Abstract

Uncontrolled segregation in particulate mixtures has long been
considered as an annoying, and costly, feature encountered in many
materials handling operations and although the onset is not clear,
many believe it to be driven by the differences in particulate
physical properties. An increasing number of usefully scaled
laboratory and computer simulation investigations are being carried,
particularly by the physics community, to help our understanding of
this phenomenon. Physicists at the University of Nottingham have
identified that through careful control of frequency and acceleration
during vertical vibration, different types of particles can be
positioned and/or segregated in a small rectangular cell. An
extension of this work resulted in the design of a new small scale
batch separator capable of recovering at least one separated particle

layer in a different chamber.

This work has explored the scale up of the small particle separator
to operate in a semi-continuous mode. Since complete
experimental know how of particle segregation phenomena is still
deficient an empirical design strategy was used. This scaled up
particle separator was driven by a pneumatically powered vertical
vibration bench in which dry, non-cohesive particulate mixtures of
varying densities and sizes (<1000pm) were vertically vibrated
under different conditions to assess their separation behaviours.
Experiments with regular (e.g. glass and bronze) and irregular
shaped particle mixtures (e.g. comminuted glass and bronze)
showed that lower magnitudes of vertical vibration frequency
(30+£10%), dimensionless acceleration (3+10%), particle bed
heights (20 and 40mm in majority of the investigated cases) and
partition gap sizes (5 and 10mm) were important for separation.

Finally, the technique was employed to separate various industrially




relevant particle mixtures (shredded printed circuit boards, iridium

and aluminium oxide and shredded personal computer wires).

Two-dimensional Discrete Element Modelling (DEM) with interstitial
fluid interactions simulated with a maximum of 1000 virtual glass
and bronze particles showed some important aspects of particle
segregation such as; layered particle separation, high density
particles ending on top and bottom of the particle bed, convection

currents, particle bed tilting and partitioned particle separation.

The application of Positron Emission Particle Tracking (PEPT) to
glass, bronze, ilmenite and sand particles showed distinct trajectory
maps in three dimension (X,Y and Z) with varying particle speeds in
the vertically vibrated particle mixtures. The low density particles
were mostly observed to move in the middle while the high density
particles patrolled in the outer periphery of the separation cell.
These distinct particle motions suggested that convection currents
played an important role in controlling segregation. Furthermore,
the application of a smoke blanket visualization technique showed
the existence of air convection currents on top of the vertically

vibrating particle mixtures.

The experiments on the scaled up semi-continuous particle
separator confirmed what was identified previously in that good
particle separation could be achieved through careful control of the
frequency and acceleration during vertical vibration. This
information lays the foundations for a new breed of low cost, dry

separator for fine particulate mixtures.
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Chapter-1 Introduction

Introduction

It is customary to divide matter into gases, liquids and solids (Klein
et al., 2006). However, there are many examples of dual particle
nature and astounding particle properties such as segregation,
arching and heaping that form the basis to enable particulate
materials to be distinguished from the other states of matter (Tai
and Hsiau, 2009; Klein et al., 2006; Jaeger and Nagel, 1992; Pak
and Behringer, 1993; Jaeger et al., 1996). Particulate matter can
be defined as large assemblies of discrete, macroscopic, solid
particles that can originate from the same and/or distinct particle
species (Campbell, 1990; Majid and Walzel, 2009; Jaeger et al.,
1996; Neederman, 1992; Liao and Hsiau, 2010). These particles
generally have a size larger than one micron to offset their Brownian
motions in the surrounding fluid (Aranson and Tsimring, 2006; de
Gennes, 1999). Dynamic particles can be normally characterised by
hard inelastic contacts between their elementary constituents and
by their inter particle and solid boundary frictional effects (Tai and
Hsiau, 2009). Non-cohesive particles are known to exist in varying
sizes and shapes which, in the absence of any cohesive forces, are

supposed to be held together by gravity only (Aoki et al., 1996;
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Serero et al., 2006). Particulate matter is considered to embody the
properties of solids, liquids and gases (Tai and Hsiau, 2009; klein et
al., 2006; Jaeger and Nagel, 1992; Pak and Behringer, 1993; Ford
et al., 2009; de Gennes, 1999; Kadanoff, 1999). An example of a
particle bed behaviour under the influence of external excitations
such as vertical vibration is shown in Figure 1.1 to demonstrate

some solid and fluid like analogies.

External forces, e.g. vertical vibration

Friction dissipation

Figure 1.1: A change in particle bed behaviour with increasing the
magnitude of vertical vibration acceleration in a rectangular

geometry box (Adapted from Tai and Hsiau, 2009).

Figure 1.1 shows three different particle bed stages in a confined
rectangular geometry. The absence of any external disturbances is
marked by the particles behaviour as a solid mass (Figure 1.1 (a)).
However, as an external excitation such as vertical vibration is
induced on the stationary particles, a mobile particle phase
resembling somewhat fluid-like dynamics as shown in Figure 1.1 (b
& c¢) can be readily observed. The intensity of particles mobility in
the mobile phase is strongly dependent on the magnitude of
external excitation as represented in Figure 1.1 (b & «c).
Nevertheless, continuing research in the field of particulate matter
has demonstrated some easy to observe but difficult to analyse,

diverse, complex, surprising/astonishing, rich, and interesting
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phenomena such as, particle segregation (Hsiau et al., 2002; Duran
et al., 1993; Baumann et al., 1994; Ristow, 1994; Jullien et al.,
1992; Rosato et al, 1987; Knight et al., 1993), dissipative
interactions (Luding et al., 1994), density waves (Lee and Leibig,
1994), dilatancy (Coniglio and Herrmann, 1996), friction (Poschel
and Buchholtz, 1993; Ulrich et al., 2007), cohesion (Hopkins and
Louge, 1991), fluidization (Clement and Rajchenbach, 1991; Tsuji et
al., 1992; Ichiki and Hayakawa, 1995), fragmentation (Ishii and
Matsushita, 1992; Herrmann, 1995), attrition (Ning and Ghadiri,
1996; Ghadiri et al., 1991), surface waves (Wassgren et al., 1996;
Pak and Behringer, 1993), heaping (Wassgren et al., 1996; Evesque
and Rajchenbach, 1989; Clément et al., 1992; Lee, 1994; Thomas
and Squires, 1998), clustering (Akoi et al., 1996; Mullin, 2000;
Mullin, 202), dissipative interactions (Luding et al., 1994), dilatancy
(Coniglio and Herrmann, 1996), friction (Poschel and Buchholtz,
1993; Ulrich et al., 2007), fluidisation (Ichiki and Hayakawa, 1995;
GoOtzendorfer et al., 2006), convection (Taguchi, 1992), Brazil Nut
Effect (BNE) (Hsiau et al., 2002; Arason and Tsimring, 2006),
Reverse Brazil Nut Effect (RBNE) (Breu et al., 2003; Ulrich et al.,
2007) and arching (Wassgren et al., 1996). These intrinsic particle
phenomena are considered unique to the versatile state of
particulate matter (Jaeger and Nagel, 1992,; Jaeger et al., 1996;
Knight et al., 1993; Kadanoff, 1999; de Gennes, 1999).

The unique, practically important and scientifically rich domain of
particulate matter has attracted the attention of many researchers
from a broad range of scientific and engineering disciplines (Serero,
et al., 2006; Kakalios, 2005; Zeilstra et al., 2008; Kudrolli, 2004).
The research investigations in this field have come from areas as
diverse as process and chemical engineering, physics, astronomy,
pharmacy, agriculture and earth sciences (Aranson and Tsimring,
2006; de Gennes, 1999; Kakalios, 2005). The research interest in
particulate matter is mainly sparked by their natural omnipresence

and widespread industrial use (Qingfan et al., 2003; Kuo and Chen,
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2008), which is considered second only to water in their importance
to human activities (Goldhirsch, 2001; Kakalios, 2004; de Gennes,
1999). Examples of particulate matter include, but are not limited
to, sand, ores, grains, dry chemicals, plastic pellets, toner,
pharmaceuticals, solid waste, agrochemicals, fertilizers, mineral
processing, munitions, debris flow, food and ceramics (Rosato et al.,
2002; de Gennes, 1999). The importance of particulate matter
becomes more evident by considering that an estimated 50% of all
products and at least 75% of all raw materials in industry are
particulate in nature (Nedderman, 1992; Thomas, 2005). In
chemical industry, alone, an estimated one half of the products and
nearly three quarters of the raw materials (weight basis) are
handled in particulate form (Neederman, 1992). It has been
estimated that in USA alone, nearly 80% of everything that is
produced industrially and/or agriculturally is in particulate form at
some stage of its processing and/or manufacture (Kakalios, 2005).
The choice of processing materials in their particulate form is
generally favoured due to their relative ease of handling and
transportation in comparison to the other forms of matter (Jaeger,
1997; Chou, 2000). It is mainly due to the self evident importance
of particulate matter in almost every aspect of our daily life that
considerable research interest in this field is being demonstrated

over a long period of time.

