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Synopsis

This thesis investigates the effect of energy dissipation on the flotation kinetics of
quartz in an oscillating grid flotation cell. Oscillating grids exhibit relatively isotropic
and homogeneous turbulence, which cannot be achieved in standard impeller agitated
flotation cells. Due to this they provide a potentially ideal environment in which to
investigate the effects of energy dissipation on flotation kinetics. Previous work in an
oscillating grid flotation cell was limited to energy dissipations of up to 0.6 kW/m?,
which is low when compared to 0.6 — 3 kW/m? commonly used in both flotation

literature and industry.

The current work uses a new oscillating grid cell which can operate at energy dissi-
pations of up to 5 kW/m3. Quartz (sub 100 um) has been floated in the new cell at
energy dissipations ranging from 0.5 — 5 kW/m? and using three discrete bubble sizes
(0.13 mm, 0.24 mm and 0.82 mm). Characterisation experiments show that the new
cell operates in a similar manner to the oscillating grid cell used by Changunda et al.
(2008), and produces repeatable results. The effect of changing bubble and particle
size on flotation kinetics is in agreement with literature findings, indicating that as a

flotation device the oscillating grid cell is operating as expected.

Results from the flotation experiments show that the effect of energy dissipation on
flotation kinetics is strongly dependent on both particle and bubble size. The highest
flotation rates, for all particle sizes, are achieved when floating with fine bubbles at
low energy dissipations. For flotation with fine bubbles, increasing the energy dis-
sipation results in the flotation rates for fine particles remaining constant, and the
flotation rates for coarse particles decreasing. When floating with larger bubbles, near
the size typically found in industry, increasing the energy dissipation is beneficial
for the flotation of both intermediate and fine particles, with fine particles benefiting
the most from increased energy dissipation. For the flotation of more coarse parti-
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cles, increasing energy dissipation is beneficial to an optimum point, beyond which
increasing energy dissipation results in decreased flotation rates. The value of this
optimum energy dissipation decreases with decreasing bubble size.

Higher flotation rates with increased energy dissipation are thought to occur due to
increased collision frequencies between particles and bubbles. Increasing energy dis-
sipation may also lead to increased detachment of particles from bubbles, which may
account for decreasing flotation rates with increased energy dissipation. From the re-
sults, it would appear that detachment rates increased with decreasing bubble size and

increasing particles size.

The relationship between flotation rate and energy dissipation, in conditions where de-
tachment is thought to be negligible, can be described by the relationship k oc €79,
This relationship is stronger than theory would suggest, and is in agreement with lit-

erature experimental studies which have made similar observations.

The results are compared with results from literature studies which used an oscilla-
tory baffled column and a stirred cell, in order to investigate the effect of contacting
environment on flotation kinetics. At low energy dissipation the results from the os-
cillating grid cell and the stirred cell are similar, whilst they deviate at higher energy
dissipations. This observation is possibly due to high levels of detachment in the
impeller zone of the stirred cell. The results in this study for the effect of energy
dissipation on flotation kinetics may, therefore, be considered to be a more accurate
representation than experimental studies conducted in stirred cells.
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Chapter 1
Introduction

Froth flotation is a process which is used extensively in the mining industry for the
beneficiation of ore, treating an estimated two billion tons of ores and coal annually
(Nguyen and Schulze, 2004). Due to the extensive use industrially, any inefficiencies
in flotation can lead to large losses in revenue. As more low grade, finely dissem-
inated ore bodies are mined flotation faces rising challenges. There is therefore an
increased demand on knowledge and understanding of flotation in order to increase

the efficiency of the process.

Knowledge of the effect of energy dissipation on flotation kinetics is a potentially im-
portant factor in areas such as the optimisation of installed plants, the design of new
plants and the design of new flotation machines. Historically the investigations into
the effect of energy dissipation on flotation kinetics have been carried out in Rushton
impeller stirred cells, sparged with bubbles of a known size (Ahmed and Jameson,
1985; Deglon, 1998; Pyke et al., 2003; Sherrell, 2004; Newell and Grano, 2006). In-
vestigations using this type of cell have limitations due to the fact that the impeller
influences the particle suspension, bubble break-up and agitation in the system. Ad-
ditionally the turbulence is highly inhomogeneous and anisotropic, with energy dissi-
pation rates near the impeller which are 5 — 200 times those found elsewhere in the
cell (Schubert, 2008).

These limitations have resulted in the development of novel cells for the investiga-
tion of energy dissipation. Anderson (2008) developed a novel oscillatory baffled

column which had the benefit of decoupling solid suspension, bubble generation and

1



CHAPTER 1. INTRODUCTION

energy dissipation in a more homogeneous turbulent environment. It was found that
the unique bulk oscillatory motion of the fluid in the cell had a very strong effect on
the flotation kinetics at very low energy dissipations. This cell has potential in in-
dustrial applications due to the increase in flotation kinetics at relatively low energy
dissipations. However as a research tool it is not ideal due to the complex nature of

the flow which differs highly from a conventional stirred cell.

Changunda et al. (2008) used a novel oscillating grid cell, based on the design of
Bache and Rasool (2001), to investigate the effects of energy dissipation on flota-
tion kinetics. The oscillating grid cell decouples the processes of particle suspension
and bubble generation as well as producing relatively homogeneous, isotropic turbu-
lence with zero mean flow. Due to the near ideal nature of the turbulence generated,
oscillating grids have been used in many areas of research including combustion (De-
Silva and Fernando, 1994), resuspension (Orlins and Gulliver, 2003), sedimentation
(Huppert et al., 1995), mixing across density layers (McDougall, 1979), coagulation
(Brunk et al., 1998) and precipitation (Mokgethi, 2010).

The oscillating grid cell used by Changunda et al. (2008) was a proof of concept
device and was limited to energy dissipations of less than 0.6 kW/m?3. This is low
compared to energy dissipations of 1 — 3 kW/m?® commonly used in industrial appli-
cations (Deglon et al., 2000). The study was conducted on quartz, methylated to an
advancing contact angle of 65°, floated with three discrete bubble sizes (0.13 mm,
0.24 mm and 0.82 mm). Experiments at low energy dissipation showed that the oscil-
lating grid cell performed in a similar manner to conventional stirred cells with regard
to the effects of bubble and particle size. It was found that increasing the energy dis-
sipation in the system resulted in the flotation rates increasing linearly for all particle

and bubble sizes used.

1.1 Objectives of Thesis

From the results of Changunda et al. (2008), the oscillating grid cell was considered to
potentially be an ideal tool for the research of flotation kinetics in turbulent systems.
The objective of the current study was therefore to investigate the effect of energy
dissipation on flotation kinetics in an oscillating grid cell, over a larger range of energy
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dissipations, including those commonly used in industry. The project was composed

of three parts which were carried out to achieve the objective:

e A new oscillating grid cell was designed and built with a more robust design
than that used by Changunda et al. (2008), such that the desired energy dis-
sipations could be achieved. The new cell operated in batch mode and could

produce discrete bubble sizes independently of the energy dissipation.

e Flotation of methylated quartz was performed using the same operating condi-
tions and methylated quartz as Changunda et al. (2008) in order to benchmark
the cell against the results of that study.

e Natural quartz flotation experiments were conducted in the oscillating grid cell
at energy dissipations of 0.5 — 5 kW/m?. The energy dissipations used were
chosen to cover a large range, including the dissipations which may be of inter-
est to industry. Conditions were chosen so as to make the results comparable
to studies in an oscillatory baffled column (Anderson, 2008) and a stirred cell
(Deglon, 1998). These experiments allowed observations to be made on the
effect of energy dissipation on flotation kinetics as well as the role of particle
and bubble size. Additionally the role of the contacting environment could be

investigated.

1.2 Scope and Limitations

In this thesis the single mineral flotation of fine quartz is investigated in an oscillating
grid cell. Quartz is used as it is a literature standard, and so as to make the results
comparable to studies in an oscillatory baffled column (Anderson, 2008) and a stirred
cell (Deglon, 1998). The investigation is limited to the pulp phase of the flotation of a
single density and single hydrophobicity ore.



Chapter 2
Literature Review

In this chapter the relevant literature regarding flotation and oscillating grids will be
reviewed, for both theoretical and experimental studies. In order to set the scene for
this project the various types of flotation cells used in industrial applications, and
novel flotation cells, are briefly reviewed in Section 2.1. Turbulence fundamentals
are briefly discussed in Section 2.2 with a focus on elements relevant to flotation pro-
cesses. The characteristics of oscillating grid turbulence are then reviewed in Section
2.3. The fundamental theories of flotation in turbulent systems are reviewed in Section
2.4, along with models which describe them. There have been numerous experimen-
tal studies on flotation, which are briefly reviewed in Section 2.5 with a focus on the
effects of bubble size, particle size and energy dissipation on flotation kinetics.

2.1 Flotation Cells

There are three primary functions that a flotation cell preforms, namely, particle sus-
pension, bubble break-up and particle-bubble contacting. The most common types of
flotation cells used in industry are mechanical cells and, to a lesser extent, column
cells. In addition to these cells there are numerous novel cells which have been de-
veloped. This section will outline some of the different cells used, and briefly discuss

the benefits and limitations of each.
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2.1.1 Mechanical Flotation Cells

Mechanical, or conventional, flotation cells are the most commonly used cells in in-
dustry, and are considered as the industry standard. They utilise an impeller for the
functions of particle suspension, bubble break-up and particle-bubble contacting. The
volume of such cells may vary from 2 L for laboratory use, to up to 350 m? in industry.
Recent developments in mechanical cell design have typically centred around the use
of larger cells, a trend which is driven by the economic benefits of using larger equip-
ment. The metallurgical effects of using large cells are not fully understood, however
there is evidence to suggest that cell size may be increased without loss of metal-
lurgical performance (Yianatos et al., 2008). The typical energy dissipation used in
industrial mechanical cells ranges from 0.6 — 3 kW/m? (Deglon et al., 2000; Lelinski
etal., 2011). A typical modern mechanical cell is depicted in Figure 2.1.

Figure 2.1: Schematic of a modern day mechanical flotation cell (FLSmidth
SuperCell™).

Mechanical cells have an inherently inhomogeneous distribution of energy dissipation
through the cell, with high energy dissipation levels found near the impeller and much
lower levels in the bulk of the cell (Deglon, 1998; Koh and Schwarz, 2003; Newell
and Grano, 2007; Schubert, 2008). The fact that the processes of particle suspen-
sion, bubble break-up and energy generation are all interdependent make it difficult
or impossible to optimise the conditions for flotation (Schubert, 1999, 2008).
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2.1.2 Column Flotation Cells

Column flotation cells are used industrially, though to a lesser extent than mechanical

cells. A schematic of a column flotation cell is shown in Figure 2.2.

WASH l v l
WATER CONCENTRATE
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——>
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INTERFACE ;
B R
FEED
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° 4 0©
¢ Q0

AR \/

TAILINGS

Figure 2.2: Schematic of a column flotation cell (from Bergh and Yianatos, 2003).

Column cells operate by introducing ore near the top of the column and sparging air
from the bottom. This produces a counter-current flow in the collection zone, which
promotes particle-bubble contacting. Industrially these cells are operated with deep
froths of approximately 1 m, which have wash water added, aiding in the removal of
entrained fine particles (Bergh and Yianatos, 2003). Columns typically yield higher
concentrate grades than mechanical cells and are therefore generally used as cleaners.
Column cells are poor for floating small, light particles since there is no added energy
dissipation, and the particles therefore rely on their own inertia to break through the
streamlines around the bubbles.
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2.1.3 Novel Flotation Cells

Much of the development of new flotation technologies has centered around the gen-
eration of small bubbles and the development of reactor/separator type cells. Fine
bubble generation has been developed through methods such as improved sparger de-
sign, dissolved air flotation and electroflotation. Reviews on these subjects can be
found in Finch (1995), Rodrigues and Rubio (2007) and Miettinen et al. (2010). This
section will review some novel cells which provide alternative turbulent environments

for flotation.

2.1.3.1 Reactor/Separator Cells

There are multiple examples of reactor/separator type cells (Finch, 1995), though pos-
sibly the best known cell is the Jameson cell. A schematic of a Jameson cell is shown
in Figure 2.3.

Central Feed

Distributor
Central Air
Distributor Air from
Atmosphere
Downcomer —

I~ Tank
Froth

Zone
— Tank
Pulp
Zone
Froth
Collection — Wash Water
Launder loptional]
Flotation — ‘ - Froth Collection
Tank Launder
Tailings
Flotation - = — Flotation
Concentrate Concentrate

Figure 2.3: Schematic of a Jameson flotation cell (Xtrata Jameson Cell).

The concept of the reactor/separator type cell is to separate the processes of particle-
bubble contacting and the removal of the particle-bubble aggregates from the pulp.
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This is generally achieved by mixing the bubbles and slurry in a vertical downcomer
which supplies the turbulence for contacting. The downcomer then discharges into a
quiescent zone where the aggregates are allowed to rise to the surface. This separation

of the contacting and separation allows for each to be independently optimised.

2.1.3.2 Agitated Columns

The agitated column is a concept which was developed to aid the flotation of fine par-
ticles in column cells, through adding turbulence to a standard column cell. Breyten-
bach (1995) developed an agitated column by added four impellers down the length
of a flotation column. It was found that quartz flotation rates could be increased sub-
stantially over a standard column cell, and that fine particle (sub 40 pum) recoveries
were superior to those in a standard batch cell and a Jameson cell. Ityokumbul et al.
(2000) tested the same design on the flotation of pyrite with a particle size of 62 %
passing 25 um. It was found that the recovery of pyrite increased with increasing

energy dissipation, however above 0.3 kW/m? the grade decreased sharply.

The oscillatory baffled column (Anderson, 2008) is a design which produces turbu-
lence in a column through an unique oscillatory flow. Experiments floating sub 100
pm quartz found that the flotation rates could be greatly increased with low increases
in energy dissipations of up to 0.05 kW/m?3. An attribute of the oscillatory flow was
that the flotation rate could be increased 1.4 to 1.6 fold over a conventional column,
regardless of the fluid viscosity. It was therefore speculated that this device shows
potential for the flotation of viscous, non-Newtonian slurries. This cell is discussed in

more detail in Section 2.5.3.

