663 320 1.48
23 86| 1076 91| 100| 320 0.846 1.0 750 326 1.43
24 86" | 1084 91| 10.0| 320 0917 1.0 750 334 1.45
25 90| 10095 ot | 15.0] 3.20| 0.885 1.0 778 317 1.41
26 98| 1045 91 50| 3.70| 0.875 1.0 735 310 1.42
27 114 740 91| 186| 1.42| 1.754 1.0 480 260 1.54
28 116 870 91| 177 1.29 | 3.526 1.0 494 376 1.76
29 120 930 | 200| 186 1.42| 1.899 1.0 560 370 1.66
30 122 920 200 177 129 | 3.552 1.0 510 410 1.80
31 126 830 200| 17.2 1.20 | 6.964 1.0 510 320 1.63

"I Include 7 repeat runs (*); thus 31-7=24 test done at JG = 1.0 cm/s; Phase I: 15 out of 20 tests planned; Phase
IE: 5 out of 8 planned; Phase IIl: 5 out of 6 tests planned.
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Table A.9 Gassed Critical Impeller Speed Data, J; = 1.5 cm/s
(pS-
#' | Run™ | Njs dp X | pLipL | viiv, | JG Njsu | ANjs | Njs/Njsu
rpim pm % - - omis rpm pm -
1 -1* 755 128 50 1651 1.033 1.5 480 278 1.57
2 3 798 128 50 1.65 ) 0.893 1.5 487 311 1.64
3 7 845 128 10.0 1.65| 0.889 1.5 525 320 1.61
4 11 875 148 15.0 1.65 | 0.866 1.5 545 330 1.61
5 15 o985 128 19.8 1.65 | 0.891 1.5 587 398 1.68
6 19 920 200 5.0 165 | 0.8 1.5 585 335 1.57
7 23 960 200 10.0 165 | 0.875 1.5 625 335 1.54
8 27 1030 200 15.0 1.65 1 0.879 1.5 656 374 1.57
9 31 1107 200 19.9 1.66 1 0889 1.5 675 432 1.64
10 31 1060 200 8.8 165 1.093 1.5 670 390 1.58
11 35 1105 375 50 1.65 | 0.818 1.5 756 349 1.46
12 67 750 81 50 1.65 | 0.885 1.5 440 310 1.70
13 71 795 91 10.0 1.65 | 0.889 1.5 485 310 1.84
14 75 847 91 15.0 1.65 | 0.896 1.5 505 342 1.68
15 79 905 91 20.0 165 | 0.875 1.5 500 405 1.81
18 79* 920 91 20.0 1.65 | 1.052 1.5 508 415 1.82
17 83 1085 91 50 3.20 | 0.827 1.5 663 422 1.64

"I: Include 3 repeat runs; thus 17-3=14 tests done at J = 1.5 cm/s; Phase I: 13 out of 20 tests planned; Phase II: 1
out of 8 tests planned; Phase III: No viscosity work planned at J; = 1.5 cm/s
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Table A.10 Gassed Critical Impeller Speed Data, Jg = 2.0 cm/s

(pS-
#' |Run” | Njs dp X | plypL | viv, | JG Njsu | ANjs | Njs/Njsu
rpm um Y% - - cmis rpim rpm “

1 900 128 50| 165 0.885 2.0 487 413 1.85
2 927 128| 10.0| 165 0.889 20 525 402 1.77
3 12| 1010 128 15.0| 165 0.887 2.0 545 465 1.85
4 16| 1048 128| 19.9| 1.65| 0.856 2.0 587 461 1.79
5 20 975 | 200 50| 165| 0.862 2.0 585 390 1.67
6 241 1035| 200| 10.0] 165] 0.885 2.0 625 410 1.66
7 28| 11150 200 150 1.65| 0.883 2.0 656 459 1.70
8 32| 1100 =200 19.9| 1.65| 0.883 2.0 675 425 1.63
9 68 855 91 50| 1.65| 0.906 20 440 415 1.94
10 72 885 91| 10.0| 1.65| 0.909 2.0 485 400 1.82
11 76 965 91| 150 1.65| 0.896 2.0 505 460 1.91
12 80| 1000 91| 200| 165| 0875 2.0 505 495 1.98

7112 tests done at J; = 2.0 cm/s; Phase I: 12 out of 20 tests planned; Phase II: 0 out of 8 tests planned; Phase III:
No viscosity work planned at J; = 2.0 co/'s
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Appendix A