Early 18™ century contributions in the field of particulate matter
included the work of Charles-Augustin de Coulomb (1736-1806) who
introduced the law of friction for particulate materials followed by
Michael Faraday’s (1791-1867) explanation of particle heaping
phenomena. Other early known contributors include Ernst Florens
Friedrich Chladni (1756-1827), who observed particulate behaviours
on the vibrating plates and Osborne Reynolds (1842-1912), who
explained the principle of particle dilatancy (Fazekas, 2007;
Wieghardt, 1975).
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In comparison to the other research fields (e.g. fluid dynamics), the
hard, inelegant, messy and peculiar behaviour of the particulate
matter has resulted in limited progress in its understanding during
most of the 19" and 20™ century. However, renewed interest in
developing a deeper understanding about particulate media has
been sparked notably in the physics community during last quarter
of the 20" century (Aranson and Tsimring, 2006; de Gennes, 1999;
Goldhirsch, 2003). Ever since, explorations of the intrigued particle
bed behaviours in somewhat simplified vertical or horizontal planes
using fast performance computer simulations and experimentations
have gained momentum and are continuing to thrive at a substantial
pace (Ottino and Khakar, 2000; Rosato et al., 2002; de Gennes,
1999; Goldhirsch, 2003). As a result, a great deal of research to-
date has been focused on gaining an insight into the vertically and
horizontally vibrated particle beds. However, despite this our
understanding of the physics of particle media remains in infancy
and much more remains to be done (GoOtzendorfer, 2007;
Goldhirsch, 2003). At this stage, even a common approach
explaining any particulate phenomenon is far from agreement
(Ottino and Khakar, 2000). In the absence of any consensus based
equations describing simple particle behaviours, many different
descriptions such as continuum, discrete, particle dynamics (PD),
lattice Boltzman, Monte Carlo (MC) and Cellular Automata
calculations (CA) are currently in use to explain the diverse particle
phenomena (Ottino and Khakar, 2000; Ottino, 2006). A single fit-all
particle description approach has proved imperfect to explain the

whole range of diverse particle phenomena (Ottino, 2006).
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1.1 Particle properties

Particulate matter can show complex internal/external physical
conditions and interactions at different size length scales (Sun et al.,
2009).

of bulk as well as the nature and type of the interstitial fluids (e.g.

Properties of a single particle (Lehon et al., 2003) and that

air, water) can significantly influence the overall behaviour of
particles in many different particle processing unit operations such
as, size reduction, separation, and
2006; 2002;

The classification of particles at different size

fluidisation, conveying
transportation (Klein et al.,
Castellanos, 2005).

length scales is

Richardson et al.,

important to understand their basic physical

properties and to predict their communal collective behaviours in

any particle handling unit operation (Rosato et al., 2002).

general classification of particles at different description

and/or size

length scales along with their

The
levels

important physical

properties are summarised and listed in Figure 1.2.

Microscopic level Mesoscopic level Macroscopic level

@ 00000 E_  —
Single grain level Several grains Material as a whole

Mass Interfaces Size distribution

Shape Forces Void fraction

Size Torques Static charge

Volume Conservation laws Mass

Density Volume constraints Bulk density

Stiffness Cohesiveness

Terminal velocity Moisture content

Hardness Stress/Strain relation

Surface energy Bulk modulus

Topography Boundary conditions

Chemical properties

Mechanical

properties

Electrical properties

Figure 1.2:

The important physical

properties of particles at

various description levels and/or size length scales (Jaeger, 1997).
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Figure 1.2 demonstrates that particle physical properties that may
be central at a single particle scale could be of less significance in
particle processing at macroscopic levels. Nevertheless, naturally
occurring grains are usually non-spherical and poly-dispersed.
While flowing or otherwise forced they are prone to attrition or
break-up and their properties may therefore be time dependent
(Serero, et al., 2006). In nature, sand is probably the most
common noncohesive particle system (Jaeger et al., 1996; de
Gennes, 1999). Some of the size and shape variations associated
with dry sand are shown in Figure 1.3, where many different particle
shapes such as round, elongated, regular, irregular, polyhedral,

ellipsoidal and spherical can be seen.
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Figure 1.3: Sand grains originating from different global locations
and as seen under a microscope (Adapted from Modderman
collections, 2009).

Even in case of the same particulate material (e.g. sand in this case)

the variation in particle composition and properties as a function of
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source location is clearly evident in Figure 1.3, an observation which
was also identified in the work of Kadanoff, (1999). Considering the
particle size and shape variations presented in Figure 1.3 as an
example, one can presume that a greater flexibility is generally
required in designing any new particle processing system.
Nevertheless, in case of any particle processing unit operation the
particle size characterisation is of immense importance. The size of
an industrial particle can vary on a wide scale, ranging from very
large to very small (Ottino and Khakhar, 2002). At micron and
submicron levels the attractive van der Waals forces can result in
cohesion which can lead to a loose particle packing (Castellanos,
2005). However, as the particle size increases these attractive
forces are offset by other more complex particle interactions.
Industrial particles of diameters <1um are generally classified as
hyper-powders, <10um as superfine powders, <100um as powders
and =3000um as pebbles, aggregates or a rock depending on the
size increment (Kakalios, 2005). In this work anything between

1pym and 1000um was classified as finely sized particles.

Particulate matter of different types, shapes and size ratios are
persistently used in many different industrial unit operations due to
their ease of production and storage (Thornton et al., 2006; de
Gennes, 1999; Chou, 2000). The industrial processing of particles
results in quite undefined and complicated particle behaviours (de
Gennes, 1999). One such example is particle size segregation under
the influence of external excitations such as vertical vibration
(Kurdrolli, 2004; Kakalios, 2005) whereby, large intruder particles
can rise against gravity to exhibit BNE or sink to show RBNE in a

predominantly finely sized particle bed as shown in Figure 1.4.
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Figure 1.4: Time averaged progression of particle segregation in a
vertically vibrated particle bed. The intruder particles can rise in
the bed against gravity to exhibit a Brazil Nut Effect, BNE (a) or can
sink to show a Reverse Brazil Nut Effect, RBNE (b) (Adapted from
Kurdrolli, 2004).

1.2 Particle segregation

Segregation in bulk solid particles with different constituent
properties can be defined as spontaneous de-mixing of particles
under the influence of external disturbances (Sarkar and Khakhar,
2008; Ottino, 2006). The segregation phenomenon generally
represents a spatially non-uniform state (Jha and Puri, 2009). Bulk
particle assemblies subjected to external excitations such as
vibration, shear, shaking, gravity, an electromagnetic field and even
simple interstitial fluid motions can result in particle segregation
(Aranson and Tsimring, 2006; Kakalios, 2005). It is normally
considered as a distinct particle phenomenon without parallel in
solid, liquid and gaseous states (de Gennes, 1999). Different forms
of particle segregation (e.g. density segregation, size segregation)

can be commonly observed in many different particle processing
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unit operations such as mixing, fluidisation, transportation, storing
and conveying (Rosato et al., 2002). The size length scale of a
segregation phenomenon can range from few millimetres, e.g. BNE
in a box (Figure 1.4), to several tens of kilometres, e.g. stony desert

as shown in Figure 1.5.

Figure 1.5:- Segregation in a stony desert, Panawonica (Adapted

from David and Janet’s Collection).

Williams (1963, 1976) proposed three different segregation
mechanisms (trajectory, percolation and rise of coarse particle) and
discussed the influence of particle properties (e.g. size, shape,
density and elasticity) on segregation (Rosato et al., 2002).
However, further investigations have shown that in addition to the
properties reported by Williams (1963, 1976), other particle
properties such as rigidity, friction, boundary conditions, brittleness,
size distributions, chemical affinity, magnetic properties, interstitial
fluid and the ability to absorb moisture can also have a significant
influence on particle segregation (Kurdrolli, 2004).

“Brazil Nut Effect” (BNE) is a classic example of particle size
segregation, where shaking small and large size nuts in a jar can
result in large Brazil nuts ending up on top of the smaller ones
(Hsiau et al., 2002; Arason and Tsimring, 2006). Many different

10
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mechanisms are proposed behind the Brazil Nut Effect, some of
them include filling of voids by smaller particles directly beneath the
larger ones during particle bed flights and distinct particle
convective motions which can drag large sized particles against
gravity to end up on top of the particle bed surface (Kurdrolli,
2004). It has been shown that there are conditions where the
influence of container geometry and wall roughness can actually
reverse the BNE (Naylor et al., 2003; Breu et al., 2003; Hsiau et al,
2002), causing the large particles to sink in the predominantly finely

sized particle bed as shown in Figure 1.4(b).