2.1.3.3 Recent Novel Cells

Jameson (2010) proposed two new flotation devices. The first is the Concorde cell,
which operates by forcing pressurised, aerated slurry through a choke into an open
cell, creating a supersonic shockwave. This shockwave is reported to produce very
high energy dissipations in the order of 100 kW/m?. Experimental results in PGM
flotation (Pgg = 53 wm) have indicated that the cell produces substantially increased

flotation rates over conventional cells.
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The second device proposed by Jameson (2010) is the fluidised bed flotation cell,
which is focused on coarse particle flotation. The fluidised bed concept aims at pro-
ducing high levels of contacting at low energy dissipations, so as to minimise the
detachment of coarse particles. This is achieved by having a high concentration of
solids in the cell and pumping aerated slurry upwards through the cell. The air then
has to force its way through the particles, creating the environment for contacting.
Experiments have shown improved flotation of coarse galena with particle sizes of up
to 850 wm using such a device.

2.2 Turbulence Fundamentals

Flotation is directly influenced by the turbulent environment in which it occurs. It
is therefore important to understand turbulence in order to appreciate how it may
effect the process of flotation. Turbulence in itself is a complex topic and only a brief
overview is given here. This section is derived largely from the review in Nguyen and
Schulze (2004).

2.2.1 Turbulent Flow

The instantaneous fluid velocity at a point in a turbulent environment is composed of
two parts. These are the mean velocity of the bulk fluid flowing in the system at that
point, and a fluctuating component known as the instantaneous fluctuating velocity
(u). This fluctuating velocity is the action of turbulent eddies in the system, and it is
this velocity which is thought to be of importance in flotation. The root mean squared
(RMS) fluctuating velocity can be defined as u'=VT2 in each direction. If the velocity
is denoted u, v and w in the x, y and z direction respectively, then the total kinetic

energy (TKE) can be described as:

1 ! / /
TKE:§(u2+v2+w2) .1)
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If the turbulence is assumed to be isotropic, then the RMS turbulent velocities are

equal in all directions. Therefore u'=v'=w’ and Equation 2.1 becomes:

3,
TKE = 5(u %) (2.2)
This assumption of isotropy is made for most collision models for flotation, however
it is not strictly true in most flotation devices. The rate of turbulent energy dissipation

(€) can be defined as:

_dT'KE
dt

(2.3)

€ =

In flotation literature and practice the average energy dissipation (€) is commonly
used, which can be determined from the power input into the system (P) and the mass
of the fluid being agitated (my ).

P
= — 2.4)

mr
This assumes that the energy dissipation is homogeneous in the cell which is gener-
ally not the case, however it serves as measure of the overall energy dissipation in a

flotation cell.

2.2.2 The Turbulent Energy Spectrum

The eddies in a turbulent system are described as a spectrum of different sizes (A)
through which the energy cascades. The total kinetic energy as described in Section
2.2.1 is due to the action of all the eddies in the spectrum. Energy is continuously
transferred, through turbulent shear stress, from large eddies to successively smaller
eddies until the smallest possible eddies are reached, which then dissipate the energy

as heat. A schematic of the turbulent energy spectrum is shown in Figure 2.4.
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Figure 2.4: Schematic of the turbulent energy spectrum.

Energy is initially input into a system through some external means (for example an
impeller or an oscillating grid) to form primary eddies. The energy is transferred to
smaller eddies which contain the majority of the energy in the system and are known
as the energy containing eddies. As the eddy size decreases the number of eddies
increases, but the total energy contained in that eddy size decreases. Eddies smaller
than the energy containing eddies are known as the inertial subrange eddies, as inertial
forces are dominant in them. The smallest eddies in the spectrum dissipate the energy

as heat through molecular friction and are known as the dissipative eddies.

2.2.3 Macro and Micro Scales of Turbulence

The eddies in the turbulent energy spectrum have defined scales which can be quan-
tified. The large scale primary and energy containing eddies are thought to have a
size (A) which is in the order of magnitude of the turbulence generating device (for
example the impeller), and are known as the macroscale of turbulence. Smaller scale
eddies in the inertial and dissipative subrange are thought to be independent of the
external means of energy input, and the turbulence is often referred to as microturbu-
lence. Kolmogorov (1941) proposed that these smallest eddies are dependent entirely

11
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on the energy dissipation rate (€) and the kinematic viscosity of the fluid (v). The

smallest possible eddies are known as the Kolmogorov microscale, and have a length

3\ 1
n= (”;) 2.5)

w= (1/6)% (2.6)

(1) and velocity (w) defined as:

where v is the kinematic viscosity of the fluid and € is the energy dissipation. Mi-
croturbulence can be separated into the inertial and dissipative subranges. Eddies that
have radii r < (5 to 10)n are considered to be in the dissipative subrange and are lam-
inar. Eddies with radii 0.06A > r > (15 to 20)n are considered to be in the inertial
subrange and are turbulent within themselves. The scale of the largest laminar ed-
dies and smallest turbulent eddies, at typical flotation energy dissipations, are given
in Table 2.1.

Table 2.1: Scales of microturbulence relevant to flotation.

Dissipation Rate Largest Laminar eddies Smallest Turbulent eddies
(KW/m?) (um) (m)
1 160 — 320 470 — 630
3 120 — 240 360 — 480
5 105-210 310 - 420

From Table 2.1 it can be seen that, in a typical flotation environment, particles smaller
than 100 um would be contained within laminar eddies. However, bubbles would
typically be approximately 1 mm in size, and would therefore be influenced mainly

by the turbulent eddies in the inertial subrange.

2.3 Oscillating Grids

Oscillating grids produce turbulence which, at a distance away from the grid, is con-

sidered to be laterally homogeneous and isotropic. In addition to this they have zero-

12
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mean-flow and the energy dissipation can be easily varied. These properties make os-
cillating grids useful tools for investigating areas which operate in turbulent regimes.
Examples of research areas which use oscillating grids are combustion (De-Silva and
Fernando, 1994), re-suspension (Orlins and Gulliver, 2003), sedimentation (Huppert
et al., 1995), mixing across density layers (McDougall, 1979), coagulation (Brunk
et al., 1998), precipitation (Mokgethi, 2010) and flotation (Changunda et al., 2008).
This section will describe the hydrodynamics of oscillating grids, and the determina-
tion of energy dissipation.

2.3.1 Oscillating Grid Turbulence

Oscillating grid turbulence is generated by moving either a single grid or multiple
grids at a stroke length (S) and frequency (f) in a fluid. The movement of the grid
openings through the fluid generates jets and wakes which interact, and create turbu-
lence (Yan et al., 2007). Typical oscillating grid set-ups are illustrated in Figure 2.5,
which shows both a single and double grid set-up.

| External
Zone
z

Internal
SI.. ] Zone SI ] \JL‘
Ly b

Single Grid Double Grid

Figure 2.5: Diagram of single and double oscillating grids (adapted from Villermaux
et al., 1995).

The turbulence in the system occurs in two distinct areas, namely the area swept by
the grid known as the internal region, and the area which is not swept by the grid
known as the external region. The turbulence generated by the grids is directional
and, for the purposes of this review, the horizontal plane is taken to be the x and y

directions whilst the vertical (direction of oscillation) is the z direction.
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2.3.1.1 Single Grids

The majority of studies into oscillating grid turbulence have been conducted using
single oscillating grids (Hopfinger and Toly, 1976; McDougall, 1979; De-Silva and
Fernando, 1994; Huppert et al., 1995; Liem et al., 1999; Orlins and Gulliver, 2003)
and are reviewed briefly here. Hopfinger and Toly (1976) gave the following relation-
ship describing the RMS fluid velocities in the external region generated by a single

oscillating grid:

’

u =v =CyM*5S* fh~!  Horizontal (x,y) plane
w = CoM®®S™5 fh~'  Vertical (z) plane 2.7)

where h is the distance in the z axis away from the grid, M is the spacing of the mesh
in the grid, and C; and C; are constants given as 0.25 and 0.27 respectively. The RMS
velocities in the x and y directions (u" and v') are equal, but the RMS velocity in the
z direction is slightly larger. It is due to this, that this type of turbulence is considered
to be nearly isotropic. The measured TKE around a single oscillating grid (Orlins and
Gulliver, 2003) is depicted in Figure 2.6.

Z (mm)

TKE (m/s)®

0.00E+D0 4.00E-04 8.00E-04 1.20E-03

Figure 2.6: Distribution of TKE generated by a single oscillating grid operating at 5 Hz
and 30 mm (from Orlins and Gulliver, 2003).
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It is illustrated in Figure 2.6 that the turbulence is laterally homogeneous and de-
creases away from the grid, as indicated by Equation 2.7. The TKE is higher at the
areas opposite the nodes of the grid, this is a characteristic of oscillating grids which
is considered to be unavoidable. Shy et al. (1997) found that this difference between

node and hole decreases as one measures further away from the grid.

Equation 2.7 is only applicable for turbulence in the external region and does not
describe the turbulence in the internal region. Bache and Rasool (1996) studied the
turbulence in the internal zone of a single grid system. It was found that the areas
swept by the grid have significantly higher RMS velocities and energy dissipation
levels than in the remainder of the cell. Brunk et al. (1998) measured the turbulence
parameters in the internal region in a single grid system. It was found that the TKE in

the internal region did not vary greatly with distance from the center of oscillation.

2.3.1.2 Multiple Grids

It has been shown in Equation 2.7 and Figure 2.6 that the turbulence in a single os-
cillating grid system degrades with distance from the grid. In order to remedy this
researchers have used two grids which generate a stationary zone of interest between
them (Villermaux et al., 1995; Srdic et al., 1996; Shy et al., 1997). Villermaux et al.
(1995) proposed that the RMS velocities are additive when considering multiple grids,
and the effective turbulent RMS velocity (u_) can be given as:

Upy = 250 (2.8)

This equation was experimentally validated by Shy et al. (1997), who also determined
that the area between the grids was nearly isotropic and stationary. Bache and Rasool
(2001) investigated the turbulence in a multiple grid cell consisting of 19 grids. In
accordance with other researchers, it was found that eddy motion was higher in the
z direction. In the areas swept by the grid it was found that w'? ~ 4u'?, and due to
this an average intensity per direction (U'?) was defined in order to account for this
anisotropy in the system.

! 1 ! i
U2:§(2u2+w2) (2.9)
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The measured value of U'? for the length of the oscillating grid cell, from Bache and
Rasool (2001), is shown in Figure 2.7.

0.0005

0.0004
0.0003 4 E
u? (m?s?)

0.0002 +
4

0.0001 +

0

60

Figure 2.7: Graph showing U'2 variation with tank height, at 2 Hz and 18 mm amplitude.
(from Bache and Rasool, 2001).

It can be seen in Figure 2.7 that U'? was relatively constant throughout the cell. Note
that in Figure 2.7 the stroke length is equal to the spacing between the grids and there-
fore the entire length is swept by the grids. It is assumed that for a multi-grid scenario,
under these conditions, the turbulence can be considered homogeneous through out
the cell.

2.3.1.3 Deviations from Ideal Hydrodynamic Behaviour

There is evidence that, at high frequencies, oscillating grid turbulence deviates from
being isotropic. It has been suggested by McDougall (1979) that 7 Hz should be the
highest frequency used (known as the “off” frequency) since after this point u’, v’ and
w’ no longer increase linearly with frequency, and therefore Equation 2.7 no longer
holds. Shy et al. (1997) found that in the case of a double grid system this effect began
at approximately 9 Hz. These observations are however made in the external region

only and it is not known how higher frequencies may effect the internal region.

There have been reports of undesired circulatory flows in single grid cells (McDougall,
1979; McKenna and McGillis, 2004). It was found that these flows were dependent on
initial starting conditions and McDougall (1979) noted that they began when seeding
material was added. McKenna and McGillis (2004) concluded that circulatory flows

are a feature of oscillating grid turbulence, but they are relatively benign if sufficiently
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spaced sampling points are used. These observations have only been made in single

grid systems and it is not known if they may be a feature in multiple grid systems.

Villermaux et al. (1995) conducted experiments on a double grid system to observe
intense vortical structures using a migrating bubble technique. This technique used
100 um bubbles in water heated to 70°C - 75°C so as to decrease the viscosity. The
bubbles then migrate towards areas of low pressure, in this case the vortical structures.
It was observed that the structures were short lived and occurred most often near the

walls.