A4

CRITICAL IMPELLER SPEED TWOQO- AND THREE-PHASE DATA

Table A.11 Gassed and Ungassed Critical Impeller Speed Data (Experimental Phases I,

i1, and III)
(pS-
# Run Njs dp X pl.ypl | vifvy JG Njsu ANjs | Njs/Njsu
rpm i % - - cm/s rpm rpm -

1 -3 480 128 50 1.65 | 1.107 0.0 480 0 1.00
2 -2 560 128 50 1.65| 1.026 1.0 480 80 1.17
3 -1 755 128 50 165 1.033 1.5 480 275 1.57
4 1 478 128 5.0 165 | 0.893 0.0 478 0 1.00
5 2 570 128 5.0 1.65 ] 0.864 1.0 478 92 1.19
6 2* 570 128 50 1.65 | 0.954 1.0 478 92 1.18
7 1* 487 128 5.0 1.65 | 0.885 0.0 487 0 1.00
8 2° 600 128 50 1.65 | 0.891 1.0 487 113 1.23
9 3 798 128 5.0 1.65| 0.893 1.5 487 311 1.64
10 4 900 128 5.0 1.65| 0.885 2.0 487 413 1.85
11 5 525 128 10.0 1.65 ) 0.862 0.0 525 0 1.00
12 6 665 128 10.0 165 0.875 1.0 525 140 1.27
13 7 845 128 10.0 1.65 | 0.889 1.5 525 320 1.61
14 8 927 128 10.0 1.65| 0.889 2.0 525 402 1.77
15 9 545 128 15.0 1685 0.875 0.0 545 0 1.00
16 10 695 128 15.0 165 0873 1.0 545 150 1.28
17 11 875 128 15.0 1.65 | 0.866 1.5 545 330 1.61
18 12 1010 128 15.0 165 | 0.887 2.0 545 465 1.85
19 13 E87 128 19.8 1.65 | 0.887 0.0 587 0 1.00
20 14 865 128 19.9 1.65 | 0.896 1.0 587 278 1.47
21 15 985 128 18.8 1.65 | 0.891 1.5 587 398 1.68
22 16 1048 128 8.8 1.65 | 0.856 2.0 587 461 1.79
23 17 585 200 5.0 1.65 7 0.854 0.0 585 0 1.00
24 18 777 200 5.0 165 0.879 1.0 585 192 1.33
25 19 920 200 5.0 1.65 | 0.891 1.5 585 335 1.57
26 20 975 200 50 1.65 | 0.862 2.0 585 380 1.67
27 21 625 200 10.0 1.65 | 0.881 0.0 625 0 1.00
28 22 850 200 10.0 165 0852 1.0 625 225 1.36
29 23 960 200 10.0 1.65| 0.875 1.5 625 335 1.54
30 24 1035 200 10.0 165 0.885 2.0 625 410 1.66
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(pS-
# Run Nis dp X plipl | vilv, JG Njsu ANjs | Nis/Njsu
rpm pm % - - crnis rpm rpemn -