The control of particle size distribution can be of immense
importance in unit operations like pharmaceutical mixing via
shaking, where the segregated particles might be of an active
ingredient in a poly-dispersed formulation (Jaeger et al., 1996).
Similar particle segregation examples can be seen in other industrial
mixers which result in an exact opposite to what is actually required
from that unit operation (Jain et al., 2005; Bridgwater, 2003; Jaeger
et al., 1996; Ottino, 2006). Nevertheless, BNE, RBNE and many
other particle segregation mechanisms are a continuing source of
major concern in many different industrial processes that require a
tight quality control in their final particulate products (Ford et al.,
2009; Jha and Puri, 2009; Rosato et al., 2002).

Density segregation is another type of segregation where particulate
matter tends to segregate out as a result of density differences
(Akiyama et al., 2000; Ohtsuki et al., 1995). Whereas size
segregation is believed to be predominantly driven by percolation
and/or due to the particle convection currents, differences in particle
buoyant forces and/or momentum may well be the prime cause for
density segregation in a vertically vibrated particle bed (Jain et al.,
2005).

11
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1.3 Particle segregation and separation

Engineers from mineral, chemical, civil, mechanical and process
professions have long been striving to improve their basic
knowledge about particulate materials (Goétzendorfer et al., 2006).
This is mainly because bulk particle quantities are often manipulated
in their industries (Aranson and Tsimring, 2006; de Gennes, 1999).
Particulate materials find widespread industrial use mainly due to
their ease of production and storage. Sales of powdered metals
alone have exceeded €6 billion in Europe and $5 billion in North
America (Thornton et al., 2005). Industrially relevant particulate
materials are often present in the form of mixtures and their
separation is an important unit operation in many different particle
processing industries. The purpose of any industrial particle
separation operation is to partition the original material into two or

more products.

The industrial relevance of particulate materials and their separation
is believed to be as old as engineering itself (Ottino, 2006). This
could make one believe that a well developed theoretical and
experimental framework in the field of particle separation was in
place. However, many different factors (Section-1.1 and Section-
1.2) have resulted in disproportionally little attention being given to
this field and a consistent picture is still far from clear (Kurdrolli,
2004). A small improvement in any particle handling technology
including fine particle separation thus has the potential to result in a

big impact (Jaeger et al., 1996).

A number of particle separation techniques are readily available with
the majority of the macro sized particle separation techniques
operating on a dry basis. The dry based term used in this work
actually refers to any particle separation operation being carried in
the presence of an interstitial gas such as air. Nevertheless, the

well developed micro sized particle separation techniques on the

12
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other hand are mostly based on wet processing, examples include
jigging, pinched sluices, spiral, shaking wet table, high gravity
separators, hydrocyclone, settling tank, heavy media, and froth
flotation (Falconer, 2003; Richardson et al., 2002). The use of a
wet based particle separation process such as flotation is generally
dictated by the size limitations of very fine particles (Miettinen et al.,
2010). Nevertheless, only a limited number of dry based techniques
exist for separating micro size particles and any new development in
this field is seldomly reported in literature. The latest work in the
field of fine particle separation is reported by Weitkdmper et al.,
(2009); Walton et al., (2010), Hirajima et al., (2010); and Oshitani
etal., (2010).

Recent years have seen a substantial and renewed interest in the
investigations of dynamic particle bed behaviours in the Physics and
Engineering communities (Aranson and Tsimring, 2006; Ottino and
Khakhar, 2000; Kurdrolli, 2004; Kakalios, 2005). It is mainly due to
the complex particle nature that these investigations have mainly
looked into rather simplified particle systems such as the vertically
and horizontally vibrated particle beds in different geometries
(Kurdrolli, 2004; Kakalios, 2005). Both experimental and computer
simulation studies have been carried out, mostly based on the
idealised spherical particles such as glass, bronze, polystyrene and
steel beads (Campbell, 1990; Jaeger and Nagel 1992; Jaeger et al.,
1996; de Gennes, 1999; Kadanoff, 1999; Kurdrolli, 2004; and Julio,
2005). Nevertheless, the continuing investigations in this field have
resulted in our improved understanding of particulate materials and
their relevant processes such as fluidisation, compaction, heaping,
surface waves, particle convection and segregation of fine particles
(Aranson and Tsimring, 2006). The particle segregation
investigations carried out to date can be summarised and fall in one

or more of the categories listed in Figure 1.6.
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Container shape

Circular | Non-circular
Degree of filling
Less than half | Exactly half More than half
Regime
Avalanching | Continuous
Particulate material
Identical particles | Density differences | Size differences
Particle interactions
Non-segregating | Segregating
Particle shapes
Regular shapes e.g., spherical | Irregular shapes e.g., needle like

Vibration dynamics

By imposed cyclic displacements of | By cyclic modulation of a confined
a wall or the container (shaking). stress

Figure 1.6: The catalogue of segregation investigations carried out
to date.

Figure 1.6 highlights some of the complex and inherent variables
related to a particle segregation system. Nevertheless, recent
investigations by Burtally et al., (2002, 2003), and Burtally, (2004)
have shown the use of vertical vibration to separate different size
and composition mixtures of finely sized glass and bronze spheres
into two different layers in a rectangular shaped prototype cell
(dimensions 50mm height and 40X10mm in the horizontal plane).
The results from these investigations showed tilting of the particle
bed; sharp separation boundaries and distinctive convection rolls in
each glass and bronze phases for a wide range of mixtures. In
addition to the low vibration frequency and acceleration,
experiments carried out in vacuum showed that density segregation
in air was the prime factor behind such behaviours. Moreover,
Leaper et al., (2005) discussed the importance of the surrounding
medium on particle separation in a vertically vibrated bed of glass

and bronze particle mixtures.

The investigations reported by Burtally et al., (2002, 2003) and
Burtally, (2004) have thus sparked the need to explore and develop

a new breed of dry based, vibration driven, fine particle separators.
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This work was further extended by Mohabuth and Miles, (2005),
Mohabuth et al., (2007) and Mohabuth, (2007); and they reported a
new prototype scale partition cell separator that was capable of
recovering the separated fine particle layers in two separate
chambers. This prototype partition cell separator was used to
separate a wide variety of regular and irregular shaped particle
mixtures. Different high grade particle components were reported
to be recovered on a prototype scale of only a few grams. Despite
our limited understanding of vibration induced particle segregation,
this work can be considered as a promising step forward towards
developing a new scaled up vibration driven particle separator

capable of separating finely sized particle mixtures on a dry basis.

Dry based particle separation techniques for separating finely sized
particle mixtures are gaining importance due to their decreased
economic and environmental loads (Vasconcelos et al., 2009;
Macpherson et al., 2009; Weitkamper et al., 2009; Hirajima et al.,
2010). Foreseeing an increasing interest in the dry based
processing of finely sized particles, a novel, scaled up vertical
vibration driven dry based particle separation technique that can
separate finely sized particle mixtures in the presence of air only is
presented here. The development of this technique is mainly based
on the previously reported work of Mohabuth and Miles (2005),
Mohabuth, (2007) and Mohabuth et al., (2007) on a prototype scale.

In many particle separation systems scale up is undermined by the
unpredictable nature of particle behaviour and unlike classical fluid
dynamics, general constitutive laws are largely unknown (Ottino and
Khakhar, 2000). Therefore, the design decisions in particle
processing are routinely made without complete understanding of
the true phenomenon. It is mainly due to this reason that industrial
particle processing facilities often operate inefficiently. Despite a
large body of work on separating particle mixtures, size length

scales, theories and related governing equations are still deficient
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and are subject to a great deal of debate (Ford et al., 2009).
Absence of even simple design correlations and experimental data
therefore dictates the use of experience and heuristics derived from
empirical testing and tuning prototypes in designing a new scaled up

vertical vibration driven fine particle separation system.

The work presented here covers the scaled up vibration driven
particle separator design, separation of different binary particle
mixtures on dry basis, particle motion tracking by Positron Emission
Particle Tracking (PEPT), surrounding fluid behaviour visualisation,
industrial applications and an attempt at Discreet Element Modelling
(DEM) with fluid interactions. This work can be used to help identify
any operational difficulties, which can be avoided in any future

applications.
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1.4 Aim and Objectives

The main aim of this research project was to develop a scaled up

vertical vibration driven particle separation system and to assess its

potential for dry based separation of a range of particle mixtures.

The objectives were to:

X3
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<
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¢

Design and construct a scaled up industrially relevant vertical

vibration driven particle separation system.