2.3.2 Mean Energy Dissipation in Oscillating Grid Agitation

The mean energy dissipation is a parameter which is often used in flotation literature
and practice. In this section the determination of energy dissipation in an oscillating
grid cell is discussed. The review presented here is derived from the work of Bache
and Rasool (1996) and Guadayol et al. (2009). In an oscillating grid cell the energy
dissipation originates from the oscillating motion of the grids through the fluid. This
motion of the grid stack can be described, in terms of displacement (Y), velocity (Y)

and acceleration (Y), as follows:

Y(t) = —gcos(%rft)
Y(t) = Snufsin(2rft)
Y(t) = 2Sn°f2cos(2n ft) (2.10)

As the grid moves through and fluid it exerts a force due to the frictional drag of the
plate (Guadayol et al., 2009), this frictional force transfers energy from the grids to

the fluid. The frictional force is described by the classical drag force equation:

1 :
F(t) = §CdpfSAY(t) (2.11)

where Cg is the drag coefficient, p¢ is the density of the fluid and S, is the solids area

of the grid. The drag coefficient (Cq4) is assumed to be constant with time, making
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this a quasi-steady state assumption. The instantaneous power input into a system can

then be given as:

P(t) = F(t)Y(t) (2.12)

The net power input is given as the integral of power with time over a single oscilla-

tion:

Pl /TP(t)dt _! /TF(t)Y(t)dt (2.13)

T T

where T is the period of one oscillation and is equal to f'!. Substitution of Equation
2.11 into Equation 2.13 and integration yields (Guadayol et al., 2009):

— 2
P = gc*dpf7r25*A 1353 (2.14)
The mean energy dissipation can be calculated by:

P
m

(2.15)

€ =

~

where my is the mass of fluid being agitated. If it is assumed that energy dissipa-
tion is additive for multiple grids, then for a system with n grids the average energy

dissipation can be described by:

R%Cdpfﬂ'25’,4f353
mrp,

(2.16)

€ =

Energy dissipation is therefore strongly dependent on the frequency and stroke of
oscillation and these are the key operating variables in an oscillating grid system.
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2.4 Effect of Energy Dissipation on Flotation Kinetics:

Theoretical Findings

In this section the theoretical models of flotation in a turbulent environment will be
discussed. Flotation is most commonly described by a first order reaction with the
form:

dN,
—P — kN 2.17
dt P (2.17)

where k is the flotation rate constant and N,, is the number of particles per unit volume.
Flotation modelling generally aims to derive models for the flotation rate constant. In

a quiescent system the rate constant can be calculated from (Jameson et al., 1977):

_ 3QE.H

= 2.1
k S,V (2.18)

where Q is the gas volumetric flowrate, H is the height of the cell, V. is the cell volume
and E. 1s the collection efficiency, which can be defined as the fraction of particles
in the path of a bubble, that successfully attach to the bubble and rise to the froth
(Jameson et al., 1977). Equation 2.18 does not take energy dissipation into account
and therefore studies have been conducted to model flotation in turbulent systems. For
flotation in turbulent systems the rate equation can be written as (Julien Saint Amand,
1999; Koh and Schwarz, 2003; Pyke, 2004; Sherrell, 2004; Newell and Grano, 2006):

dN,
d_tp = —kN, = —ZpEecon (2.19)

where Z;, is the rate or frequency of particle-bubble collisions per unit volume and is
dependent on the energy dissipation in the system. The flotation rate constant (k) can
then be defined as:

Z By
k= % (2.20)

p

The elements which make up the collection efficiency are discussed in Section 2.4.1,

and the frequency of particle-bubble collisions is discussed in Section 2.4.2. The
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findings of studies which have derived and used general flotation models are reviewed
in Section 2.4.3.

2.4.1 Particle - Bubble Collection Efficiency

The collection efficiency is considered to be comprised of three sub-processes which
describe the ability of a particle to be floated, and are discussed separately in this sec-
tion. These sub-processes are the collision of a particle with a bubble, the attachment
of a particle to a bubble and detachment of a particle from a bubble. The collection
efficiency can then be expressed as:

Ecoll = EcEaEs (221)

where E. is the collision efficiency, E, is the attachment efficiency and E; is the sta-
bility efficiency. The majority of the concepts stem from work done by Sutherland
(1948) with a large body of work dedicated to it since then. This work has been thor-
oughly reviewed by many authors (Deglon, 1998; Ralston et al., 1999; Pyke, 2004;
Sherrell, 2004; Anderson, 2008; Miettinen et al., 2010) and this review is derived from
those works.

2.4.1.1 Particle - Bubble Collision Efficiency

When a particle and bubble approach one another in a fluid they may not necessarily
collide, but the particle may rather move with the fluid streamlines around the bubble.
The collision efficiency is therefore dependent on the streamlines around a bubble,
and the tendency of the particles to stay in the streamlines. The particle trajectory in
the fluid flow and its tendency to stay in the streamlines can be characterised by the
Stokes number:

. vabdg

St =
dppiy

(2.22)

where dy, and v, are the bubble diameter and rise velocity, p, and d, are the particle
density and diameter and i is the fluid viscosity. When St << 1 the particles are
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considered to have negligible inertia and will follow the fluid streamlines. When St
>> ] the particles will be relatively unaffected by the fluid streamlines. The flow of
fluid around a bubble can be described by the bubble Reynolds number.

Uppf dy
K

Rey, = (2.23)
For Re, << 1 the flow is considered to be in the Stokes regime, and potential flow
when 80 < Re, < 500. Flow conditions which fall between the Stokes and potential

flow regimes are known as the intermediate flow regime.

Various models for the efficiency of collision have been derived for the different flow
regimes. For potential flow (80 < Re, < 500), negligible particle inertia (particles
follow that streamlines) and an immobile bubble surface the following model derived
by Sutherland (1948) holds.

E.q= 3% (2.24)
s db

Gaudin (1957) derived a model describing collision in the Stokes flow regime (Rey,

<< 1), neglecting particle inertia and assuming an immobile bubble surface.
3 (d,\’
E.g=-(2 2.25
G =5 ( db) (2.25)
Yoon and Luttrell (1989) derived a model for the intermediate flow regime, that as-

sumed negligible particle inertia and an immobile bubble surface.

3 4RePT\ [d \?
E.y= (= b s 2.26
v (2+ i )(d) (2.26)

This model has been used in various studies for flotation modelling (Koh and Schwarz,
2006; Evans et al., 2008; Jameson, 2010). Equations 2.24 — 2.26 are limited by the

fact that they do not account for particle inertia or mobile bubble surfaces. Dai et al.
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(1998) derived a model for collision efficiency in the potential flow regime which

accounts for both particle inertia and mobile bubble surface:

3
E.csg = E., ssin?0, exp [3[( 3c080; (ln D

. 8) 9K; (2 + cos®0, — costy)
c,S '

2F, ssin’0;
(2.27)

where E_g is the Sutherland (1948) model as given in Equation 2.24. 0, is the angle

of tangency or maximum collision angle, given as:

f; = arcsin [26 (W — 6)}5 (2.28)

where K3 and 3 are dimensionless numbers given by:

 2u(pp — pg)r

Ky = = (2.29)
HTp
4Ec S
= : 2.30
b=oi (2.30)

This equation is known as the Generalised Sutherland Equation (GSE) and has been
used in a number of flotation models (Pyke, 2004; Sherrell, 2004; Newell and Grano,
2006). The model predicts increased collision efficiency with increasing particle size
and decreasing bubble size. Dai et al. (1998) showed that Equation 2.27 was in agree-
ment with experimental data from quartz flotation with particle sizes of 7 — 60 pum
and Stokes numbers of up to 0.27. Collision efficiencies were found to be in the
range of 0.01 — 0.1 which is considerably smaller than the theoretical maximum of 1,

emphasising the low collision efficiencies for fine particles.

2.4.1.2 Particle - Bubble Attachment Efficiency

Once a particle and a bubble have successfully collided the particle must become
attached to the bubble for flotation to proceed. The success of attachment depends

largely on the hydrophobicity of the particle and is therefore the primary selective
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process in flotation. In order to model attachment two critical factors are considered,
sliding time and induction time. If we consider a particle colliding with a bubble, the
particle will make contact with the bubble and then slide around the circumference
to a point, beyond which it will move away from the bubble. Sliding time is thus the
time that a particle spends touching, or sliding along a bubble. Induction time is the
time required for the particle to become attached to the bubble. If the sliding time is
greater than the induction time then the particle can become attached to the bubble
(Sutherland, 1948).

Dobby and Finch (1986) proposed a model based on two collision angles between a
particle and bubble, measured from the vertical. The first is the adhesion angle (0,),
which is the angle at which the sliding time will equal the induction time and the
particle will attach. The second is the maximum possible collision angle, or angle of
tangency (0,). The attachment efficiency is then described by:

sin?6,
E, = 2.31
sin29t ( )
The adhesion angle (68,) can be calculated from (Dobby and Finch, 1986):
o \3
2(v, + vp) + vy (—dpj_’db>
0, = 2arctan exp | —tinq (2.32)

d, + d,

where v, and vy, are the velocities of the particle and bubble respectively, and tinq is the

induction time, which can be calculated by the empirical equation (Dai et al., 1999):

ting = AdY (2.33)

where B is a constant and A is inversely proportional to the contact angle of the par-
ticle. A and B are both determined from experimental data. The angle of tangency
(0,) was given by Dobby and Finch (1986) as a set of equations, derived from experi-
mental data, which are not reproduced here. Dai et al. (1999) proposed that Equation
2.28 from the GSE equation for collision may be used to calculate 6,. In this case the
model is known as the modified Dobby and Finch model and has been used by Pyke
(2004) and Newell and Grano (2006) in general flotation models.
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This model predicts that attachment efficiency increases with decreasing particle size,
decreasing bubble size and increasing contact angle. Dai et al. (1998) showed that
the model was in agreement with experimental data from the flotation of quartz with

particle sizes of 7.5 — 70 um and contact angles between 33° and 74°.

Yoon and Mao (1996) proposed a model based on the the extended DLVO theory
which includes surface properties of the particles and bubbles. This method focuses
on the interaction of different forces and energies in the system. The attachment
efficiency in this case is given as:

E
E, = exp (—E;A) (2.34)

where E; is the maximum energy that must be overcome in order for attachment to
occur, and requires experimental data to calculate (Yoon and Mao, 1996). Ej 4 is
the kinetic energy available in the system to overcome the energy barrier of attach-
ment. Sherrell (2004) proposed that in turbulent systems the energy available to the
particles/bubbles is the total turbulent kinetic energy (TKEy_A) of the turbulent eddies
which are of the same size, or smaller than the particles/bubbles. It is therefore taken
to be the average energy between the eddies of the same scale of the particles/bubbles
and the smallest possible eddies (Kolmogorov microscale). The energy available for
attachment is given as:

1
EK—A = 5 (mp + mb)TKEk_A (235)

where m;, and m,, are the mass of the particle and bubble respectively. Since all the
energy available to the turbulent eddies originates from external agitation (the impeller
in a stirred cell), the attachment efficiency is linked to the energy dissipation in the

system and would be expected to increase with increasing energy dissipation.

This model only takes thermodynamics effects into account and neglects the physical
aspects. It can be shown (Pyke, 2004) that the equation contradicts theoretical and
experimental data by predicting an increased attachment efficiency with increased
particle size. Despite this, the model has been used in flotation modelling (Sherrell,
2004).
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2.4.1.3 Particle - Bubble Stability Efficiency

Once a particle and bubble are attached they may break apart again, this is known
as detachment and depends on the stability of the particle-bubble aggregate. The
stability efficiency can be described by the theory proposed by Schulze (1977, 1982)
and is therefore often referred to as the Schulze model. The description presented here
follows the review in Nguyen and Schulze (2004). The stability of a particle-bubble
aggregate is described by the combination of all the forces acting to detach the particle
from the bubble (f4e) and the tenacity of the particle attachment (T). The stability
efficiency is then described by the exponential relationship (Nguyen and Schulze,
2004):

T

E,=1—exp (1 — ) (2.36)
F, det

The tenacity of particle attachment stems from the hydrophobicity of the particle and

is given by:

T = 0.57d,o(1 — cosb) (2.37)

where o is the surface tension and 0 is the contact angle. The detachment force in
a turbulent environment can be considered to occur due to accelerative forces on the
aggregate and is given as:

wd(a+ g)Ap

Fdet = 6

(2.38)

where a is the acceleration of the aggregate due to the turbulence, g is the acceler-
ation due to gravity and Ap is the difference between the fluid density and particle
density. The acceleration of the aggregate (a) due the movement of the fluid is cal-
culated assuming that the aggregates have a centrifugal acceleration equivalent to the
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centrifugal acceleration of the turbulent eddies of similar size to the aggregate. In the

inertial subrange of turbulence this is given as:

a=19————M (2.39)

And for the viscous dissipation subrange:

ol
NI

a = 0.52

(2.40)

A
N

In a typical flotation application the aggregate will likely be in the inertial subrange
(see Table 2.1) and therefore Equation 2.39 will be applicable. Substitution of the
the tenacity (Equation 2.37) and the detachment forces (Equation 2.38) into Equation
2.36 gives the relationship:

(2.41)

B=1— exp (1 30(1 — cos@))

d3(a+g)Ap

This model predicts increasing detachment with increasing particle size, increasing
energy dissipation, decreasing particle contact angle (hydrophobicity) and decreasing

aggregate size.

Another approach is to consider the energies associated with the aggregate. Sherrell
(2004) used a Arrhenius type equation to describe the stability efficiency:

E,=1—exp (— EWA ) (2.42)
k—D

where W is the work of adhesion and E; p is the kinetic energy of detachment. The
work of adhesion (W,) is the energy required to separate a particle-bubble aggregate

and as is given as (Mao and Yoon, 1997):

1
Wy = Zawdﬁ(l — cosf)? (2.43)
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The energy available for detachment was considered to correspond to the kinetic en-
ergy of the largest eddies in the system, since all particles are subjected to these eddies
and they contain the greatest amounts of energy for detachment. In an impeller agi-

tated system this is considered to be the kinetic energy of the impeller:

TKEy_p = (RimpWimp)” (2.44)
where Rjn, is the diameter of the impeller and wjy,, is the impeller rotational velocity.
The kinetic energy for detachment is then given as:

1
By-p = 5(m, +m)TKEg_p (2.45)

This model predicts increasing detachment with increasing particle size, increasing

energy dissipation and decreasing particle contact angle.

2.4.2 Particle - Bubble Collision Frequency

The rate of collision between particles and bubbles (Z,,) is dependent on the hydrody-
namics of the fluid in which they are contained. Different models apply depending on
the turbulent regime that the particles and bubbles are contained in. For particles and
bubbles which are contained within the smallest turbulent eddies, the collision rate is

given as (Saffman and Turner, 1956):

8 dy +dy\* e /2
%_Mﬁmm( 2)(ﬁ (2.46)

For Equation 2.46 to hold, the particles and bubbles must be small compared to the

smallest eddies in the fluid. It is therefore only applicable to low energy dissipation
and is generally not suitable for normal flotation systems. For example, consider a
system with an average energy dissipation of 1 kW/m?, which is relatively low for
flotation, the smallest laminar eddy is approximately 130 pum (Schubert, 1999). In
a typical flotation operation the fine particles would fall in this range, however the
bubbles would be well above this size. This equation has been used to model the
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collision rates in the low dissipation regions of flotation cells (away from the impeller)
in CFD modelling of flotation (Koh and Schwarz, 2003, 2006; Evans et al., 2008).