31 25 656 200 15.0 1.65 | 0.858 0.0 656 0 1.00
32 26 937 200 15.0 1.65 | 0.858 1.0 656 281 1.43
33 27 1030 200 15.0 1.65| 0.879 1.5 656 374 1.57
34 281 1115 200 15.0 1.65| 0.883 2.0 656 459 1.70
35 29 675 200 19.9 1.65 { 0.856 0.0 675 0 1.00
36 30 1016 200 19.9 1.65 | 0.858 1.0 675 341 1.51
37 30" 1012 200 19.9 1.65 | 0.854 1.0 675 337 1.50
38 31 1107 200 19.9 1.65 | 0.889 1.5 675 432 1.64
39 32| 1100 200 19.9 1.65| 0.883 20 675 425 1.63
40 29* 670 200 19.9 1.65| 1.093 0.0 670 0 1.00
41 30* 990 200 19.9 1.65 | 1.093 1.0 670 320 1.48
42 31" 1060 200 19.9 1.65( 1.093 1.5 670 390 1.58
43 33 756 375 5.0 1.65 | 0.854 0.0 756 0 1.00
44 34 991 375 5.0 1.65 | 0.822 1.0 756 235 1.31
45 35 1105 3ars 5.0 1.65| 0.818 1.5 756 349 1.48
46 37 820 375 10.0 1.65 | 0875 0.0 820 0 1.00
47 38| 1089 375 10.0 1.65| 0.837 1.0 820 269 1.33
48 41 850 375 15.0 1.65| 0.879 0.0 850 0 1.00
49 49 815 675 5.0 1.65 | 0.885 0.0 815 0 1.00
50 507 1030 675 5.0 1.65| 0.870 1.0 675 355 1.53
51 53 8900 675 10.0 1.65 | 0.893 0.0 900 0 1.00
52 65 440 91 5.0 1.65 | 0.864 0.0 440 0 1.00
53 66 526 91 5.0 1.65 | 0.864 1.0 440 86 1.20
54 87 750 91 5.0 1.65 | 0.885 1.5 440 310 1.70
58 88 855 91 5.0 1.85 | 0.906 2.0 440 415 1.94
56 69 485 91 10.0 1.65 | 0.868 0.0 485 0 1.00
57 70 600 91 10.0 1.65 | 0.868 1.0 485 115 1.24
58 71 795 91 10.0 1.65 | 0.889 1.5 485 310 1.64
59 72 885 91 70.0 1.65 | 0.908 2.0 485 400 1.82
60 73 505 91 15.0 1.65 | 0.887 0.0 505 0 1.00
61 74 670 91 15.0 1.65| 0.885 1.0 505 165 1.33
62 75 847 91 15.0 1.65 | 0.896 1.5 505 342 1.68
83 76 965 91 15.0 1.65 | 0.896 2.0 505 460 1.91
64 77 500 91 20.0 1.65 | 0.887 0.0 500 0 1.00
65 78 782 91 20.0 1.65| 0.885 1.0 500 282 1.56
66 79 805 91 20.0 1.65 | 0.B75 1.5 500 405 1.81
67 m 505 91 20.0 1.65 | 1.079 0.0 505 0 1.00
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(pS-
# Run Nis dp X plLYpl | viiv, 4G Misu ANjs | Njs/Njsu
rpm i % - - cm/s rpm pm -

68 78" 770 91 20.0 1.65 | 1.065 1.0 505 265 1.52
69 79" 920 91 20.0 1.65 | 1.052 1.5 505 415 1.82
70 80| 1000 91 20.0 1.65 | 0.875 2.0 505 495 1.98
71 81 663 91 5.0 3.20, 0868 0.0 663 0 1.00
72 82 983 91 5.0 3.20| 0833 1.0 663 320 1.48
73 a3 1085 91 5.0 3.20| 0827 1.5 663 422 1.64
74 85 750 91 10.0 3.20 0864 0.0 750 0 1.00
75 86 1076 91 10.0 3.20| 0846 1.0 750 326 1.43
76 86" 1084 91 10.0 3.20| 0917 1.0 750 334 1.45
77 89 778 91 15.0 3.20| 0885 0.0 778 0 1.00
78 90 1095 91 15.0 3.20| 0885 1.0 778 317 1.41
79 97 735 91 5.0 3.70| 089 0.0 735 0 1.00
80 98 1045 91 5.0 370 0875 1.0 7358 310 1.42
81 101 805 91 10.0 3.70| 0826 0.0 805 1.00
82 105 835 91 15.0 3.70 | 0816 0.0 835 1.00
83 113 480 91 18.6 1.42 | 1.754 0.0 480 1.00
84 114 740 91 18.6 1.42 | 1.754 1.0 480 260 1.54
85 115 494 91 17.7 1.28 | 3.526 0.0 494 0 1.00
86 116 870 91 17.7 1.29 | 3.526 1.0 494 376 1.76
87 119 560 200 18.6 142 | 1.857 0.0 560 0 1.00
88 120 930 200 18.6 1.42 | 1.899 1.0 560 370 1.66
89 121 510 200 17.7 1.29 | 3.655 0.0 510 0 1.00
90 122 920 200 17.7 1.29 | 3.552 1.0 510 410 1.80
91 125 510 200 17.2 1.20 | 6.980 0.0 510 0 1.00
92 126 830 200 17.2 1.20 | 6.964 1.0 510 320 1.63