Assess and analyse the rich and complex particle separation

behaviours in various binary synthetic particle mixtures.

Identify the optimised particle separation configurations in the
scaled up vertical vibration induced particle separation

system.

Track the real time motions of solo particles during the
vertical vibration driven particle separations in various

mixtures.

Visualise the interstitial fluid behaviours during the vertical

vibration induced particle separation.

Simulate particle segregation by using Discrete Element
Modelling (DEM) with fluid interactions.

Extend the application of newly developed separator design to
separate the finely size solid waste multi-component particle

mixtures.
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Introduction

1.5 Thesis structure

This thesis is organized as follows.

Chapter-1

Chapter-2

Chapter-3

Chapter-4

Chapter-5

Chapter-6

Chapter-7

Chapter-8

Introduces the research area and gives the aim and
objectives of this research.

Background literature on particle separation and a
perspective on vertical vibration induced particle bed

behaviours.

Presents a description of the apparatus and

experimental methods used in this research.

Presents an effort at Discrete Element Modelling
(DEM) with fluid interactions of a vertically vibrated

binary particle segregation system.

Results on initial particle separation investigations
and visualisation of interstitial fluid behaviour during
the vertical vibration treatment of a glass and bronze

particle mixture.

Results on real time Positron Emission Particle

Tracking (PEPT) of solo particles in parallel mixtures.

Application of vertical vibration induced particle
separation technique to separate the industrially

relevant complex shaped particle mixtures.

Concludes all the presented work and presents the

future work based on the above investigations.
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Particle separation: A review

2.1 Introduction

An increasing amount of research to date has been focused on
understanding particulate materials (Kakalios, 2004). This is mainly
due to the fact that particle properties and their behaviours under
different static and mobile conditions are fundamental to
understanding of many manmade processes and natural phenomena
(de Gennes, 1999). Since the majority of industrially relevant
particles are usually present in the form of mixtures, the deliberate
separation of particle mixtures according to their distinct physical
properties is an important unit operation which is encountered in
many systems involving industrial handling of particulate materials
(Macpherson et al., 2009; Thornton et al., 2006). Separation
incorporates a series of physical processes to separate particle
mixtures into the desired fractions. This is accomplished based on
their distinct physical properties such as particle size, shape, colour,

texture, electrical, electrostatic, magnetic, optical, infrared,
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permeability, solubility, wettability, X-ray sensing, pneumatics, and
density (Richardson et al., 2002;). A range of industrial devices
have been developed to accomplish particle separations (Richardson
et al., 2002; Thornton et al., 2006). Regardless of the technology
used, the main purpose of any particle separator is always the
same: to split/divide original feed material into two or more
products along a certain distinct boundary so as to obtain the

greatest possible extent of separation (Barsky, 2004).

The development history of many well-established industrial and
commercially available physical separation techniques can be related
back to the mining and mineral industries where they find common
use (Richardson et al., 2002; Veasey, 1997). Recent emphasis in
new particle separation design developments has been on
automated, dry (Vasconcelos et al., 2009; Hirajima et al., 2010;
Macpherson et al., 2009) and continuous operations (Richardson et
al., 2002). Almost all physical separation techniques work on the
principles of coding and separation. A particular particle property
such as large/small, high density/low density and magnetic/non-
magnetic is identified as a recognising code, once coded these
particulate materials can then be separated according to that code
(Richardson et al., 2002; Barsky, 2004; Veasey, 1997). The
majority of particle separation techniques are binary coded with only
a few producing more than two streams of product (Veasey, 1997).

The presence of a large number of particle separation designs and
techniques therefore necessitates the selection for a particular
application to be governed by several factors. In addition to the
distinct particle properties, other design factors such as separation
efficiency, dry versus wet operation and the potential for
downstream waste processing receive due consideration in selecting
any new particle separation process (Oshitani et al., 2010; Hirajima
et al., 2010). High product yields and simultaneous washing may

be an advantage in certain applications where the feed material is
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already wet however, the deliberate use of wet particle separation
operations are often associated with high costs, due to maintaining
a water circuit, corrosion, fines treatment, water treatment after
use, filtering, drying and sludge disposal (Macpherson et al., 2009;
Richardson et al., 2002; Hirajima et al., 2010; Oshitani et al.,
2010). For fine particle separations, wet concentration techniques
are generally considered more effective; this is largely due to the
limited available alternative choices for dry separation in this
particle size range (Hirajima et al., 2010; Macpherson et al., 2009;
Oshitani et al., 2010). Furthermore, for an efficient particle
separation each physical separation process incorporate an effective
feed size and size range of the final products (Xing and Hendriks,
2006; Perry and Green, 1999).

In the following section some of the commonly used physical particle
separation techniques are reviewed. The principal emphasis will be
on dry based particle separation techniques as they require less
energy than wet and no pre- and post- chemical treatments unlike
some wet physical separation techniques such as froth flotation and

dense media separation are generally required.

2.2 Particle separation techniques

2.2.1 Size based physical separation techniques

2.2.1.1 Hand sorting

Manual sorting is probably one of the oldest forms of physical

separation. The theory behind this technique is based on the
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identification of different working particles by legions of hand sorters
with an exceptionally “trained eye” while the working particles pass

by them on a moving conveyer belt (Delgado and Stenmark, 2005).

The processing application of a manual sorting operation generally
needs to be justified against time, throughput and with other major
involved efforts. This is mainly because of its labour intensiveness,
costs, greater possibility of human errors and the frequently entailed
bad working environment for workers (Delgado and Stenmark,
2005; Schlesinger, 2006). In comparison to the industrially
developed countries many developing countries still preferably use
hand sorting, mainly due to its low operational costs. The hand
sorting technique can be effectively used to separate the visually
distinguishable macro-size particles which are normally between 300
to 50 mm size ranges (Nwafor, 2009).

2.2.1.2 Automated sorting

In many industrially advanced countries an increasing trend is to
use automated sorting techniques. This is mainly because of the
current and foreseen environmental legislations, and the ever

increasing handling tonnage (Deanne, 2004).

Many automated sorting systems, readily available in the market,
take advantage of differences in particle physical properties (e.g.
colour, size and shape) in their sorting operations (Deanne, 2004).
The colour based sorting systems separate visually dissimilar
constituents based on differences in colour, brightness and reflection
(Steinert Systems, 2009). This technique employs a high quality
colour camera, as a simulated “trained eye”, on a moving conveyer
belt. A particular constituent’s moving position is visually identified
with the help of this camera. An instant real time electronic signal is

then sent to the ejection nozzles which, with an appropriate and
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predetermined time lag, blow it away for collection into a separate
chamber generally located just next to the conveyer end (Steinert
Systems, 2009). An example of an automated sorting system is

shown in Figure 2.1.

Figure 2.1: Side view of an automated colour based sorting system
(Adapted from Steinert systems, 2009).

Other examples of automated sorting systems working on the same
separation principle but each with a distinct simulated “trained eye”
include; induction, X-ray, infrared, ultraviolet and radioactivity

sensing sorters (Steinert Systems, 2009).

Automated sorters are predominantly run on a dry basis. The
working particle size and its’ liberation are important considerations
for any visual sensing (Wills, 1997). In any automated sorting
operation sensing limitations generally prevent the use of particles
that are less than 10 mm in size. The use of an inconsistent feed
size, multiple and dirty particle layers may result in conveying a
poor visual signal to the “trained eye” (Steinert Systems, 2009).
This will eventually affect the overall grade and recovery of the
separated particle products, therefore feed preparation is of
paramount importance in any sorting operation. Hence, washing,

drying and particle sizing are commonly used in feed preparation,
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adding to the overall operational costs of automated sorting systems
(Wills, 1997).

2.2.1.3 Differential melting based sorting

Plastic fractions can be sorted based on their differences in melting
temperatures. This is especially easy when their melting points are
significantly different. Heated rolls, or belt separators, are generally
used for this purpose (Figure 2.2). For any particle mixture the
lowest melting paint polymer will adhere to the heated belt and
when this belt turns around, the un-melted ones will discharge on to
the next high temperature belt and so on. To achieve a high grade
separation by this technique, a contamination free monolayer
chipped feed is generally used which flows on the differentially
heated belts of the kind shown in Figure 2.2 (Delgado and
Stenmark, 2005).

Figure 2.2: Sorting distinct plastics by melting point differences
(Adapted from Delgado and Stenmark, 2005).
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2.2.1.4 Screening

Screening is a physical separation process that separate particulate
materials according to their individual particle sizes, both wet and
dry screening can be used for this purpose (Wills, 1997). A
particular motion is usually transmitted to the screening mediums
which are mostly made up of wire mesh, bars and perforated plates.
The screen motion promotes undersize working particles to pass
through the screen openings as fines. At the same time, particles
larger than the aperture size are carried over as oversize on the
screen surface. Particle size is of paramount importance in any
screening operation and as the amounts of near size particles
increases so the screen separation efficiency decreases (Young,
2009; Wills, 1997; Perry and Green, 1997). The effective working
particle size range of different screens is shown as a guide in Figure
2.3.