Abrahamson (1975) proposed the following equation for collision in highly turbulent
fluids, where particles are randomly flung between turbulent eddies:

d,+dy\ > ,
Zp, = 5N, N, ( p;— b) \/ U2 Ay (2.47)

where u; and u; are the RMS relative velocity for the particles and bubbles respec-

tively. It is assumed that the colliding particles’ velocities are independent, in magni-
tude and direction. For this assumption to hold the following condition must be met
(Abrahamson, 1975):

150 pu?
Pp/v€

2, > (2.48)
It can be shown (Anderson, 2008) that this condition is not met in typical flotation
cells. This model has however been used in many flotation studies in turbulent sys-
tems (Jordan and Spears, 1990; Schubert, 1999; Duan et al., 2003; Pyke et al., 2003;
Sherrell, 2004; Koh and Schwarz, 2006; Evans et al., 2008). In order to calculate the
collision rate from Equation 2.47 the particle and bubble root mean squared velocity
(u;2 and u,’f) are required to be quantified. Various models have been proposed to

calculate this. Abrahamson (1975) proposed the following equation:

!
2 _
Up/p =

(2.49)

1 + 1.57, /p€

where T, 1s the relaxation time of a particle/bubble and is a measure of the tendency
of a particle or bubble to come to equilibrium in a fluid. Liepe and Mockel (1976)
derived an equation empirically using data taken from many other researchers.

e d”® _ %3

/ b [ Pp/b — P

= 04— 22 (22— (2.50)
1% pf
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Equation 2.50 was derived for particles, although it has been used in the literature for
bubbles. Lee and Erickson (1987) derived a model for the RMS bubble fluctuating
velocity:

!

u? = Cy(edy)?? (2.51)

where Cy is a constant equal to 2 (Batchelor, 1951).

Brady et al. (2006) tested various models for determining the RMS velocity, for both
particles and bubbles, in isotropic turbulence formed by fluid flowing through cylin-
drical grids. It was found that the Liepe and Mockel model predicted the velocity of
80 pum particles reasonably well, while the Abrahamson model was in good agreement
with experimental data for 1.2 mm bubbles. The Abrahamson model did, however,
also provide reasonable agreement for particles. Both the Liepe and Mockel model,
and the Lee and Erickson model over predicted the RMS velocity for bubbles. These
results suggest that, when determining the RMS velocity, it may be useful to use the
Abrahamson model to model bubble velocities, and the Liepe and Mockel model for
particles.

In the flotation literature the Liepe and Mockel (1976) model is most commonly used,
for both bubbles and particles (Jordan and Spears, 1990; Julien Saint Amand, 1999;
Schubert, 1999; Duan et al., 2003; Pyke et al., 2003; Koh and Schwarz, 2006; Evans
et al., 2008). In a standard flotation system d, >> d,, then u; can be neglected, and
substituting Equation 2.50 into 2.47 yields (Julien Saint Amand, 1999; Pyke et al.,
2003):

4/9d7/9 - 2/3
Zy = 5N, Nyd? (0.46 o ) (p ! o P ") (2.52)

If it is assumed that E ) is independent of energy dissipation then the flotation rate
constant is proportional to the collision frequency (Equation 2.20). From the two
models of collision rates (Equations 2.46 and 2.52) the following relationship between
energy dissipation and flotation rate can be shown (Julien Saint Amand, 1999):

ko< Zy oce” where 0.44 <r < 0.5 (2.53)
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An alternative model was proposed by Nonaka et al. (1982) who assumed that parti-
cles and bubbles collide due to turbulent diffusion, and calculated that k oc €%7°. This
relationship was confirmed experimentally for the flotation of quartz in an impeller
agitated cell.

Models for describing collision and attachment efficiencies (see Section 2.4.1) are
derived for bubbles rising in a stationary fluid, and are dependent on the bubble rise
velocity (vy) which is well defined in quiescent systems. However the use of the
bubble rise velocity may not be suitable when modelling flotation in turbulent flu-
ids. Jameson (2010) proposed that in a shearing flow the bubble rise velocity can be
replaced with:

v, = Gd, (2.54)

where G is the shear rate, which can be expressed in terms of energy dissipation as
(Camp and Stein, 1943):

€\ /2
¢=(2) (2.55)
v
After substitution into the collection efficiency equation given by Yoon and Luttrell
(1989) (Equation 2.26) and using the rate of collision given by Saffman and Turner
(1956) (Equation 2.46), it can be shown that k oc G*% oc €7 (Jameson, 2010). This

is a stronger relationship than other models propose (see Equation 2.53).

2.4.3 General Flotation Models

Theoretical studies have been conducted, which utilise the relevant models describing
collection efficiency and particle-bubble collision frequency, to derive general flota-
tion models for turbulent systems. These models take into account such flotation
parameters as particle size, bubble size, contact angle/particle hydrophobicity, energy
dissipation and gas flowrate. Two general flotation models are briefly reviewed in this
section.

Pyke et al. (2003) derived a general flotation model, that was based on the Abraham-

son model (Equation 2.47) for collision frequency, and the Liepe and Mockel model
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(Equation 2.50) for the bubble RMS velocity. The collision efficiency was described
by the generalised Sutherland equation (Equation 2.27), the attachment efficiency by
the modified Dobby and Finch model (Equation 2.31), and the stability efficiency by
the Schulze model (Equation 2.36). The general flotation model was used to calculate
the theoretical flotation rates of sub 80 um quartz, with moderate to high hydrophobic-
ity, and floated with 0.14 mm bubbles. It was shown that, at low energy dissipations,
the flotation rate was essentially described by the collision efficiency, and increased
approximately linearly with particle size. Increasing the energy dissipation resulted in
increased calculated flotation rates, due to increased particle-bubble collision frequen-
cies. At high energy dissipation the flotation rates for coarse particles decreased, due
to low stability efficiencies. The model predictions were compared with experimental
data from batch floats of quartz with a particle size of 8 — 80 um. The results showed
good agreement between the experimental and calculated flotation rates, when the
values for the bubble velocity and energy dissipation used in the calculation corre-

sponded to those measured away from the impeller zone of the flotation cell.

Newell and Grano (2006) fitted the model derived by Pyke et al. (2003) to experimen-
tal data from quartz floats, in different sized batch cells, operating at various energy
dissipations. It was found that using the measured bubble rise velocity in the model
calculations resulted in the model underestimating the experimental flotation rates.
The model was therefore fitted to the experimental data using the bubble velocity as a
variable.

A general flotation model was derived by Sherrell (2004), using the generalised Suther-
land equation (Equation 2.27) for collision efficiency, and the energy based models for
the attachment and stability efficiencies (Equations 2.34 and 2.42). The Abrahamson
model (Equation 2.47) was used for collision rates, along with the Liepe and Mockel
model (Equation 2.50) for particle RMS velocity, and the Lee and Erickson model
(Equation 2.51) for bubble RMS velocity. It was found that the model predictions
showed reasonable agreement with experimental data from the flotation of glass beads
with varied contact angles, percent solids and energy dissipations. The greatest dis-
crepancies between the experimental and theoretical flotation rate constants occurred
when the flotation experiments were conducted at a high percent solids, using large

particles with low contact angles.
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2.5 Effect of Energy Dissipation on Flotation Kinetics:

Experimental Findings

In this section the findings from experimental studies on flotation kinetics are re-
viewed. This review is limited to those studies which investigated the effects of par-
ticle size, bubble size and energy dissipation on single mineral flotation rates, since

these are relevant to this investigation.

2.5.1 The Effect of Particle Size on Flotation Kinetics

The relationship between particle size and flotation rate is well established in flotation
literature. Fine particles float slowly due to poor collision with bubbles, as they tend to
move in the fluid streamlines around the bubbles (Sutherland, 1948). Coarse particles
also float poorly as they are more susceptible to detachment. There is therefore an
optimum particle size for flotation. The general form of the relationship between
particle size and flotation rate for fine particles (below the optimum size for flotation)
can be described by the power equation k o< dj.

Jameson et al. (1977) reviewed various literature studies (Reay and Ratcliff, 1975;
Collins and Jameson, 1976; Anfruns and Kitchener, 1977) on the effect of particle
size on flotation rates in quiescent systems. It was concluded that, for fine particles (4
um< d, <30 um) floated with sub 100 um bubbles, the value of n was 1.5. Crawford
and Ralston (1988) used methylation techniques to render quartz particles hydropho-
bic to various contact angles. A linear relationship between flotation rate and particle

size was found, for particles with contact angles from 50° to 88°.

In an agitated cell, Gaudin et al. (1942) found that, for the flotation of galena with
particle sizes above 4 um, the value of n was 1. For particles below 4 um, the flotation
rate was independent of particle size. Trahar (1981) investigated the batch flotation
of several sulphide minerals, and found a roughly linear relationship between the
flotation rate and particle size, for sub 20 pm particles floated with excess collector.
Ahmed and Jameson (1985) floated latex, quartz and zircon in a stirred cell, and
found that there is a weaker relationship between particle size and the flotation rate

than Jameson et al. (1977) suggests, with n < 1 for the flotation of quartz and zircon.
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Deglon (1998) found n to be 0.15 and 0.38, for the flotation of sub 32 um and sub
100 pm quartz respectively. Pyke et al. (2003) found that, for quartz flotation at low
energy dissipations, the relationship is approximately linear. Changunda et al. (2008)
floated sub 100 wm quartz in an oscillating grid cell, using discrete bubble sizes of
0.13 mm, 0.24 mm and 0.82 mm. At an energy dissipation of 0.44 kW/m? it was
found that k oc dé for all bubble sizes used.

2.5.2 The Effect of Bubble Size on Flotation Kinetics

It is well established in the flotation literature that flotation rates increase with de-
creasing bubble size. This effect is due to the increased number of bubbles when
using smaller bubbles, as well as the increased collision efficiency of small bubbles
(Jameson et al., 1977). The relationship between flotation rate and bubble size is

commonly expressed as the inverse power equation k o< d;".

Jameson et al. (1977) reviewed the literature (Reay and Ratcliff, 1975; Collins and
Jameson, 1976; Anfruns and Kitchener, 1977) and found a value for m of 3, for flota-
tion in quiescent systems with sub 100 um bubbles. Yoon and Luttrell (1986) found
the value of m to be 2.1 — 2.3, for fine coal flotation. Diaz-Penafiel and Dobby (1994)
found the value for m to be 1.15 — 2.08, for the flotation of silica in a column.

Ahmed and Jameson (1985) determined that in a stirred cell the relationship between
flotation rate and bubble size is never as strong as in quiescent systems. Deglon (1998)
floated sub 32 pum quartz particles in a stirred cell, and found a value for m of 2.2,
at low agitation rates. In de-inking flotation, Julien Saint Amand (1999) observed a
value for m of 1.5, for the flotation of sub 50 um ink particles. Changunda et al.
(2008) floated sub 100 um quartz in an oscillating grid cell and found a value of 0.75
for m, at an energy dissipation of 0.44 kW/m?3.

2.5.3 The Effect of Energy Dissipation on Flotation Kinetics

Many experimental studies have been performed in order to gain knowledge on the
effect of energy dissipation on flotation. A selection of these studies which used

particle sizes of sub 100 um and bubble sizes of less than 1.2 mm are summarised in
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Table 2.2. In these studies the bubble size is controlled independently of the energy
dissipation, so as to decouple the effect of energy dissipation and bubble size. The
majority of these studies have been conducted in stirred cells, with some work done
in an oscillatory baffled column (OBC) and an oscillating grid cell (OGC), which are

discussed separately.

Table 2.2: Table of summarised experimental studies on the effect of energy dissipation
on flotation kinetics (adapted from Anderson, 2008).

Author Ore Agitation = Hydrophobicity Energy Particle
Dissipation Size (um)
(KW/m?3)
Ahmed and Quartz Stirred Cell Moderate 0.01-2.5" <50
Jameson (1985) Zircon collector dosage
Latex
Deglon (1998) Quartz Stirred Cell Low collector 0.1-1.9 <32;
dosage <100
Pyke (2004) Quartz Stirred Cell Contact angle of 0.45-1.8 <75
Chalcopy- 53°-80°
rite
Galena
Newell and Quartz Stirred Cell Contact angle of 1.25-12.6 <100
Grano (2006) 80° (0.15-1.8)*
Changunda et al.  Quartz 0GC Contact angle of 0.015-0.6 <100
(2008) 65°
Anderson (2008)  Quartz OBC Low and 0-0.25 <45
moderate

collector dosage

* From Anderson (2008), assuming a power number of 5.5 for a six bladed Rushton turbine.

2.5.3.1 Stirred Cells

Ahmed and Jameson (1985, 1989) were the first to use a system where small bubble
generation was decoupled from the impeller speed. This was achieved by sparging
a stirred cell with bubbles of a known size. In the study, sub 50 pm latex, zircon
and quartz particles were floated using bubble sizes ranging from 0.07 mm to 0.65

mm. From the experiments the effects of bubble size, particle size, particle density
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and energy dissipation on flotation kinetics were reported. The effect that particle and
bubble size were found to have on flotation kinetics, at low agitation rates, have been
discussed in Sections 2.5.1 and 2.5.2.

For the flotation of latex particles, it was found that the flotation rate increased with
increased impeller speed, for all particle and bubble sizes used. The dependence of
flotation rate on impeller speed was found to be higher when floating with larger
bubbles. The results for quartz flotation, using CTAB (2.5 ppm) as the collector, are

reproduced in Figure 2.8, for three impeller speeds and three bubble sizes.
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Figure 2.8: Flotation rate constant versus particle size for the flotation of quartz (2.5 ppm
CTAB) in a stirred cell, at three agitation rates and bubble sizes (adapted from Ahmed
and Jameson, 1985).

Figure 2.8 illustrates that the flotation rate when using sub 0.36 mm bubbles increases
with increasing agitation, until a optimum agitation rate (approximately 300 rpm), af-
ter which the flotation rate decreases. The rate at which the flotation rate decreases,
when the agitation rate is increased from 300 rpm to 500 rpm, increases with decreas-
ing bubble size. Flotation with large bubbles (0.65 mm) resulted in increasing flotation
rates with increased agitation, for all agitation rates used (not shown in Figure 2.3).
Similar trends were noted for the flotation of zircon. These trends were attributed to

increased detachment rates with increased energy dissipation and decreased bubble
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size. It was recommended that the optimum conditions for flotation involves small

bubbles and the minimum impeller speed required for particle suspension.