Note: Phase I: Run 1-80; Phase II: Run 81-112; Phase IIL: Run 113-126; * - indicates duplicate runs.
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A8 MULTIPLE LINEAR REGRESSION RESULTS
Table A.12 Regression Results: Two-Phase, Phase I, Il
log N, =logKg +c.logd,+d.log X +e.log(4p/p,)
log KSL ¢ d e f KSL Multiple R 0.991
Fit 1.734 0.345 0.123 0.658 54.2. R Square 0.882
Std Dev 0.032 0.011 0.012 0.022 Adjust R2 0.980
+ 95 % 0.067 0.023 0.024 0.046 9.0  Sid Error 0.014
- 95 % 0.087 0.023 0.024 0.048 7.7(0bservations 7
Data taken from Table A2
Table A.13 Regression Results: Two-Phase, Phase I, I, Il (viscosity)
logN ,, =logK +0.345.logd, +0.123.log X +0.658.1og(4p/p, )+ f.log(v,/v,)
log KSL c d e f KSL Multiple R 0.153
Fit 1.733 0.345 0.123 0.658 -0.013 541 R Square 0.023
Std Dev 0.004 0.016 Adjust R2 -0.009
+ 95 % 0.007 0.033 0.9 8idEmror 0.020
=85 % 0.007 0.033 0.9 Observations 32
Data taken from Table A2
Table A.14 Regression Results: Three-phase, JG = 1.0 cm/s, Phase I, I1
log(N,,, /(1+0.40.J,)) =log N, =log K. +c'.logd, +d'.log X +e'.log(4p/p,)
log KSL' ¢’ o e’ f KSL' Multiple R 0.975
Fit 1.449 0.389 0.249 0.845 281 R Sqguare 0.950
Std Dev 0.070 0.025 0.022 0.054 Adjust R2 0.943
+ 95 % 0.147 0.053 0.046 0.112 11.3,  Std Emor 0.026
-95 % 0.147 0.053 0.046 0.112 8.1| Observations 25
Data taken from Table A8

Table A.15 Regression Results: Three-phase, JG = 1.0 cm/s, Phase I, 11, Il (viscosity)

log(N, /(1+040.J,))=log N, =logK_ +0389.logd +0.249.log X +0.845.log(4p/p )+ f'.log(v, /v )

log KSL' ¢’ o' e’ F K8L Multiple R (.668
Fit 1.458 0.389 0.249 0.845 0.128 28.7] R Square 0.447
Std Dev 0.0086 0.026 Adjust R2 0.428
+95 % 0.012 0.054 0.8 Std Emor 0.032
-95 % 0.012 0.054 0.8{ Observations 31

Data taken from Table A8
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Table A.16 Regression Results: Three-phase, JG = 1.5 cm/s, Phase I, 11
log(N ,, (1+0.40.J;))=logN . =logK, +c'logd, +d"log X + e'.log(dp/p,)
log KSL' ¢ o e’ ¥ K8L' Muitiple R 0.970
Fit 1.907 0.266 0.138 0.807 80.7] R Square 0.941
Std Dev 0.060 0.022 0.016 0.061 Adiust R2 0.927
+ 95 % 0.131 0.048 0.034 0.131 28.37 StdErmor 0.015
-95 % 0.131 0.048 0.034 0.131 21.0Observations 17
Data taken from Table A9
Table A.17 Regression Results: Three-phase, JG = 2.0 cm/s, Phase I, II
log(N,, /(1+0.40.J;))=logN . =logK, +c'logd,+d"log X +e'.log(4p/p,)
log KSL' ¢ o e’ ¥ KSL' Multiple R 0.972
Fit 2.267 0.168 0.109 184.9] R Square 0.545
Std Dev 0.043 0.020 0.012 Adjust R2 0.821
+ 95 % 0.008 0.044 0.028 47.01 Std Error 0.010
- 95 % 0.098 0.044 0.028 37.5]| Observations 12
Data taken from Table A.10
Table A.18 Regression Results: Three-phase, JG = 1.0, 1.5, 2.0 cm/s, Phase I, IT
log(N,, /(1+0.40.J;)) =logN . =logK, +c'logd, +d'log X + e'log(4p/p,)
log KSL' ¢ d' e’ F KsL Multiple R 0.937
Fit 1.718 0.313 0.184 0.731 52.4] R Square 0.878
Std Dev 0.059 0.022 0.017 0.047 Adjust R2 0.871
+ 05 % 0.118 0.044 0.034 0.004 16.4, Sid Error 0.030
- 95 % 0.118 0.044 0.034 0.094 12.5| Observations 55
Data taken from Table A7

Table A.19 Regression Results: Three-phase, JG = 1.0, 1.5, 2.0 cm/s, Phase I, I1, I11