Material size in mesh and inches
325 200 100 48 8 4 0.5in. 1in. 6in. 12in.
I I I I

Grizzly
(Stationary or
vibrating)

Vibrating screens Vibrating screens
(inclined) (inclined or horizontal)

High speed vibrating screens Rod deck screens Rod grizzly

Oscillating screens

Hi-probe sizer

Sifter screens
Circular, gyratory, circular vibrated motion

Centrifugal screens

Static sieves

Revolving screens

Revolving filter screens (Trommels)

Figure 2.3: Various screen separation ranges (Adapted from Perry
and Green 1999).
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Distinct screen motion is of interest due to its influence on screening
performance (Young, 2009). A variety of screen array motions
which involve some variable magnitudes of speed and amplitude can
be used for this purpose; examples include revolving, shaking,
inclined vibratory, horizontal gyratory and circular vibratory (Young,
2009; Wills, 1997). The main objective of these screen motions are
two-fold; first to evenly distribute working particulate materials over
the full screen surface and second to assist stratified fine particles to
pass through the screen openings. The speed and amplitude of
these screen motions are controlled to prevent any violent agitation
and hop (Young, 2009).

Screen blinding is any condition which reduces the screen opening
areas by particle plugging and coatings (Wills, 1997). In practice
any particle shape e.g. spherical, crystalline, flaky, cylindrical and
irregular can lead to screen plugging. Cumulative blinding
eventually results in total loss of the screening function, this can be
controlled by using some anti-blinding devices such as bouncing
balls, brushes, wiping rings and screen heaters (Wills, 1997; Perry
and Green, 1999). In any industrial unit operation, the screening
application is generally limited to a minimum working particle size of
40pm (325 mesh size) (Wills, 1997; Perry and Green, 1997) as

shown in Figure 2.3.

2.2.2 Size and density based physical separation

techniques

2.2.2.1 Air classification

Air classification can be used to separate working particle mixtures

based on their differences in size and density (Wills, 1997; Perry
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and Green, 1999; Buell, 2010). Air can be forced through the
vertical, horizontal and inclined columns to blow up light and fine
particles while the dense and oversize particles will fall (Shapiro &
Galperin, 2004). The majority of the air separation columns are
vertically mounted such as the one used in the work of Hirajima et
al., (2010). Like all other physical separation techniques, the
selection of an air separator/classifier for a specific use is generally
based on product requirements, technological and economic factors
(Shapiro & Galperin, 2004). Some of the commonly used air

classifier designs are shown in Figure 2.4.

Figure 2.4: Air Separator types:- (a) gravitational, (b)
gravitational-cross-flow or expansion chamber, (c) centrifugal-
counter-flow, (d) centrifugal-cross-flow (Adapted from Shapiro &
Galperin, 2004).

Among other things, the separation of a working particle mixture
into light and heavy fractions by using the air classification

technique is principally based on individual differences in particle

27



Chapter-2 Particle separation: A review

terminal velocities, drag and gravitational forces (Hirajima et al.,
2010). Other controlling parameters are; air to solid ratio, column
air velocity, moisture content and column loading. The application
of an air separator to separate particle sizes less than 500um is
generally considered troublesome (Shapiro & Galperin, 2004). This
is mainly due to the difficulty in achieving sharp separation cuts in
the finally separated particle layers. Otherwise, this technique
offers an added advantage of continuous separation with high
throughputs (Shapiro & Galperin, 2004). Air classification is mostly
used to separate different municipal solid waste fractions (Shapiro &
Galperin, 2004). Recently, air classification has been used to
explore the separation behaviour of comminuted printed circuit
board fractions (Eswaraiah et al., 2006).

2.2.2.2 Dry jigging

In dry jigging air is pulsated through the perforated bottom of a
rectangular box which holds the working particle mixture (De Jong
et al., 2005). A continuous pneumatic jig is shown as an example in

Figure 2.5.

Figure 2.5: Principle of a continuous pneumatic jigging (Adapted
from De Jong et al., 2005).
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During the course of a pneumatic jigging operation, such as the one
shown in Figure 2.5, the simple pulsating air action through the
mixed particle bed causes stratification of the light (top) and heavy
(bottom) fractions (De Jong et al., 2005). Particle stratification
probably results because of the differences in particulate terminal
velocities, gravity effects, settling, buoyancy, acceleration and drag
forces acting differently on distinct particle fractions (De Jong et al.,
2005). However, complete understanding of the dry jigging
operations is still lacking, this is primarily due to the vast array of
control variables that need to be optimised for any specific particle
separation application (Nwafor, 2009). Some of the most important
particle separation control variables in pneumatic jigging are air flow
rate, frequency and amplitude of pulsation, particle feed properties,
bed thickness, and the degree of bed inclination (Nwafor, 2009;
Falconer, 2003). Furthermore, boundary walls also affect dry

separation in a pneumatic jig (Nwafor, 2009; Falconer, 2003).

A novel batch dry jigging system has been used at the University of
Nottingham, UK, to separate a number of particle mixtures in the
presence of air only (Nwafor, 2009). Particles of less than 3 mm
size are generally recommended for use in dry jigging (Cui and
Forssberg, 2003). The potential application of a dry jigging
technique to separate finely sized (<500um) particles is still
restricted. This is perhaps due to the difficulty in controlling the
motion of very finely sized particles during pneumatic jigging
(Nwafor, 2009). The pulsating air action can easily make them
airborne and they can be carried away from the separation box as
dust particles, this affects the formation of clear separation cuts

which are later recovered as separated products (Nwafor, 2009).
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2.2.2.3 Elutriation

Elutriation is a process of separating working particle mixtures by an
upward fluid current (Wills, 1997; Wen and Hashinger, 1960; Li et
al., 2004; Eisenmann, 2005). Water and air are the fluids generally
used. Elutriation works on the reverse of the gravity sedimentation
principle and normally takes place in a turbulent bed of distinct
particle materials (Wills, 1997).

In elutriation, applications of fluid currents help stratify working
particle mixtures, this leaves heavy and big size fractions at bottom
whilst light and finely sized particles move to the top (Wills, 1997).
Factors affecting particle separation in this class of separator are;
magnitude of linear fluid velocity, particle’s terminal velocity,
particle bed dimensions, particle shape and size (Wen and Hashinger
1960; Hanesian and Rankell, 1968; Wills, 1997).

2.2.2.4 Ballistic separation

Ballistic separators make use of the kinetic energy of distinct
particles to help separate divergent working particle mixtures
(Density Separation, 2009). An example of ballistic separation is
shown in Figure 2.6.
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Figure 2.6: Principle of ballistic separator (Adapted from Density
Separation, 2009).

The ballistic separation theory is based on the principle that dense
particles will travel furthest away in the presence of a fluid in
comparison to their light counterparts (Density Separation, 2009).
The feed material is generally ejected into the standing air at high
speeds (generally above 3 m.s™) from a sufficient height (several
meters) so as to allow a separation to take effect between heavy
and light particles (Figure 2.6). Some manufacturers have claimed
a high separation precision of about 90% in separating three distinct
material fractions with a high throughput at comparatively low
energy consumption rates by using ballistic separators (Sort-O-Mat,
2009). These separators are commonly used in the solid waste
industry to separate organic materials from contaminants such as
plastic bottles, cans, glass and others (Density separation, 2009).
The use of this technique to separate fine particle mixtures looks
troublesome; this is mainly due to the involvement of a high kinetic

energy force to impart particle separation (Sort-O-Mat, 2009).
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2.2.2.5 Nail roll separator

Differences in shapes are rarely used as the main particle separation
parameter. On the other hand, shape differences have been
reported to affect almost all particle separation operations (e.g.
eddy current separation) (Wills, 1997). Shape separations can be
best accomplished by taking advantage of the particle roll-ability
(e.g. on an inclined conveyer belt), passing (e.g. the use of varied

screen openings) and catching (e.g. wire shapes).

The nail roll separator takes advantage of the wire shape catching
mechanism as shown in Figure 2.7. It consists of a nailed cylindrical
roll that also vibrates in the axial direction. The rotating nailed
cylinder specifically targets for the wire shaped elements of the
particle mixture for capturing and carrying to the other side of the
cylinder with the help of rotation and vibration, while the spherical
and stoned shaped materials will drop through the nail spacing
(Figure 2.6) (Tohka and Lehto, 2005).