Deglon (1998) investigated the effect of energy dissipation on flotation, in a stirred
cell similar to that used by Ahmed and Jameson (1985), and sparged with discrete
bubble sizes of 0.13 mm, 0.24 mm and 0.82 mm. Quartz (sub 32 um and sub 100
um) was floated using HPYC (1.6 x 10~° mol/L) as a collector. The results for the
flotation of sub 100 um quartz, using 0.13 mm and 0.82 mm bubbles, are reproduced
in Figure 2.9.
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Figure 2.9: Flotation rate constant versus energy dissipation for the flotation of quartz in
a stirred cell, for 0.13 mm and 0.82 mm bubbles (adapted from Deglon, 1998).

It is illustrated in Figure 2.9 that the flotation rate increases with increasing energy
dissipation to an optimum, after which the flotation rate decreases. These optimum
flotation conditions are dependent on the bubble size used, with optimum energy dis-
sipations of 0.65 kW/m? and 1.5 kW/m?> observed, for flotation with 0.13 mm and
0.82 mm bubbles respectively. It is clear from Figure 2.9 that the optimum flotation
conditions are small bubbles and low energy dissipations. Further analysis of the data
showed that the relationship between flotation rate and energy dissipation followed
the form k o< €% (Deglon, 2002).
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Pyke (2004) floated quartz, chalcopyrite and galena in order to investigate the valid-
ity of a general flotation model. A stirred cell, similar to that used by Ahmed and
Jameson (1985) and sparged with bubbles of approximately 1.2 mm, was used in the
study. Quartz (sub 75 pum) was methylated to known advancing contact angles for the
flotation experiments. The flotation of quartz, with a contact angle of 73°, resulted
in decreasing flotation rates for all particle sizes, when the energy dissipation was in-
creased from 0.45 — 1.45 kW/m3. The flotation of quartz, with an advancing contact
angle of 80°, resulted in flotation rates for fine particles which remained relatively
constant, when the energy dissipation was increased from 0.45 — 1.8 kW/m?3. The
flotation rates for more coarse particles decreased with increasing energy dissipation
over the same range. These results indicated that the effect that energy dissipation has
on flotation kinetics was dependent on both the particle size and particle hydropho-
bicity. Flotation rates decreased, or stayed constant, with increased energy dissipation
above 0.45 kW/m?, this indicates that the optimum energy dissipation for flotation in
the system was less than 0.45 kW/m?. This is low compared to the optimum energy
dissipation of 1.5 kW/m? found by Deglon (1998) for similar conditions.

Chalcopyrite (density of 4100 kg/m?) was floated using 100 g/t SEX, which produced
particle advancing contact angles of 67°. It was found that the flotation rates for sub
75 um particles increased when the energy dissipation was increased from 0.6 — 1.7
kW/m?. Galena (density of 7400 kg/m?3) was floated using 10 g/t DBPhos, which
resulted in particle advancing contact angles of 72°. It was observed that flotation
rates for sub 75 um particles increased as the energy dissipation was increased from
1.2 — 1.7 kW/m?, however the magnitude of the increase was significantly smaller
for more coarse particles. Subsequent increases in the energy dissipation resulted
in decreased flotation rates for all particle sizes. It was concluded that high particle
density results in increased detachment rates.

Newell and Grano (2006) measured the flotation rates of methylated quartz particles,
in geometrically similar stirred cells with volumes ranging from 2.25 — 50 dm?, in
order to assess scale-up parameters for flotation cells. In the experiments, 0.65 mm
bubbles were used to float quartz with an advancing contact angle of 80°. It was found
that increasing the energy dissipation led to a linear increase in flotation rate (ie. k
o €'), to an optimum at 4.1 kW/m?. After this optimum the flotation constant was

independent of the energy dissipation.
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2.5.3.2 Oscillatory Baffled Column

The oscillatory baffled column (OBC) is a novel cell developed by Anderson (2008),
who investigated its use both as a research tool and as a potential industrial cell. The
oscillatory baffled column is composed of many circular baffles, which are oscillated
vertically in a column in order to produce the agitation. A schematic of the apparatus

T
Q% Yoke
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is shown in Figure 2.10.
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Figure 2.10: Schematic of an oscillatory baffled column (adapted from Anderson, 2008).

In the study, sub 100 um quartz was floated using a fixed bubble size of 0.6 mm.
Energy dissipations of 0.004 — 0.22 kW/m? were investigated, these were controlled
by changing the oscillating frequency and amplitude of the baffle cage. Particle hy-
drophobicity was varied by using HPYC (1.6 x 10~® mol/L) and dodecylamine (1
x 107% mol/L) as collectors, to produce low and moderately hydrophobic particles

respectively.

When using low hydrophobicity quartz, the flotation rates for sub 36 um particles
increased with increasing energy dissipation to an optimum at approximately 0.01
kW/m?3. This optimum energy dissipation was an order of magnitude lower than the
value of 0.65 kW/m? observed by Deglon (1998) in a stirred cell using identical col-
lector surface coverage conditions. The flotation rates for particles greater than 36 um
decreased for all energy dissipations used. The results for the flotation of moderately
hydrophobic quartz are reproduced in Figure 2.11.
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Figure 2.11: Flotation rate constant versus energy dissipation for the flotation of mod-
erately hydrophobic quartz in an oscillatory baffled column, for four particle size classes
(adapted from Anderson, 2008).

It is illustrated in Figure 2.11 that the flotation rate constant for sub 36 um particles
increases with increasing energy dissipation, up to approximately 0.05 kW/m3, be-
yond which the flotation rate is independent of energy dissipation. Particles greater
than 36 um display optimum flotation rates at an energy dissipation of approximately
0.05 kW/m?3, after which the flotation rate decreases with increasing energy dissipa-
tion. This optimum energy dissipation was higher than observed for low hydropho-
bicity quartz, although it was still an order of magnitude lower than those found using
stirred cells (Section 2.5.3.1).

The large difference between the optimum energy dissipation found in the oscillatory
baffled column and in stirred cells was proposed by Anderson (2008) to be due to the
oscillatory flow imparted on the fluid by the baffles, resulting in an additional fluc-
tuating velocity in the system. This was thought to result in high root mean squared
(RMS) velocities in the fluid, leading to high RMS velocities for particles and bubbles
at relatively low energy dissipations. It was shown in Section 2.4.2 that increasing the
RMS velocities of particles and bubbles results in increased flotation rates. The oscil-

latory baffled column was therefore speculated to increase particle-bubble contacting
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at considerably lower energy dissipations than in conventional cells.

2.5.3.3 Oscillating Grid Cell

The oscillating grid cell (OGC) was developed by Changunda et al. (2008) as a cell
which produces near homogeneous and isotropic turbulence. The specifics of the
oscillating grid turbulence have been discussed in Section 2.3. Flotation experiments
were performed using quartz (Pgy = 100 um) which was methylated to an advancing
contact angle of 65°. Bubble sizes of 0.13 mm, 0.24 mm and 0.82 mm, and energy
dissipations of 0.015 — 0.6 kW/m?, were used in the investigation. Results for the
flotation of the -48 +26 um particle size class are reproduced in Figure 2.12, for the
three bubble sizes used.
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Figure 2.12: Flotation rate constant versus energy dissipation for the flotation of -48 +26
um quartz in an oscillating grid cell, for three bubble sizes (adapted from Changunda
et al., 2008).

Figure 2.12 illustrates that the flotation rate increased linearly with increased energy
dissipation (ie. k oc €1), for the three bubble sizes used. Similar trends were observed
for all particle sizes used in the study. This linear relationship was higher than many
theoretical studies have indicated (Nonaka et al., 1982; Julien Saint Amand, 1999),
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however, Newell and Grano (2006) noted a similar linear relationship between energy
dissipation and flotation rate, in an experimental study. It was observed by Changunda
et al. (2008) that the rate of increase in flotation rate with increasing energy dissipation
(the slope of the lines in Figure 2.12) was approximately equal for the three bubble
sizes used. Similar trends, with regard to changing bubble size, were noted for all
particle sizes used. It was therefore proposed that, for the range of energy dissipa-
tions and bubbles sizes used, the effect of energy dissipation on flotation rate was not
strongly dependent on the bubble size.

In order to discuss the role of particle size on the effect that energy dissipation has
on flotation kinetics, the results for the flotation of three particle sizes with 0.24 mm
bubbles are reproduced in Figure 2.13.
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Figure 2.13: Flotation rate constant versus energy dissipation for the flotation of quartz
in an oscillating grid cell, for 0.28 mm bubbles and three particle size classes (adapted
from Changunda et al., 2008).

Figure 2.13 illustrates that the rate of increase in flotation rate with increasing energy
dissipation (the slope of the line) increases with increasing particle size. The effect
that energy dissipation has on the flotation kinetics is therefore dependent on the par-
ticle size being floated. An exception to this trend was the flotation rates for coarse

particles floated with small (0.13 mm) bubbles, where increasing energy dissipation
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resulted in flotation rates remaining relatively constant. This effect was attributed to
a combination of buoyancy and detachment effects. From these results, Changunda
et al. (2008) proposed that the effect of energy dissipation on flotation rate was de-

pendent on the particle size, but was less dependent on the bubble size.

Experiments conducted in stirred cells and the oscillatory baffled column have shown
that increasing energy dissipation results in increased flotation rates to an optimum,
beyond which the flotation rate decreases with increasing energy dissipation (see Fig-
ures 2.8, 2.9 and 2.11). This optimum is thought to be the point where the rate of
detachment becomes greater than the rate of increased particle-bubble collisions. It is
clear from Figures 2.12 and 2.13 that this optimum is not observed in the oscillating
grid cell, indicating that there is negligible detachment occurring in the system. This
may be due to the low energy dissipations used in the study. It is proposed that by
increasing the energy dissipation, beyond those used by Changunda et al. (2008), the

effects of detachment may be observed.

2.5.4 Summary of Experimental Studies

It is evident from the literature that flotation kinetics are a function of many factors,
including the particle size, bubble size and energy dissipation in a system. The rela-
tionship between flotation rate and particle size can be described by k o< d°, where n
is 1 — 1.5 in quiescent systems, and 0.3 — 1 in turbulent sytems. The relationship be-
tween the flotation rate and bubble size is commonly described by k oc di", where m

is 1.15 — 3 in quiescent systems, and in the range of 0.75 — 2.2 for turbulent systems.

The effect of increasing energy dissipation is, generally, to increase the flotation rate
to an optimum, beyond which increasing the energy dissipation results in decreasing
flotation rates. At energy dissipations below the optimum, the relationship between

energy dissipation and flotation rate can be described by k oc €%!-!

. The optimum
energy dissipation is in the range of 0.05 — 4.1 kW/m?, and appears to be a function
of bubble size, particle size, particle hydrophobicity and contacting environment. In
general the highest flotation rates are achieved when floating with fine bubbles at low

energy dissipations.
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2.6 Summary of Literature Review

The literature relevant to this investigation has been reviewed in this chapter. The
review of flotation cells included common industrial cells, and novel flotation cells
which have been developed. It was observed that both operate using turbulent envi-
ronments, and therefore knowledge of the effects of energy dissipation on flotation
may be relevant to both current flotation technology and future developments.

Background information was given on turbulence fundamentals in order highlight the
areas important in flotation. Oscillating grid turbulence was then reviewed, demon-
strating why they may be considered to provide a near ideal environment for the in-

vestigation of turbulent systems.

From the review of theoretical studies of flotation, it was observed that energy dissi-
pation affects flotation in two ways. Firstly increased energy dissipation is thought
to increase particle-bubble collision frequencies, resulting in increased flotation rates.

This relationship can be expressed as k o< €%44-075,

The second effect of energy
dissipation on flotation is to decrease the stability of particle-bubble aggregates. The
overall effect that energy dissipation has on flotation kinetics is therefore a balance of

these two effects.

The majority of experimental studies on the effect of energy dissipation on flotation
kinetics have been conducted in stirred cells, with some research conducted in an
oscillatory baffled column and an oscillating grid cell. Studies have shown some gen-
eral trends regarding the effects of particle size, bubble size and energy dissipation
on flotation kinetics. In general, increasing energy dissipation results in increased
flotation rates to an optimum, after which the flotation rate decreases with increas-
ing energy dissipation. This optimum is thought to be the point where the rate of
detachment becomes greater than the rate of increased particle-bubble collisions, as
proposed in the theory. This trend was however not observed in the oscillating grid
cell, indicating that the study was limited by the relatively low energy dissipations
used. The current study therefore proceeds by using an oscillating grid cell to inves-
tigate flotation kinetics at a large range of energy dissipations, such that the effect of

energy dissipation on flotation kinetics may be more fully investigated.
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Chapter 3

Materials and Methods

In this chapter the materials and methods used in the investigation are presented. A
detailed description of the design and operation of the oscillating grid cell is given in
Section 3.1. Precharacterisation experiments were conducted in the oscillating grid
cell, before flotation experiments could be conducted, and are outlined in Section
3.2. The conditions and procedures for the flotation experiments are then described in
Section 3.3, with details of the experimental program for the investigation.

3.1 The Oscillating Grid Flotation Cell

The first objective of this study was to design and build an oscillating grid cell, which
could be used at energy dissipations of 0.5 — 5 kW/m?3. The cell was designed to be
dimensionally identical to the oscillating grid cells used by Changunda et al. (2008)
and Bache and Rasool (2001), but with a more robust design such that higher energy
dissipations could be achieved. A schematic of a single grid is shown in Figure 3.1
and the oscillating grid cell is shown in Figure 3.2. The dimensions of the oscillating
grid cell and grids are given in Table 3.1
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Figure 3.2: The oscillating grid flotation cell.
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Table 3.1: Oscillating grid cell specifications.