(viscosity)

log(N,_/(1+0.40.J ))=1log N, =logK . +0313.logd, +0.184.log X +0.731.log(4p/p, ) + f".log(v,/v,)

log KSL' ¢’ & e’ f KSL: Multiple R 0.521
Fit 1.725 0.313 0.184 0.731 0.114 5311 R Square §.272
Std Dev 0.004 0.024 Adiust R2 0.259
+ 95 % 0.008 0.049 1.0f Std Eror 0.031
- 95 % 0.008 0.049 1.0 Observations 60

Data taken from Table A.7
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Table A.20 Regression Results: Two- and Three-phase, JG = 0.0, 1.0, 1.5, 2.0 cm/s,
Phase I, II

log(N, /(1+0.40.J))=log N . =logK . +c'.logd, +d'.log X +¢'.log(4p/p, )+ ' .log(v, /v,)

log KSL' ¢ a e’ f KSL' Multiple R 0.955

Fit 1.711 0.331 0.165 0.695 5.4 R Square 0.912

Std Dev 0.040 0.015 0.013 0.030 Adiust B2 0.909

+95 % 0.079 0.029 0.025 0.059 10.3] Std Error 0.027

- 95 % 0.079 0.029 0.025 0.059 8.6 Observations 82
Data taken from Table A.11

Table A.21 Regression Results: Two- and Three-phase, JG = 0.0, 1.0, 1.5, 2.0 cm/s,
Phase I, I, I1I (viscosity)

log(N, /(1+040.J,))=logV,, =logK, +0331.logd +0.165.log X +0.695.log(4p/p, )+ f".log(v, /v,)

log KSL' ¢ o’ e’ 1 KSL' Multiple R 0.272
Fit T 1.712 0.331 0.165 0.695 0.047 51.6] R Square 0.074
Std Dev 0.003 0.018 Adjust R2 0.064
+ 95 % 0.007 0.035 0.8 Std Error 0.031
- 95 % 0.007 0.035 0.8] Observations g2

Data taken from Table A.11






Appendix B 249

APPENDIX B. CONCENTRATION PROFILE DATA

APPENDIXB. CONCENTRATION PROFILE DATA . 249

B.1 SoLIDS CONCENTRATION PROFILE TWO-PHASE DATA 250
B.2 SOLIDS CONCENTRATION PROFILE THREE-PHASE DATA 251




Appendix B

250

B.1 SOLIDS CONCENTRATION PROFILE TWO-PHASE DATA
Table B.1 Solids Concentration Profile Two-Phase Data
X hs /
# | Run’ | N | Njs | %Njs | d, | Xact | pS | plL vl JG | OG | Xuos | Hoss | Xors | Xnos | Xoos | Xnts | Xuss | Xozs | Xoas | Xnos | Xm [ Xms | /Xms | T | RSD
x10-
mm | pm | % | pmn | % | kol | kol | 6mus Jemis | % | % | % | % % | % % | % | % ] % | % | % % %
i 77 | 300 | 500 60| o1 | 200 | 265 1.00] 0806 | 00| 00| 00| 00| 0B8] 207 | 238 | 237 | 246 | 2421 248 | 248 | 167 | 199 | 640 | 0.70 | 68
2 77 | 450 | 500 90| of | 200 | 265 | 1.00 | 0902 GO | 00| 03| 16.4 | 226 | 226 | 224 | 221 | 224 | 22.2 | 228 | 222 | 165 | 199 | 979 | 0.88 | 36
3 77| 500 | 500 | 00 91 200 265 1.00 | 0887 | 00 | 0.0 | 1.5 205 | 2.5 | 22.3 | 22.3 | 22.3 | 22.2 | 2208 | 220 | 20.7 | 19.9 | 19.0 | 100.0 | 0.8 33
4 77| 600 | 500 | 420 91| 200 | 265 | 1.00| 0898 | 0.0 00| 158 | 205 | 208 1 205 | 204 | 20.3 | 203 | 203 | 199 | 198 | 199 | 199 | 987 | 1.00
5 77 | 750 | 500 | 150 | 91 | 20.0 | 265 | 1.00 | 0.893 | 00 | 0.0 | 169 | 202 | 205 | 1.0 | 196 | 196 | 19.7 | 18.5 ] 19.2 | 16.7 | 194 | 19.0 | ©7.3 | 1.00
6 28 | 300 | 675 44 1 200 | 109 | 265 | 100 08861 00 00| 00| 00) 00 36| 73] 631 88| 88| 90 51185 1 264 | 640 | 62
7 261 450 | 675 67| 200 | 160 | 2651 100 0891 000! 00 00| 00| 68| 254 { 258 | 255 | 255 | 25.7 { 25.1 | 24.9 | 185 | 19.5| 948 | 0.73 | &1
8 29 | 600 | 675 86 | 200 | 190 | 265 1001 0801 00| 00| 03] 115 | 236 | 236 | 227 1 21.9 | 218 | 24.7 | 214 | 209 | 186 | 195 974 | .67 | 38
) 20| 675 | 675 | 400 ] 200 | 19.9 | 265 | 1.00 | 0856 | 0.0 | 0.0 | 39| 20.7 | 229 | 220 | 217 | 20.6 | 20.6 | 21.4 | 20.7 | 196 | 165 | 195 | 100.0 | 6.92 | 28
) 29 | 750 | 675 | 111 | 200 | 199 | 285 | 1.00 | 0887 | 00 | 0.0 | 147 | 213 | 21.8 | 206 | 19.7 | 19.7 | 20.8 | 19.8 | 104 | 183 | 166 | 195 | 100.7 | 1.00 | 18