Figure 2.7: Nail-roll separator (Adapted from Tohka and Lehto,
2005).
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2.2.3 Gravity/density based physical separation

techniques

Density based physical separation techniques are generally based on
the principle that when a fluid is added to a mixture of working
particles, the material denser than the fluid will sink and those
lighter will float (Wills, 1997, Perry and Green, 1999). Various
density based wet separators are available for common industrial
use; examples include settling tanks, sink-float, hydro-cyclones, wet
jigging and froth flotation (Wills, 1997, Perry and Green, 1999).
However, the use of density based wet physical separation
techniques is considered troublesome in water scarce areas and the
requirement of further downstream processing of the wet separated
products generally adds to the environmental and economic loads of
the physical separation operations (Macpherson et al., 2009;
Hirajima et al., 2010; Oshitani et al., 2010).

2.2.3.1 Dense medium separation

Dense medium (DM), sink-float or heavy medium separation is a
commonly used technique for coal cleaning and mineral
concentrations (Wills, 1997). Particulate materials of different
specific gravities can be separated by immersing them in a heavy
liquid of intermediate specific gravity; this causes the light particles
to float while the heavies sink (Perry and Green, 1999). Industrial
experience of working with dense medium separators have shown
that the well liberated and coarse sized working particles can be
easily separated with the help of this technique; this probably is due
to the high settling rates of the large and dense particles. In
industrial practice working particles of up to 3 mm diameter are
generally preferred in the static dense medium separation units

however anything down to 500um can be separated in the dynamic
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dense medium units (e.g. in dense medium cyclones) (Wills, 1997;
Perry and Green, 1999).

2.2.3.2 Dry heavy medium separation

Large particles of sizes =20 mm can be separated by using a dry

dense medium (DM) separation technique as shown in Figure 2.8.

Figure 2.8: Dry sand (as a heavy medium) fluidised bed separation

principle (Adapted from De Jong et al., 2005).

Dry dense medium separation works by blowing a gas through the
perforated bottom into a particle bed of dry sand (De Jong et al.,
2005; Oshitani et al., 2010). Dry sand particles are fluidised when
their weights are balanced by the drag force of the upward flowing
gas (De Jong et al., 2005; Oshitani et al., 2010). If at this stage a
feed consisting of a working particle mixture is introduced into this
fluidised sand, the working particles with specific gravity greater
than the density of the fluidised sand will settle down and vice versa
(Figure 2.8) (Oshitani et al., 2010; De Jong et al., 2005). Some
believe that the separation efficiency of a dry DM separator can be
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compared in parallel to wet jigging and can be ranked highest
among all the dry based density separation techniques (De Jong et
al., 2005). Minor disadvantages with dry DM particle separation
include the loss of sand with floating working particles and flowing
gas (De Jong et al., 2005; Oshitani et al., 2010).

2.2.3.3 Cyclone separation

Centrifugal force can be used to an advantage in separating the
working particle mixtures according to their size, shape and density
(Wills, 1997, Perry and Green, 1999). The rate of particle settling in
a fluid increases if a predominantly centrifugal, instead of
gravitational force, is used for separation (Wills, 1997, Perry and
Green, 1999).

The feed mixture comprised working particles to the cyclone
separator is usually introduced in slurry form (Wills, 1997, Perry and
Green, 1999). Feed sizes in the range of 20um to 300um are
generally separated by using this technique (Couper et al., 2010).

2.2.3.4 Wet and dry shaking table

In wet tabling the separation of feed slurry comprised working
particles is based on the principal that different constituents will
follow slightly different streams on a riffled plane surface which is
slightly inclined, differentially shaken and washed with an even flow
of water at right angle to the direction of slurry motion (Wills, 1997,
Perry and Green, 1999). In wet tabling the working particle’s shape
and size is less of a concern in comparison to their density (Wills,
1997, Perry and Green, 1999). The later property is widely

considered to be the prime separation cause in these operations.
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This is especially true in case of liberated finely sized particles which
are the main use of this separation technology (Wills, 1997; Perry
and Green, 1999).

Dry shaking tables separate light and heavy particle fractions by
means of vibrations combined with an upward air flow (Density
Separation, 2009; Wills, 1997, Perry and Green, 1999). The
operation of a dry shaking table is shown as an example in Figure
2.9.

Figure 2.9: Dry shaking table (Adapted from Density Separation,
2009).

In a dry shaking table the direction of the vibration motion is
generally inclined upward from a horizontal position and a gust of air
is driven through the perforated deck. An upward air flow through
the particulate material will make it partially fluidised. This
fluidisation and the use of vibration are thought to make the heavy
particles migrate vertically down near to the table surface, once
there they experience a comparatively strong vibration force and
hence start to migrate towards right side of the table, finally
collected as a separate stream (Figure 2.9) (Density Separation,
2009). The light particles will follow an opposite path to the

heavies. Being lighter they will float over the particle surface and
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will be less sensitive to the vibrations and hence will not follow the
same route as heavies. This results in their collection as a separate
stream to the heavies (Figure 2.9). Coarse working particle sizes
are generally preferred for dry air tabling; the feed size is usually
between =2 mm to <20 mm with a bed thickness between 10 and
100 mm, depending on the type of materials (Density Separation,
2009; Perry and Green, 1999). Some particle examples that are
normally separated by dry tabling include; coal, ilmenite, seeds,
cork, wood chips and coffee.

2.2.3.5 Spiral Separation

The presence of density differentials in particle mixtures are the
basis of separation in spiral separators, however shape and size

factors can also be of equal importance (Perry and Green, 1999).

As the particle feed in slurry form flows down in the spiral channel
heavy and/or larger size particles move to the inside of channel.
This distinct fluid stream is recovered separately at various opening
pores. The fines laden stream follows the outer trajectory in the
spiral channel and is hence recovered separately. The separation
action taking place in this piece of equipment is believed to be as a
result of various complex force actions including centrifugal, friction,
gravity and water drag. Generally, working particle mixtures with
sizes from 2000um to 75um can be separated by this technique
(Perry and Green, 1999).

2.2.3.6 Centrifugal separation

Many different centrifugal separator designs are used to separate

finely sized particle mixtures; an example is the Knelson®
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centrifugal separator which can separate distinct density particles in
the sizes ranging from 10um to 6000um (Knelson, 2009). The
Knelson® separator has distinct inner rings that help retain the
centrifugally separated working particles (Figure 2.10). This
technique is widely used in recovering precious metals such as gold
and platinum and its use has also been extended to recover various

finely sized solid waste fractions (Wang, 2006).

Figure 2.10: Knelson® Concentrator ring (Adapted from Knelson,
2009).

2.2.4 Magnetic and electrostatic separation
techniques

2.24.1 Magnetic separation

The attraction and repulsion properties of an individual particle in a
magnetic field are used to direct separation in this case. Ferrous
metals such as iron and steel are commonly separated by magnetic

separation. Magnetic separators are usually available in three
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different configurations; magnetic head pulley, drum and magnetic
belt (Steinert, 2009). Dry and wet magnetic separations are both
commonly practiced. The working particle mixtures to be
magnetically separated are sent along a conveyer belt where
magnetic field is either directed from above or beneath the moving
belt.

Particle size and liberation are both important considerations in any
magnetic separation operation. Recent advances in this field include
the use of strong magnetic field and magnetic field gradients to
separate diamagnetic and paramagnetic particles (Catherall et al.,
2005).

2.2.4.2 Electrostatic separation

Electrostatic or high tension particle separation works on the
principles of attraction and repulsion due to the difference in
electrostatic charges (Taylor, 1988; Vesilind & Rimer, 1981; Perry
and Green, 1999). Working particles with a positive electrical
charge can be separated from particles with a negative electrical
charge by merely placing them in an electric field as shown in Figure
2.11.

Figure 2.11: Electrostatic particle separation (Adapted from Perry
and Green, 1999).
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The conductive particles receive a surface charge and thus become
attracted to the electrodes while dielectric particles don’t and are
therefore repelled (Taylor, 1988; Vesilind & Rimer, 1981; Perry and
Green, 1999). Before using this technique, an electrostatic charge
has to be applied to the working particles. Electrification,
conductive induction and ion bombardment are the most commonly
used techniques for this purpose. With any electrostatic charging
technique, the amount of charge that can be deposited on a particle
is strongly dependent on the particle charge density and surface
area of the individual particle. Hence, very finely sized particles
have greater probability for less charging. This results in their
decreased capability to overcome drag resistance of the carrying
fluid and subsequently move to the respective electrodes. This
problem can potentially be solved by having a long separation area
between the two opposite charged electrodes (Taylor, 1988; Vesilind
& Rimer, 1981; Perry and Green, 1999).