Volume (L) 10
Tank Height (mm) 380
Tank Width (mm) 180
Number of Grids 19
Grid Spacing (mm) 18
Grid Hole Shape Square

Grid Hole Size (mm) 6.8
Grids Solids Size (mm) 1.6

The oscillating grid cell was operated by oscillating the grid stack vertically in a PVC
column. The grids had the same dimensions as used by Changunda et al. (2008),
and were laser cut from single sheets of 1.5 mm stainless steel for added rigidity. A
reinforcing ring was added to the circumference of the grids, which was not present
in the grids used by Changunda et al. (2008).

The grid stack was made up of 19 grids mounted horizontally on the drive shaft.
Turbulence was generated in the system by oscillating the grid stack at a set stroke
length of 18 mm, which corresponds to the spacing between the grids. The shaft
was oscillated vertically through the use of a crank, which was driven by a variable
speed 750 Watt AC Bonfigilioli electric motor. Oscillation frequencies were altered
by varying the rotational speed of the motor, and frequencies of 5 — 13 Hz could be
achieved using this system. The energy dissipation was altered through changing the

oscillating frequency of the grid stack.

3.1.1 Force Measurement

The force was measured by using a load cell (Loadcell Services S-type) mounted in-
line on the driving shaft, so as to directly measure the forces exerted on the drive
shaft. A small flag mounted on the crank cut an optical switch once a cycle in order
to determine the frequency and phase of the crank. Electrical signals were captured
using a National Instruments data acquisition card, and sent to a computer where they
were saved using LabView(C) for analysis, which will be described in detail in Section
3.2
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3.1.2 Aeration System

Gas was humidified, by bubbling it through distilled water, before being sparged into
the cell through three 30 mm diameter glass frits (Duran sintered filters supplied by
Glasstech (Pty) Ltd) situated below the plate stack. The gas flowrate was accurately
controlled by using a Brooks Smart (TMF) mass flow controller, before being dis-
tributed to the spargers. The frits were mounted in stainless steel pipes which could
be rotated through 180 degrees, as shown in Figure 3.3.

Down Up
aaaaa
Tw——1  Pparicles ‘eg % . o——Bubbles
. ° e no % °
° . . . c0llo gllo e
A e L it * *
: ———1—Trapped

[~ 1% 1

L ] ]

Figure 3.3: Schematic of frit placement with detail of rotation.

When in the “down” position the frits were protected from being clogged with settling
particles, and when the gas was turned on it was trapped in the pipe. When rotated
to the “up” position the air was allowed to escape. Porosity 1, 3 and 4 frits were
used, which produce known bubble sizes as measured by Deglon (1998). Table 3.2
shows the maximum pore size of the different porosity frits, with the mean bubble
size produced. Deglon (1998) found that at the energy dissipations used in this study,
and with the same frother dosage, bubble break-up is negligible.
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Table 3.2: Sintered glass frit pore sizes and corresponding mean bubbles sizes produced,
as measured by Deglon (1998).

Porosity Max Pore Size (um) Mean Bubble Size (mm)

1 100 - 160 0.82
3 16 - 40 0.24
4 10- 16 0.13

3.1.3 Recycle System

The flotation experiments were run in batch mode, and a recycle was therefore re-
quired to keep the particles sufficiently dispersed. The column was fitted with a con-
ical base so that slurry could be collected and continuously reintroduced to the top
of the cell. A small centrifugal pump (Boyu S-1800) was used so as to maintain a
constant flow of 4.5 L/min. The piping had few obstructions and had a suitably large

diameter to ensure laminar flow.

3.1.4 Froth Removal System

In order to minimise froth recovery effects a very low froth was maintained, which
was removed by skimming a vacuum nozzle, attached to a conical flask, across the
liquid surface. This method has been used by many previous researchers (Ahmed
and Jameson, 1985; Deglon, 1998; Changunda et al., 2008; Anderson, 2008). Five
separate concentrates could be collected using this system.

3.2 Precharacterisation Experiments

The precharacterisation of the oscillating grid cell was composed of two parts, the de-
termination of the energy dissipation in the system, and the comparison to Changunda
et al. (2008) who conducted research in a similar rig. The comparison to previous
work was conducted by floating the same methylated quartz as used by Changunda

et al. (2008), and is therefore referred to as the methylated quartz flotation.

48



CHAPTER 3. MATERIALS AND METHODS

3.2.1 Determination of Energy Dissipation

The method described in this section, to determine the energy dissipation in the os-
cillating grid cell, follows that of Bache and Rasool (1996). The force measured by
the load cell was composed of a combination of forces, namely, the force required to
accelerate the grids, frictional force in the mechanism and the force exerted by the
grids on the fluid. In order to determine the force exerted by the grids on the fluid,
the force was measured with no fluid in the cell (Fyy) and then with fluid (Fy.), as
described by Tojo et al. (1979). The force exerted on the fluid was then calculated by:

F(t) = F(t)wet — F()ary 3.1)

The instantaneous power supplied to the fluid at time (t) was then calculated by:

P(t) = F(t)Y(t) (3.2)

where the instantaneous velocity (Y(t)) was given by:

Y (t) = wS fsin(2r ft) (3.3)

where S is the stoke (18 mm) and f is the frequency of oscillation. The time-averaged

power input (P) was then calculated from:

Pt /T P(t)dt (3.4)
0

-
where T is the period of oscillation and is equal to f~!. The average rate of energy
dissipation (€) was then calculated by:

P
m

(3.5)

€ =

~

where my is the mass of liquid in the agitated zone. The energy dissipation can be
expressed as power intensity (kW/m?), specific power input (W/kg) or turbulent en-
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ergy dissipation rate (W/kg or m?/s®), which are considered to be equivalent under the

conditions used in this investigation (Changunda et al., 2008).

3.2.2 Methylated Quartz Flotation

The aim of the methylated quartz flotation experiments was to show continuity from
the work done by Changunda et al. (2008). This was achieved by repeating the exper-
iments conducted by Changunda et al. (2008) in the new oscillating grid cell, and
comparing the results obtained with the results of Changunda et al. (2008). The
same methylated quartz that was prepared and floated by Changunda et al. (2008)
was reused for these experiments, and was floated at identical operating conditions. It
should be noted that the quartz had been in storage for approximately 18 months prior
to being reused in this study. Further details of the ore preparation and operating con-
ditions used can be found in Changunda et al. (2008). For the experiments an energy
dissipation of 5 kW/m? was used, which is within the range of energy dissipations
used by Changunda et al. (2008).

3.3 Flotation Experiments

This section will provide the details of the ore sample used in the flotation experi-
ments, followed by the operating conditions used in the flotation experiments. The

procedures used for a flotation experiment are then described in detail.

3.3.1 Ore Sample

Quartz has been used extensively in flotation research as it does not undergo oxidation
and can easily be rendered hydrophobic, either through adding collector or methyla-
tion techniques. In this study, natural quartz was floated using a collector in order
to produce results comparable to those of Deglon (1998) and Anderson (2008). The
quartz sample (supplied by Kiln Contracts (Pty) Ltd, Western Cape) was used as sup-
plied without further milling. The particle size distribution of the sample, as measured

using a Malvern Mastersizer'™, is shown in Figure 3.4.
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Figure 3.4: Size distribution of natural quartz sample used in this study.

It is illustrated in Figure 3.4 that the sample had a large percentage of fine and ultra-
fine material, which may be more typical of a milled ore. The focus of the investi-
gation is on the flotation of fine particles, since they float poorly and are generally
thought to benefit from energy dissipation. The large percentage of fine particles in
the ore sample is therefore well suited to the study. This sample was blended and

split, using a spinning riffler, into feed samples for the flotation experiments.
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3.3.2 Experimental Conditions

Flotation experiments were conducted in batch mode, using constant flotation condi-

tions for all experiments. These operating conditions are summarised in Table 3.3.

Table 3.3: Table of experimental conditions for flotation experiments.

Gas N,

Gas Flow (mL/min) 100

Solid Concentration (mass %) 0.5

Frother MIBC
Frother Concentration (ppm) 100
Sampling Times (min) 0.5,1,2,4,8

Nitrogen gas (Air Liquide Analytical grade) was used as the flotation gas. Low gas
flowrates were used in order to minimise the effect that bubbles might have on the
turbulence in the system. A low mass percentage of solids was used so as to minimise
the effect that solids may have on the turbulence, and to minimise bubble loading.
MIBC (Fluka 97.5 %) was used at the same concentrations as Deglon (1998) and
Changunda et al. (2008), so as to produce the same bubble sizes as those studies. The
collector used was dodecylamine (Fluka 98 %) at a dosage of 1 x 10~* mol/L at pH 9.
At this collector concentration a maximum recovery of up to 90 % was achieved over

the 8 minute flotation time period.

3.3.3 Experimental Procedures

This section describes, in detail, how an experiment in the oscillating grid cell was
carried out. Before the experiment began, the oscillating frequency corresponding
to the desired energy dissipation to be used was set on the motor. To begin with,
the spargers were set up facing downwards and with no Nitrogen flow, and the cell
was filled with water. Frother and collector were pre-dispersed in beakers of water,
and added to the cell. The oscillating grid and recycle pump were then started, and
allowed to operate for 2 min in order to mix the reagents throughout the cell. The
ore was then introduced as a slurry beneath the water surface, in order to reduce

air entrainment. After 10 min of conditioning time the Nitrogen gas was started,
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and allowed to run for 15 seconds to reach steady state. Since the spargers were
facing down this Nitrogen gas was trapped, as shown in Figure 3.3. After 15 seconds
the spargers were turned to face upwards, and once the slugs of Nitrogen gas had
risen to the surface the timer was started for the flotation tests. Five concentrates
were collected in separate conical flasks, for the flotation times given in Table 3.3.
The concentrates were dried, weighed, and the size distributions determined using a
Malvern Mastersizer™. From this data the mass of each particle size class, in every
concentrate, was calculated. The flotation rate constant (k) was then calculated using

curve fitting for each particle size class by:

Rt)y=1—¢" (3.6)

where the recovery (R) is the fraction of the feed that is recovered at time t.

3.3.4 Experimental Program

The experimental program for this study was composed of two major parts, the prechar-
acterisation of the oscillating grid cell, and the flotation experiments conducted in

order to investigate the effect of energy dissipation on flotation kinetics. The exper-

iments performed, in both the precharacterisation and the flotation experiments, are

summarised in Table 3.4, with further detail given in Sections 3.3.4.1 — 3.3.4.2.

Table 3.4: Table of summarised experiments conducted in the oscillating grid cell.

Experiment Ore Energy Dissipation Bubble Size
(KW/m?) (mm)

Comparison to Methylated 0.5 0.13,0.24, 0.82

Changunda etal. Quartz

(2008)

Repeatability Natural Quartz 05,1,2,3,4,5 0.24

Flotation Natural Quartz 05,1,2,3,4,5 0.13, 0.24, 0.82

Experiments
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3.3.4.1 Precharacterisation Experiments

Before flotation experiments were conducted in the cell, the energy dissipation in the
cell was determined at oscillating frequencies of 2 Hz, 5 Hz, 7 Hz, 10 Hz and 13
Hz. A calibration curve was then drawn, which allowed the appropriate oscillating

frequency to be chosen to produce a desired energy dissipation.

Flotation of methylated quartz was performed in order to benchmark the cell against
the results of Changunda et al. (2008), and to ensure that the oscillating grid cell was
operating as expected. These experiments were conducted using the same operating
conditions and methylated quartz as Changunda et al. (2008). An energy dissipation
of 0.5 kW/m? was used for the experiments, as it falls in the range of 0.015 — 0.65
kw/m? used by Changunda et al. (2008), and was the lowest energy dissipation which

could be achieved in the oscillating grid cell.

The repeatability of the results obtained in the oscillating grid cell was determined by
performing flotation experiments in duplicate, using natural quartz, at the operating
conditions given in Table 3.4.

3.3.4.2 Flotation Experiments

Natural quartz flotation experiments were conducted in the oscillating grid cell at the
conditions shown in Table 3.4. The energy dissipations used were chosen to cover a
large range, including the dissipations which may be of interest to industry. The bub-
ble sizes may be considered small in terms of industry use, however they correspond
to the range typically used in the literature, to which results from this study will be
compared (Ahmed and Jameson, 1985; Deglon, 2002; Anderson, 2008; Changunda
et al., 2008). The results of these experiments allowed observations to be made on the
effect of energy dissipation on flotation kinetics, these are presented and discussed in
Chapter 4.
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Chapter 4
Results and Discussion

This chapter is presented in three sections, beginning with the precharacterisation of
the new oscillating grid cell, in Section 4.1. The results from the quartz flotation ex-
periments done in the oscillating grid cell are then presented in Section 4.2. These
results are discussed in terms of the effects of bubble size, particle size and energy
dissipation on flotation kinetics. The chapter concludes in Section 4.3, with a brief
discussion on the effect of the contacting environment on flotation kinetics, with refer-
ence to previous literature studies conducted in a stirred cell and an oscillatory baffled

column.

4.1 Precharacterisation of the Oscillating Grid Cell

The precharacterisation of the oscillating grid cell was composed of three parts, the
energy dissipation measurements, the comparison to previous research in a similar rig,
and the repeatability of the data acquired from experiments. The results from these

precharacterisation experiments are presented and discussed in this section.

4.1.1 Energy Dissipation Measurements

Energy dissipation measurements were conducted as described in Section 3.2. It was

found that the presence of bubbles and solids, at low gas flow rates and solids con-
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centrations, had a negligible effect on the energy dissipation, and therefore the results
presented are applicable for the flotation experiments. The measured instantaneous
power input into the fluid, with relation to the grid velocity, is shown in Figure 4.1,
for a grid oscillating frequency of 13 Hz.
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Figure 4.1: Measured instantaneous power input at 13 Hz, in relation to grid velocity.

Figure 4.1 illustrates that the instantaneous power input is directly related to the grid
velocity, reaching maximum values when the grid velocity is at a maximum, and zero
when the grid is stationary (velocity = 0 m/s). This is due to the fact that the power
being input into the system comes from the frictional force exerted by the grids, which
is directly related to the velocity of the grids. The grids are essentially moving through
a stationary fluid, which is expected since oscillating grid turbulence is considered to
be zero mean flow (Yan et al., 2007). This is the significant difference between the
oscillating grid cell and an oscillatory baffled column, which has high levels of bulk
fluid flow.