*1: Run no's as per critical impeller speed work
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B.2 SOLIDS CONCENTRATION PROFILE THREE-PHASE DATA

Table B.2 Solids Concentration Profile Three-Phase Data

Xm | hs/
# | Run*™ N MNis | %Njs | d, | Xact | pS pL vk JG | BG | oes | Koes | Xvs | Moes | Woss | HKoas | Moos | Koos | Hips | Huws | Xm | Xms | Mms | T | RSD
x10-
pm | rpm % pemn % | kg/l | kg/l | 6m2/s | emis | % % % % % % % % % % % % % %
21 78| 300 782 38| 91| 200 265 | 1.00 | 0.887 10] 49 92| 93] 95101115 118 | 119 | 121 | 124 109 2151 505 | 0.58 12

22 78 | 450 | 782 58 | 91| 200 | 265 | 1.00 | 0.887 10 821 69101 | 186 | 224 | 236 | 233 | 240 | 238 | 248 | 25,0 | 20.2 | 215 | %42 | 0.84 32

23 78 | 600 ) 782 77 911 200 265 | 1.00 | 0.887 101113 58| 135203 231 | 2411240 | 246 | 248 | 255 | 255 | 211 | 215 | 983  0.88 31

24 78 | 750 | 782 86 ! 91 ] 200 265 | 1.00 | 0.885 101130 661251 2022311238 | 243 245 245|263 250|209 | 215 | O71 | 0.87 3z

25 78 | 782 | 782 1006 | 91 200 | 265 | 1.00 | 0.885 1.0 1137 ] 65144 | 211 [ 23.3 | 243 | 246 | 251 | 247 | 2567 | 263 | 215 | 215 | 100.0 | 0.88 29

26 78 | 900 | 782 15 91 200 265 | 1.00 | 0.885 101151 1120 | 188 | 214 | 228 | 235 | 231 | 23.9 | 241 | 245 | 242 | 218 | 215 | 1016 | 0.97 18

27 30 | 300 | 1012 30 1 200 | 19.9 | 265 | 1.00 | 0.888 1.0 441 1.0 1.2 14 141 24 20 22| 285 39 20| 203 8.7 | 0.10

28 30* | 480 | 1012 44 |1 200 | 19.9 | 265 | 1.00 | 0873 101 67 19| 38| 69| 125} 1598 | 171 | 167 | 186 | 206 | 23.0 | 13.7 | 203 | 674 | 0.69

29 30* | 600 | 1012 $8 | 200 199 | 265 | 1.00 | 0875 101103 ] 23] 52| 1481208224 1226|239 243247 | 261 | 186 | 203 | 9.7 | 0.80

35 8 &

30 30 | 750 | 1012 74 | 200 199 | 265 | 1.00 ] 0875 101118 26| 78167 | 218} 231 | 23.0 | 245 | 246 | 249 | 249 | 194 | 203 | 957 | 0.83

3 30| 800 | 1012 88 | 200 | 199 | 265 | 1.00 | 0368 101132 30116} 184 | 224 |1 238 | 237 1 246 | 245 | 25.0 | 241 | 201 | 203 | 99.2 | 0.87 ]

32 30" | 1012 | 1012 100 | 200 | 199 | 265 | 1.00 | 0.854 10139 38 (145|194 | 240 | 24.0 | 231 | 24.3 | 23.7 | 236 | 224 | 20.3 | 20.3 | 100.0 | 0.89 32

*1: Run no's as per critical impeller speed work