2.2.5 Eddy current separation

The main principal behind eddy current separation is, “an electric
charge can be induced in a conductor by changes in a magnetic flux
cutting through it” (Poms, 2009). In an eddy current separator,
feed particles are generally moved on a conveyer belt which passes
on a rotating drum. The inside of this drum contains a fast rotating
magnetic block that produces a strong and changing magnetic flux.
When conducting particles move near to this changing flux,
magnetic fields are induced; this is as a result of the metallic
particulate’s spiralling current. These magnetic fields then interact
with magnetic fields of the rotating drum and these interactions
result in an increased kinetic energy of the particle. The increased
energy particulates tend to throw themselves away from the

conveyer end and follow different trajectories depending on their
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individual energy levels (Poms, 2009). Eddy current separators are
widely used in separating different solid waste fractions. The
particle size of the materials separated by this technique usually
range between 5 to 100 mm. However, some workers have used
less than 5 mm particle sizes in their separations using a reverse

magnetic drum motion (Cui, 2005).

2.2.6 Froth flotation

If a sufficient wettability difference between mixed but liberated
finely sized working particles exists, then they can be effectively
separated by using a flotation technique (Perry and Green, 1999),
examples include froth, ion and foam flotation. Froth flotation
technique involves the relative interactions of solid, fluid and air. A
particle-fluid suspension is generally subjected to a flock of air
bubbles in a suitably designed vessel (Wills, 1997). The
hydrophobic particles attach with air bubbles and are hence carried
over to the top surface for recovery; the hydrophilic particles remain
suspended in the fluid and are recovered separately. Differences in
surface chemical properties are the basis of separation in this
technique.

In a feed conditioning step before flotation, the relative wettability
of the working particles can be enhanced with surface acting agents.
The actual chemistry of this technique is quite complex and many
different reagents such as polar and non-polar collectors, froths,
modifiers, activators, pH regulators, depressants and flocculants are
commonly used to enhance distinct particle-bubble attachments
(Perry and Green, 1999).
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2.3 Particle size and physical separation

The discussions presented in Section 2.2 have shown that the
differences in bulk particle properties form the basis for any physical
separation technique. It is rare for a single physical separation
technique to be employed for a mineral concentration process;
instead a combination of different techniques is commonly used. A
high degree of component liberation is usually required prior to any
physical separation process and often, the degree of liberation is in
direct relation to the size range of the working particles. Physical
separation is generally preferred for use with coarse size particles,
mainly due to their ease of separation and handling. However, the
liberation issues on numerous occasions dictates the use of fine
(<1000um) size particles in many physical separation processes.
Many different types of comminution devices such as crushing,
grinding and cutting mills are commonly used for reducing the size
of the working particle mixtures and to ease the liberation of desired
component (Cleary et al., 2008). The main role of a comminution
unit operation is to liberate the valuable and desired particles from
the bulk material, resulting in the production of a range of particle
sizes from their operations (Wills, 1997; Perry and Green, 1999;
Cleary et al., 2008).

The well liberated particle size range resulting from the comminution
unit operation necessitates the use of a range of physical separation
techniques to best accomplish the final separation grades of the
particulate products. This potentially is one of the main drivers for
having a range of physical separation devices (Section 2.2) in
common industrial use. All physical separation techniques have a
distinct working size range of the particles, some of the commonly
used techniques with their recommended working particle size range

are summarised in Table 2.1.
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Physical separation techniques | Working particle size ranges
1 Manual sorting >80 mm
2 Screening >40um
10-150pum (20-300um reported
3 Cyclone by Couper et al., 2010)
4 Sink Float >1 mm
5 Shaking Table (wet) 30um-3.5 mm
Shaking table (dry) 2.0 mm -20 mm
6 Jig (wet) >75um
Jig (dry and continuous) >1 mm (De Jong et al., 2005)
7 Sedimentation 45um-2 mm
8 Spiral 60um-3.5 mm
9 Magnetic separation >100um
10 Electrostatic separation >100um
11 Eddy current separation 5-100 mm
12 Flotation 45um-2 mm

Table 2.1: Physical separation techniques and their recommended
particle size ranges (Adapted from Xing and Hendriks, 2004).

The physical separation technology for coarse sized particles is well
developed. However, the majority of the physical separation
operations in industrial mineral processes rely on the processing
behaviours of finely sized particle mixtures. Dry based physical
separation of fine particles has many advantages over wet
processing, e.g., onsite concentration, less transportation costs,
mobile operations, less physical degradation and so on (Oshitani et
al., 2010; Hirajima et al., 2010). However, in the absence of many
dry based processing alternatives, the majority of the finely sized
particle separation techniques rely on wet processing in their
operations (Hirajima et al., 2010). This is despite the fact that
majority of the mineral deposits are in arid (e.g. Africa, Australia,
Asia and America) and near arctic (e.g. Russia, Europe, North
America, Canada) regions (Density separation, 2009). The water
scarcity and below freezing temperatures in these areas make it
difficult, if not impossible, to use wet particle concentration
processes. Furthermore, the consumption of water by quarrying
operations is restricted by the UK Water Act (2003) which aims to

ensure sustainable use of water resources, strengthen the voice of
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consumers and promote water conservation (Wagner and Mitchell,
2007). Hence, the mineral, mining and recycling industry in UK is
required to adopt ‘water efficient’ particle processing methods that

include many physical particle separation processes.

The use of wet physical separation processes for fine size particle
separations has the potential for adverse environmental impacts;
therefore, an effluent treatment system is generally required to
decrease the environmental load. However, this results in increased
costs. Furthermore in a finely sized working particle separation
operation, a large number of control variables are normally
optimised for any single separation operation. Hence, process
flexibility is an issue of great concern and a slight change in any
particle property will result in an adverse effect on the final grade
and recovery of the separated products (Wills, 1997; Perry and
Green, 1999).

Although mineral processing continues to be in demand for
supplying valuable virgin materials, "“waste” is now widely
considered as a valuable resource (Mohabuth, 2007). Many
similarities can be found between mineral and solid waste resource
recovery operations, examples include particle size, liberation and
cohesiveness. Perhaps this is one of the main reasons that solid
waste treatments in their recent developments have found an
increasingly large use of mineral separation techniques to recover
valuable components. Waste recycling has gained importance
mainly as a result of the economic boost starting in the last quarter
of the 21% century. The economic situation has especially boomed
during the last two decades and thus has resulted in price hike of
many virgin resources to a peak level. More recently the global
credit crunch has forced many industrial operators to rely on
recycled materials in an effort to cut on their import bills.
Nevertheless, in addition to other commercial factors, better public

understanding about the environment has also resulted in an
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increased awareness about sustainable growth and resource
efficiency. This has driven many industries to review their current
processing operations in such a way so as to improve their resource

utilization.

Dry based physical separation of fine particles is widely considered
as an important unit operation. Any new developments in this area
have the potential for greater overall economic and technical
advancement impact. The next section will look into various new
developments in dry based separation of finely sized, multi-

component, particle mixtures under vertical vibration.

2.4 Vibrated particle mixtures

2.4.1 Vibrated particle flows

Particulate materials under certain conditions can show fluid like
behaviours, they can flow and fill in any shapes imposed on them
(Tai and Hsiau, 2009; klein et al., 2006; Jaeger and Nagel, 1992;
Pak and Behringer, 1993; Ford et al., 2009; de Gennes, 1999;
Kadanoff, 1999; Campbell, 1990; Jaeger, Nagel and Behringer,
1996). On the other hand particulates are also capable of showing
some distinct features such as forming piles (Clément et al., 1992),
heaping (Wassgren et al., 1996; Faraday, 1831), surface waves
(Wassgren et al., 1996) and maintaining a stable inclined surface up
to some degrees with the base of the container (Evesque and
Rajchenbach, 1989). These bulk shape features, in the absence of
any external forces, can stay stable for an infinite amount of time
(Jaeger, 1997). The main motivations behind such behaviours are
the balancing between different inter-particle and bulk particle

forces, including friction, gravitation and fluid drag acting distinctly
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on the individual particles (Castellanos, 2005; Jaeger et al., 1996;
de Gennes, 1999). The particle forces that normally act between
two particles are known as adhesion and the ones that act
tangentially are commonly termed as friction (Jaeger, 1997).
Particle friction exists in many different forms, some of the best
known are static, kinetic, molecular, deformation and rolling (School
for Champions, 2009). Among all these friction types, the static and
kinetic ones are considered dominant in the processing of dry
particles.