The average energy dissipation rate (€) was described by the relationship given by
Guadayol et al. (2009)

n%Cdpfﬂ2SAf3S?’

mr,

4.1

€ =
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where the drag coefficient (Cy) was found to be constant and equal to 4.55, after
curve fitting with the experimental data. In the current system the number of grids
(n), fluid density (py), mass of fluid being agitated (my), solids area of the grids
(Sa) and oscillating stroke length (S) are all constant, and the energy dissipation is
manipulated by changing the oscillating frequency (f). This relationship between grid
oscillating frequency and average energy dissipation is shown in Figure 4.2, for both
the experimental and fitted data.
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Figure 4.2: Energy dissipation versus grid oscillating frequency, experimental results
with fitted curve corresponding to Equation 4.1.

It is clear from Figure 4.2 that the equation is a good fit to the experimental data, for
the range of frequencies used. Equation 4.1 was therefore used to back calculate the
oscillating frequencies to be used in the flotation experiments. Table 4.1 shows the
energy dissipations used in the study, with the grid oscillating frequencies required to
achieve them.
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Table 4.1: Operating frequencies with corresponding energy dissipations.

Frequency Energy Dissipation

(Hz) (kW/m?)
54 0.5
6.7 1
8.5 2
9.8 3
10.8 4
11.7 5

4.1.2 Methylated Quartz Flotation

The same methylated quartz as used by Changunda et al. (2008) was floated in order to

ensure that the new cell had similar flotation behaviour to the cell used by Changunda

et al. (2008). The flotation results from the current study and from Changunda et al.

(2008) are compared in Figures 4.3 and 4.4, for the flotation of three particle size

classes using 0.82 mm and 0.13 mm bubbles.
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Figure 4.3: Flotation kinetics for increased energy dissipation, using 0.82 mm bubbles.
Lines represent results from Changunda et al. (2008), whilst closed symbols are the re-

sults from the current study.
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Figure 4.4: Flotation kinetics for increased energy dissipation, using 0.13 mm bubbles.
Lines represent results from Changunda et al. (2008), whilst closed symbols are the re-
sults from the current study.

Figure 4.3 illustrates that the flotation experiments, when using 0.82 mm bubbles,
show good agreement between the results from Changunda et al. (2008) and the cur-
rent study at 0.5 kW/m?, for the three particle size classes. Figure 4.4 shows that, for
flotation with 0.13 mm bubbles, there is good agreement for the -11 +5 wm and the -
45 +25 pum particle size classes. However, the results for the largest particle size class
(-74 445 pm) do not match as closely. Large particles floated with small bubbles are
expected to experience high detachment forces, and therefore this discrepancy may
indicate that the quartz had lost some hydrophobicity during storage. If one considers
that the oscillating grid cell used in the current study was a new cell, with differ-
ences in the grid design (see Section 3.1), and was used by a different operator, then
it may be considered to operate at a satisfactorily equivalent manner to the cell used
by Changunda et al. (2008).
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4.1.3 Repeatability

The repeatability of the results obtained using the oscillating grid cell was determined
by performing quartz flotation experiments in duplicate, using 0.24 mm bubbles, for
energy dissipations of 0.5 kW/m?3, 1 kW/m?, 2 kW/m3, 3 kW/m?, 4 kW/m? and 5
kW/m?3. The percentage error between repeats was averaged over all experiments,
and is given in Table 4.2, for both the recovery and calculated rate constant.

Table 4.2: Average errors for recovery and flotation rate constant.

Relative Error (%)
Size Fraction (um) Recovery Rate Constant
-19 +5 54 6.4
-45 +19 4.9 5.6
-74 +45 4.3 5.0

Similar errors have been reported by Changunda et al. (2008), where errors of ap-
proximately 5 % were found for recovery in a similar system. These errors were con-
sidered to be in a reasonable range for these experiments, and are used as a standard

throughout the study.
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4.2 Flotation in the Oscillating Grid Cell

In this section the flotation experiments outlined in Section 3.3, for the flotation of
natural quartz in the oscillating grid cell, are presented and discussed. The results are
initially discussed in terms of particle and bubble size, at low energy dissipation. This
is done in order to demonstrate that the oscillating grid cell had flotation behaviour
which is as expected, and is comparable to literature findings. The effect that increas-
ing the energy dissipation has on flotation kinetics is then presented, with discussion

on the roles of both bubble and particle size.

4.2.1 The Effect of Particle and Bubble Size on Flotation Kinetics

The relationship between flotation rate and particle size, at an energy dissipation of 0.5
kW/m3, is presented in Figure 4.5, for the three bubble sizes used in the investigation.
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Figure 4.5: Flotation rate constant versus particle size at 0.5 kW/m3, for all bubble sizes.

It 1s clear from Figure 4.5 that the flotation rate increases with increasing particle
size, for the range of particle sizes and bubble sizes used. This relationship is well

established in the flotation literature, and is commonly expressed as k oc d;. In this
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study the value of n was calculated to be approximately 0.7. This relationship was
not as strong as observed in the literature for quiescent systems, where the value of n
is considered to be in the range 1 — 1.5 (Jameson et al., 1977; Crawford and Ralston,
1988). Literature studies in turbulent systems indicate that the relationship decreases
when agitation is applied (Ahmed and Jameson, 1985, 1989), and in general n is in the
range 0.38 — 1 for turbulent systems (Gaudin et al., 1942; Trahar, 1981; Deglon, 1998;
Pyke et al., 2003; Changunda et al., 2008). The value of n found in this study was in
this range, and the relationship between particle size and flotation rate was therefore

considered to be consistent with the literature for turbulent systems.

The relationship between bubble size and the flotation rate, at an energy dissipation

of 0.5 kW/m?3, is shown in Figure 4.6, for three particle size classes.
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Figure 4.6: Flotation rate constant versus bubble size at 0.5 kW/m?, for three particle
size classes.

Figure 4.6 illustrates that the flotation rate constant increases significantly with de-
creased bubble size. This relationship is commonly accepted in the literature, and can
be described by the inverse power relationship k oc d;". In this study the value of m
was found to be approximately 0.9. For flotation in quiescent systems the value of m
has been reported to be in the range 1.15 — 3 (Jameson et al., 1977; Yoon and Luttrell,
1986; Diaz-Penafiel and Dobby, 1994). In turbulent systems the relationship is not as
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strong (Ahmed and Jameson, 1985), and values of m from 0.75 — 2.2 have been re-
ported (Deglon, 1998; Julien Saint Amand, 1999; Changunda et al., 2008). The value
of m found in this study falls in the range for turbulent systems. The effect of bubble
size on flotation kinetics, at low energy dissipation, was therefore considered to be in

good agreement with the literature.

These results indicated that, as a flotation device, the new oscillating grid cell was
operating as expected for the flotation of quartz, since the flotation results were con-
sistent with those observed in the literature.

4.2.2 The Effect of Energy Dissipation on Flotation Kinetics

In this section the effect that energy dissipation had on flotation kinetics is presented
and discussed. The effect of increasing energy dissipation on flotation kinetics, with

regard to particle size, is shown in Figure 4.7, for flotation with 0.24 mm bubbles.
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Figure 4.7: Flotation rate constant versus particle size, for flotation with 0.24 mm bub-
bles at 0.5 kW/m?, 1 kW/m?, 3 kW/m? and 5 kW/m?.

Figure 4.7 illustrates that at low energy dissipation (0.5 kW/m?) the flotation rate in-
creases with particle size, for the range of particle size used. Increasing the energy
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dissipation to 1 kW/m? results in increasing flotation rates for all particle sizes. Sub-
sequent increases in energy dissipation (3 kW/m? and 5 kW/m?) results in decreasing
flotation rates for more coarse particles, whilst fine particle flotation rates increase.
Intermediate particle sizes appear to stay reasonably constant. It is clear from Figure
4.7 that the effect of energy dissipation on flotation kinetics is strongly dependent on
the particle size. The flotation results have therefore been divided into three particle
size classes, namely, -19 +5 um (fine), -45 +19 um (intermediate) and -74 +45 um
(coarse), for further discussion. It is acknowledged that the “coarse” particles are not
coarse by conventional flotation standards, however the terminology is used in this

discussion for convenience.

4.2.2.1 Fine Particles

The effect of energy dissipation on the flotation rate of fine particles (-19 +5 pum) is
depicted in Figure 4.8, for flotation with the three bubble sizes used in the study.
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Figure 4.8: Flotation rate constant versus energy dissipation, for the flotation of fine
particles (-19 +5 um) and all bubble sizes.

Figure 4.8 illustrates that at low energy dissipation the flotation rate is inversely depen-
dent on the bubble size, as was discussed in Section 4.2.1. When floating with bubbles
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near the size typically found in industry (0.82 mm), increasing the energy dissipation
from 0.5 — 5 kW/m? results in the flotation rates increasing almost linearly, with a total
increase of approximately 500 %. The flotation rates when using fine bubbles (0.13
mm) are high, at low energy dissipation, whilst increasing the energy dissipation re-
sults in the flotation rate remaining relatively constant. The flotation rates for flotation
with 0.24 mm bubbles lie between the flotation rates when using 0.13 mm and 0.82
mm bubbles. It is observed that at higher energy dissipations (above 3 kW/m?) the
flotation rate is essentially independent of bubble size.

4.2.2.2 Intermediate Particles

The effect of energy dissipation on the flotation rate of the intermediate particle size
class (-45 +19 um) is depicted in Figure 4.9, for the three bubble sizes used in the
study.
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Figure 4.9: Flotation rate constant versus energy dissipation, for the flotation of interme-
diate particles (-45 +19 pum) and all bubble sizes.

Figure 4.9 illustrates that the intermediate particle size has flotation rates which are
generally greater than those for fine particles (Figure 4.8). Flotation when using typ-

ical industry sized (0.82 mm) bubbles results in the flotation rate increasing with in-
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creasing energy dissipation up to 3 kW/m?, after which the flotation rate is relatively
constant with increasing energy dissipation. Flotation rates increased by approxi-
mately 250 %, this is less than observed for fine particles, which increased by 500 %
when floated with the same bubble size. Flotation with fine (0.13 mm) bubbles leads
to decreased flotation rates with increased energy dissipation, for all energy dissipa-
tions used. Medium sized (0.24 mm) bubbles have flotation rates which lie in between
those of 0.13 mm and 0.82 mm bubbles. At energy dissipations above 3 kW/m? the
flotation rate is independent of the bubble size.

4.2.2.3 Coarse Particles

The effect of energy dissipation on the flotation rate of coarse particles (-74 +45 pum)

is depicted in Figure 4.10, for the three bubble sizes used in the study.
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Figure 4.10: Flotation rate constant versus energy dissipation, for the flotation of coarse
particles (-74 +45 pm) and all bubble sizes.

Figure 4.10 illustrates that for coarse particles the flotation rates are higher than those
for the finer particle sizes (Figures 4.8 and 4.9). Flotation with 0.82 mm bubbles re-
sults in the flotation rate increasing two fold when the energy dissipation is increased
from 0.5 — 3 kW/m?, after which the flotation rate decreases. When 0.24 mm bubbles
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are used the flotation rate increases with increasing energy dissipation, to a maximum
at approximately 1 kW/m3. Flotation rates when using fine (0.13 mm) bubbles de-
crease sharply with increasing energy dissipation, halving in value when the energy
dissipation is increased from 0.5 — 5 kW/m?.

4.2.2.4 Summary

The relationship between the flotation rate constant and energy dissipation, for all
bubble and particle sizes, is summarised in Figure 4.11. The results have been sepa-

rated into the three particle size classes as discussed in Sections 4.2.2.1 —4.2.2.3.
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Figure 4.11: Flotation rate constant versus energy dissipation, for all bubble and particle
sizes.

Figure 4.11 illustrates the effects of particle size, bubble size and energy dissipation on
the flotation rate, and some key findings can be noted. For flotation with industry sized
(0.82 mm) bubbles, fine particle flotation rates increase when increasing the energy
dissipation from 0.5 — 5 kW/m?, however for coarse particles increasing the energy
dissipation is beneficial only to 3 kW/m?, after which the flotation rate decreases.

When fine (0.13 mm) bubbles are used, the flotation rates of fine particles remain
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relatively constant with increased energy dissipation, whilst coarse particle flotation

rates decrease significantly with increased energy dissipation.

It is difficult to discern from Figure 4.11 what the magnitude of the effect that en-
ergy dissipation has on flotation rates is, for the various bubble sizes and particle size
classes. The percentage increase in flotation rate relative to the flotation rate at 0.5
kW/m?, for each bubble size and particle size class, has therefore been calculated,
and is illustrated in Figure 4.12.
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Figure 4.12: Percentage change in the flotation rate constants, relative to the rate at low
energy dissipation (0.5 kW/m?), versus energy dissipation, for all bubble and particle
sizes.

Figure 4.12 illustrates that the flotation rates for fine particles, when floated with 0.82
mm bubbles, are the most affected by increasing energy dissipation, where the flota-
tion rate is increased by 500 % when increasing the energy dissipation from 0.5 — 5
kW/m3. The flotation rate of intermediate particles increases by 250 %, whilst for
coarse particles the flotation rate increases by a maximum of 200 %. Flotation rates
for the flotation with 0.24 mm bubbles increase by a maximum of 200 %, for the
fine particle size class, whilst the flotation rates for the coarse particle size class are
relatively unchanged with increasing energy dissipation. The flotation rates for the

flotation with 0.13 mm bubbles decrease for all conditions, with the largest decrease
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occurring for the coarse particle size class. These results indicate that the dependence
of the flotation rate on energy dissipation decreases with decreasing bubble size and
increasing particle size. Fine particles floated with large bubbles therefore benefit the

most from increased energy dissipation.

Higher flotation rates with increased energy dissipation are proposed to be due to
increased collision frequencies between particles and bubbles. Increasing energy dis-
sipation may also lead to increased detachment of particles from bubbles, which may
account for decreasing flotation rates with increased energy dissipation. From the
results presented, it would appear that detachment rates increased with decreasing
bubble size and increasing particles size. These observations are consistent with ex-
perimental studies in the literature (Ahmed and Jameson, 1985, 1989; Deglon, 1998),
as well as the general trends expected from fundamental theories for collision rates
(Section 2.4.2) and the Schulze model for detachment (Section 2.4.1.3).

The relationship between flotation rate and energy dissipation can be described as k
o €N, if it is assumed that collision and attachment efficiencies are independent of
energy dissipation, and that there is no detachment. It has been seen that fine particles
floated with 0.24 mm and 0.82 mm bubbles were the least susceptible to detachment
in this study, therefore only these results were used for the determination of N. These

results are shown in Figure 4.13, with the value of N given.
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Figure 4.13: Flotation rate constant versus energy dissipation, for the flotation of fine
particles (-19 +5 um) and 0.23 mm and 0.84 mm bubbles. Solid lines represent the fitted
equation to the form k oc €N, with the value of N shown.

It is illustrated in Figure 4.13 that, for fine particles floated with 0.84 mm and 0.24
mm bubbles, the floating rate increases with increasing energy dissipation. The rate
at which the flotation rate increases with increased energy dissipation (the “slope” of
the lines) is dependent on the bubble size, with flotation rates for 0.82 mm bubbles
increasing a higher rate. The value of N was found to be 0.9 and 0.7, for flotation with
0.24 mm and 0.82 mm bubbles respectively. For comparative purposes, the values of

N obtained in theoretical and experimental studies are presented in Table 4.3.

Table 4.3: Values for the constant N in the relationship k o< €, as found in theoretical
and experimental studies.

Theoretical Experimental
Nonaka et al. (1982) 0.75 Nonaka et al. (1982) 0.75
Julien Saint Amand (1999) 0.44 —0.5 Deglon (2002) 0.91
Pyke (2004) 0.44 Newell and Grano (2006) 1
Schubert (2008) 0.5 Changunda et al. (2008) 1
Jameson (2010) 0.75
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Table 4.3 shows that the typical values of N found in theoretical studies are in the
range of 0.44 — 0.75. In experimental studies the values of N have been found to be
in the range of 0.75 — 1, which is higher than the theory would suggest. The values
of N found in the current study (0.7 and 0.9) are within the lower end of the range of
values found in experimental studies, and are higher than would typically be expected
from theory. This indicates that the dependence of flotation rate on energy dissipation
is possibly stronger than theory suggests, however it may not be as strong as some
experimental studies have found.

Previous work in an oscillating grid cell was conducted by Changunda et al. (2008)
at energy dissipations of 0.015 — 0.60 kW/m?3. For the range of energy dissipations
used, the value of N was found to be 1, and it was proposed that the effect that energy
dissipation has on the flotation rate is not strongly dependent on the bubble size (see
Section 2.5.3.3). Figure 4.13 shows that, when investigating an extended range of
higher energy dissipations (0.5 — 5 kW/m?), the dependence of flotation rate on energy
dissipation is not as strong as suggested by Changunda et al. (2008), and the effect of

energy dissipation on flotation rate is dependent on the bubble size.

4.3 The Effect of Contacting Environment on Flota-

tion Kinetics

The majority of literature flotation studies have been conducted in stirred cells, which
are considered to have contacting environments that are not well suited to investigat-
ing the effect of energy dissipation on flotation kinetics. Novel cells, which potentially
provide more ideal contacting environments for the investigation of energy dissipation
on flotation kinetics, have therefore been developed. Two such cells are the oscilla-
tory baffled column (Anderson, 2008) and the oscillating grid cell (Changunda et al.,
2008). This section investigates the effect that contacting environment has on flota-
tion kinetics, and how flotation in the more ideal oscillating grid cell compares to the

traditional stirred cell.

In order to discuss the effect of the contacting environment on flotation performance,
the results from quartz flotation in a stirred cell (Deglon, 1998), an oscillatory baffled

column (Anderson, 2008), and the oscillating grid cell (current study) are compared
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in Figure 4.14. In order to compare the flotation rates they have been normalised by
dividing by the flotation rate at 0.5 kW/m? for the stirred cell and oscillating grid
cell, and by the rate with no energy dissipation for the oscillatory baffled column.
The flotation in the oscillating grid cell and oscillatory baffled column was performed
using quartz of similar size range and hydrophobicity, whilst the flotation in the stirred
cell was conducted using relatively less hydrophobic quartz. The bubble size used in
the oscillatory baffled column was 0.65 mm, whilst 0.82 mm bubbles were used in the

oscillating grid cell and the stirred cell.
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Figure 4.14: Flotation rate constant of quartz versus energy dissipation in an oscillatory
baffled column (Anderson, 2008), an impeller stirred cell (Deglon, 1998) and an oscillat-
ing grid cell.

Figure 4.14 illustrates that for the three cells the flotation rates increased initially
with increasing energy dissipation to an optimum, after which the flotation rate de-
creased. This optimum energy dissipation occurred at 0.05 kW/m? for the oscillatory
baffled column, 1.5 kW/m? for the stirred cell, and 3 kW/m? for the oscillating grid
cell. This result indicates that the oscillatory baffled column exhibits flotation char-
acteristics which differ greatly from the stirred cell and the oscillating grid cell, with
the flotation rates being strongly influenced at low energy dissipations. Anderson
(2008) proposed that the strong effect of energy dissipation on flotation rates, in the
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oscillatory baffled column, arose from the additional oscillatory flow of the fluid in
the system. This leads to an “apparent” fluctuating velocity of bubbles and particles
at relatively low energy dissipation. Since it is thought to be the fluctuating velocity
which is responsible for particle-bubble collisions in turbulent systems, this additional
fluctuating velocity present in the oscillatory baffled column leads to increased col-
lision rates. Additionally it leads to increased detachment at low energy dissipation.
The oscillatory baffled column is therefore an energy efficient cell, but is not suitable
for investigating the effect of energy dissipation on flotation kinetics.

The flotation characteristics of the stirred cell and oscillating grid cell are relatively
closely matched at low energy dissipation. At increased energy dissipation above 1.5
kW/m? the flotation rates for the stirred cell decreased, whilst the flotation rates in the
oscillating grid increased. This difference may be due to the high energy dissipation
rates in the impeller zone of the stirred cell resulting in increased detachment rates in

the system.

The oscillating grid cell can be considered to be a suitable tool for the investigation
of the effect of energy dissipation on flotation kinetics. This is due to the fact that it
operates over the same range of energy dissipations as a stirred cell, whilst generat-
ing more uniform and near ideal turbulence than found in stirred cells. It has been
found that the results from stirred cells and the oscillating grid cell are comparable
at low energy dissipations, however at higher energy dissipations it appears that high
detachment rates near the impeller begin to dominate. The results in this study for
the effect of energy dissipation on flotation kinetics, as presented in Section 4.2.2,
may therefore be considered to be a more accurate representation than experimental

studies conducted in stirred cells.
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Conclusions

The aim of this study was to investigate the effect of energy dissipation on flotation
kinetics in an ideal turbulent environment. This was achieved by using an oscillating
grid cell, which is a cell that was developed by Changunda et al. (2008) as a flotation
device that generates a near ideal turbulent environment. For this investigation a new
oscillating grid cell was built which operates at a large range of energy dissipations
of 0.5 — 5 kW/m3. The conclusions made from this investigation are presented in
terms of the use of the oscillating grid cell as an experimental flotation device, and the

observed effects of energy dissipation on flotation kinetics in the oscillating grid cell.

5.1 The Oscillating Grid Cell

The oscillating grid cell is considered to generate nearly isotropic and homogeneous
turbulence, whilst decoupling the processes of turbulence generation, particle suspen-
sion and bubble break-up. This is thought to be a near ideal contacting environment

in which to investigate flotation, which cannot be achieved in standard stirred cells.

Flotation experiments in the oscillating grid cell investigated the effects of particle
size, bubble size and energy dissipation on the flotation rate of quartz. Results show
that there is good agreement between flotation in the oscillating grid cell and findings
in the literature for experimental studies using stirred cells. Additionally the oscillat-

ing grid cell operates in a similar range of energy dissipations to stirred cells.
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The oscillating grid cell is therefore considered to be an ideal experimental tool for
investigating the effect of energy dissipation on flotation kinetics, since it has similar
flotation behaviour and operates over the same range of energy dissipations as a stirred
cell, whilst generating more uniform and near ideal turbulence. Results for the effect
of energy dissipation on flotation rate from this study may be considered to be a more
accurate representation than experimental studies conducted in stirred cells, due to the

more homogeneous environment that the oscillating grid cell provides.

5.2 The Effect of Energy Dissipation on Flotation Ki-

netics

Flotation experiments were conducted in the oscillating grid cell, for the flotation of
quartz at energy dissipations of 0.5 — 5 kW/m? and bubbles sizes of 0.13 mm, 0.24
mm and 0.82 mm. The results from the experiments allow the following conclusions,

regarding the effect of energy dissipation on flotation kinetics, to be made:

e The optimum flotation conditions, for all particle sizes, are fine bubbles and
low energy dissipations. When floating with fine bubbles there is no benefit to

increasing the energy dissipation.

e For flotation using larger bubbles, closer to those typically used in industry, in-
creasing the energy dissipation is beneficial for the flotation of intermediate and
fine particles. For more coarse particles it is beneficial to an optimum point,
beyond which increasing energy dissipation results in decreased flotation rates.
The value of this optimum energy dissipation for flotation decreases with de-

creasing bubble size.

e [t has been proposed that detachment rates increase with increasing energy dis-

sipation, increasing particle size and decreasing bubble size.

e The relationship between flotation rate and energy dissipation, in conditions
where detachment is thought to be negligible, can be described by the relation-

ship k oc €%7-%°, This relationship is stronger than theory would suggest, and

75



CHAPTER 5. CONCLUSIONS

is in agreement with literature experimental studies which have made similar

observations.

e Comparison between the results from the current investigation, and results from
literature studies using an oscillatory baffled column (Anderson, 2008) and a
stirred cell (Deglon, 1998), showed that the effect that energy dissipation has

on flotation kinetics is dependent on the contacting environment.

e It has been found that the results from stirred cells and the oscillating grid cell
are comparable at low energy dissipations, however in stirred cells at higher
energy dissipations it appears that high detachment rates near the impeller begin

to dominate.

5.3 Recommendations for Future Work

The results from the study have potential applications in the design and operation of
industrial cells, and some suggestions can be made for future work in this area. In
industrial cells the energy dissipation is non-homogeneous, and the results from the
current study might not be directly applicable. It is proposed that CFD (computational
fluid dynamics) simulations of the energy dissipation distribution in industrial cells
may be used, in conjunction with flotation rate data from experiments in the oscillating
grid cell, to estimate the flotation performance of a cell. Using such a method various

cell designs may be investigated and evaluated.
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Appendix A: Flotation Data

A.1 Methylated Quartz Flotation Data

Table A.1: Flotation rates for methylated quartz floated at 0.5 kW/m?.

Bubble Size | Particle Size Class (um)
(mm) -19+5 | -45+19 | -74 +45
0.82 0.0171 | 0.0367 | 0.0687
0.24 0.0404 | 0.0849 | 0.1521
0.13 0.0553 | 0.1370 | 0.2258
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A.2 Natural Quartz Flotation Data

Table A.2: Flotation rates for natural quartz flotation with 0.82 mm bubbles.

Energy Dissipation | Particle Size Class (1um)

(KW/m?) -19 +5 | -45 +19 | -74 +45

0.5 0.0139 | 0.0393 | 0.0600

1 0.0189 | 0.0467 | 0.0702

2 0.0371 | 0.0747 | 0.0953

3 0.0553 | 0.0992 | 0.1157

4 0.0570 | 0.0956 | 0.1051

5 0.0660 | 0.1011 | 0.1010

Table A.3: Flotation rates for natural quartz flotation with 0.24 mm bubbles.

Energy Dissipation | Particle Size Class (um)

(KW/m?) -19+5 | -45+19 | -74 +45

0.5 0.0313 | 0.0637 | 0.0969

1 0.0365 | 0.0761 | 0.1156

2 0.0401 | 0.0827 | 0.1087

3 0.0554 | 0.0962 | 0.1057

4 0.0578 | 0.0935 | 0.0980

5 0.0679 | 0.0944 | 0.0893

Table A.4: Flotation rates for natural quartz flotation with 0.13 mm bubbles.

Energy Dissipation | Particle Size Class (um)

(KW/m?) -19+5 | -45+19 | -74 +45

0.5 0.0735 | 0.1350 | 0.1859

1 0.0726 | 0.1285 | 0.1763

2 0.0697 | 0.1221 | 0.1501

3 0.0598 | 0.0992 | 0.1124

4 0.0632 | 0.1024 | 0.1118

5 0.0644 | 0.0953 | 0.0946
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Appendix B: Literature Data

Table B.1: Flotation rate data from Deglon (1998).

Experimental Conditions
Cell Type Rushton impeller agitated tank
Cell Volume (L) 2.25
Gas Flowrate (mL/min) 400
Ore Quartz
Particle Size (um) sub 100
Collector Type HPYC
Collector Dosage (ppm) 171
Bubble Size (mm) 0.82

Flotation Data

Impeller Speed (RPM) 310 580 730 840 940
Energy Dissipation (kW/m?) | 0.096 | 0.554 | 0.996 | 1.505 | 2.005
Rate constant (s—!) 0.004 | 0.009 | 0.013 | 0.014 | 0.012
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Table B.2: Flotation rate data from Anderson (2008).

Experimental Conditions

Cell Type Oscillatory baffled column
Cell Volume (L) 13
Gas Flowrate (L/min) 0.55
Ore Quartz
Particle Size (um) 36 — 76 um
Collector Type Dodecylamine
Collector Dosage (mol/L) 1 x 1074
Bubble Size (mm) 0.65
Amplitude of Oscillation (mm) | 10

Flotation Data
Oscillating Frequency (Hz) 0 1.44 | 1.76 | 2.18 | 296 | 3.75
Energy Dissipation (kW/m?) 0 0.01 | 0.019 | 0.036 | 0.100 | 0.225
Rate constant (min—!) 1.88 | 226 | 2.59 |2.63 | 236 |2.09
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