Particle flows are encountered in many industrial processes and in
comparison to fluid flow these distinct particle flows normally come
across innumerable inter particle collisions which are widely believed
to be dissipative in nature (Midi, 2004; Jaeger, 1997; de Gennes,
1999; Zivkovic et al., 2008; Wassgren et al., 1996; Ottino and
Khakhar, 2002; Pak et al., 1995; Majid and Walzel, 2009; Campbell,
2006). The dissipative nature of inter-particle collisions in any
steady state particle flow system necessitates energy being
continuously fed into the system (Tai and Hsiau, 2009; Campbell,
2006). The energy is often delivered in the form of shear, shaking;
interstitial fluid motion and by the application of an electric or
magnetic field (Aranson and Tsimring, 2006). Amongst the all
mentioned particle driving forces, sinusoidal horizontal or vertical
oscillations are commonly used in industry to enhance a range of

particle flows (Wassgren et al., 1996).

A number of pieces of particle processing equipment use vibration in
one form, or another, to transport and handle various particle
mixtures (Chou, 2000). The elementary understanding of a vibrated
particle bed is therefore of interest because of many different
practical reasons (Kudrolli, 2004). For example, vibration is widely
used to control the flow of particulates from various hoppers and
silos (Zivkovic et al., 2008; Chou, 2000). Vibration is also used to

avoid any flow obstructions and to limit the formation of plugs in
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other particle flows (Zivkovic et al., 2008). A recent investigation
(Xu and Zhu, 2006) has shown that the use of a vibro-fluidised
reactor can help improve the fluidisation potential of finely sized
particles. The onset of vibro-fluidisation in a deep particle bed is
also investigated in the work of Ford et al., (2009). Beside other
uses, vibro-fluidisation has also been used to separate finely sized
coal particles from the other undesired mineral contaminants (Luo et
al., 2008). The importance of vibrated particle beds in the improved
operational performances of reactors, combustion chambers and
heat exchangers is highlighted in the work of Squires, (2004).
Moreover, the use of vibration has also been reported in enhancing
the quality of sintered products (Zivkovic et al., 2008). Other
examples of advantageous vibration use include particle sorting and

tabling.

The industrial application of vibration is not just limited to particle
conveying; other processes such as dry particle mixing also utilize it
in their operations (Katayama et al., 2003; Deng and Wang, 2003).
However, the use of vibration often results in many complex particle
behaviours (Section 1 in Chapter-1). On occasions the use of
vibration in various particle processing unit operations results in an
undesired separation, or segregation, of the particle mixtures
(McCarthy, 2009; Jaeger et al., 1996; Kudrolli, 2004). In addition
to segregation, vibration of finely sized particles can also result in
compaction (Azéma et al., 2006). Nevertheless, uncontrolled
particle segregation has continued to be a source of great industrial
frustration and can be a costly problem (McCarthy, 2009; Kakalios,
2004). Hence, the control and avoidance of undesired particle
segregation is of great importance to many industrial processes such
as pharmaceutical processing where the proper proportions of all
ingredients are expected to be present in whole the particle
mixtures (Kakalios, 2004). The complexity of these particle
behaviours becomes more evident by considering the length scales

(Section 1.2 in Chapter 1) on which they happen (Rosato et al.,
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2002; Jaeger, 1997; Goldshtein et al., 1996). Other considerations
include their sensitivity to varying external conditions as well as to
minor changes in internal particle composition. Particle processing
operations generally involve the control of a number of process
variables (Wills, 1997, Perry and Green, 1999). The quantification
of these dynamic and/or static variables is still lacking in many
areas of vibrated particle studies. A unified theory regarding
vibrated particle flows currently seems almost impossible, in many
cases, conventional statistical physics concepts prove to be
unsuitable for particulate materials (Midi, 2004; Ford et al., 2009;
Kurdrolli, 2004; Aranson and Tsimring, 2006; Kakalios, 2005).

Despite the importance of particulate materials in every aspect of
our daily life, progress in understanding of their basic properties,
underlying mechanics and essential physics still remains poor
(Bridgwater, 2003; Ottino and Khakar, 2002; Aoki and Akiyama,
1995; Aranson and Tsimring, 2006; Kakalios, 2004). This
knowledge is of core importance in order to design and operate an
efficient particle processing and handling system. In the absence of
any particle processing design equations, general approaches and
even the consensus based basic equations of particle motion; the
particle handling equipment has continued to be designed on an
empirical basis (Ottino and Khakhar, 2002). It has been reported
(Duran, 2000; Jaeger et al., 1996) that many of the present day
particle handling and processing techniques are severely out of date
and haven’t been changed since the 19" century. It is only recently
that this subject has started to undergo a firm placement on
numerical basis (Goldhirsch, 2003; Kakalios, 2004). However,
technical hitches still exist and the tradition of empirical design
development still prevails in many new designs of particle handling
equipment. Hence it is generally difficult, if not impossible, to study
and understand the particle behaviours on industrial length scales
(Wassgren et al., 1996). It is due to this that extensive laboratory
scale studies are generally carried out to investigate the various
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controlling parameters (Wassgren et al., 1996; Midi, 2004; Pak et
al., 1995). Despite all these simplifications, particle behaviours are
still complex. Many usefully scaled prototype studies are reported
on vibrating bed of particles (Jaeger, 1997; Luding et al., 1994;
Mohabuth, 2007; Hsiau et al., 2002; Pak et al., 1995). These
laboratory scale studies may not completely mimic the core particle
flow problems but can result in generating new ideas and new
solutions for processing particulate materials. The next section will
therefore investigate some of the previously reported work on
vibration driven particle beds in relation to the objectives of this

research.

2.5 Vibrated particle beds

Controlled vibration driven particle beds are often employed as
idealised systems for observing the fundamental mechanics of
particle flows (Wassgren et al., 1996; Ford et al., 2009). An
approximate fluid like behaviour can be observed by vibrating
particle media with a sufficient magnitude of vibration (Campbell,
1990; Wassgren et al., 1996; Ford et al., 2009). To simplify the
particle response, these vibrations are usually subjected in one
vertical direction only. The application of vertical vibration to a
shallow particle bed usually results in its transition from a static to a
dynamic state. Most of the experimental shallow particle beds are
only a few particle diameters deep. Vigorous vibration of these
particle beds can result in vibrofluidization, a particle state which
has some similarities to a gas fluidization (Clement and
Rajchenbach, 1991; Tsuji et al., 1992; Ichiki and Hayakawa, 1995;
Tai and Hsiau, 2009; Kadanoff, 1999). This fluidised state is highly
desirable in many particle mixing (Zivkovic et al., 2008) and
separation processes (Xu and Zhu, 2006). The main aim of particle

fluidization is to mobilize the individual particles (Xu and Zhu,
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2006). However, wunlike gas fluidization, the onset of
vibrofluidization is not very well characterised. Once under
vibration, only particle momentum is considered to be conserved,
the kinetic energy is lost through dissipation of energy into heat and
collision deformations (Jaeger, 1997; de Gennes, 1999; Zivkovic et
al., 2008; Wassgren et al., 1996; Ottino and Khakhar, 2002).

Typical of particulate materials, if sufficient differences in particle
physical properties in a vibration driven particle bed exist then the
energy dissipation can lead to a variety of well know particle
phenomenon (Section 1 in Chapter-1). Suitable vibration conditions
leading to segregation can result in the formation of two distinct
component layers in a binary particle mixture; this could form the
basis for exploring a new particle separation system based on

vibration driven particle segregation.

In any vibration driven particle bed it is customary to define the
overall bed motion by the dimensionless vibration acceleration
parameter, I which by definition is the ratio of peak container
acceleration to that of gravity and is generally defined by Equation
2.1.

aw? Equation 2.1

where, a(m) is the oscillation/vibration amplitude, g(m.s™) is the
gravitational acceleration, w = 2nf, is the angular frequency, Hz, = is
a mathematical constant (7 = 3.141593) whose value is the ratio of
any circle’s area to the square of its radius and f is the vibration

frequency, Hz.
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2.6 Segregation in vibrated particle beds

In particle technology, segregation can be defined as the separation
of particles with different physical properties during their handling,
storage and transportation (Sarkar and Khakhar, 2008; Ottino,
2006). Particle segregation looks simple but has extremely diverse
and complex mechanisms. The onset of segregation due to
differences in particle size has been observed for many years and
many mechanisms have been proposed to explain this phenomenon
(Rosato et al., 2002; Jaeger, 1997). Particles with parallel physical
properties are not generally expected to show any segregation.
Whenever a sufficient difference in individual particle properties
exists, segregation is most likely to result in particle mixtures
(Kurdrolli, 2004; Ford et al., 2009; Jha and Puri, 2009; Rosato et
al., 2002). In addition to size, differences in other particle
properties such as density, shape, modulus of elasticity, friction
coefficients, surface texture, adhesion and cohesiveness can also
lead to segregation (Kurdrolli, 2004). However, the presence of
large size variations in many working particle mixtures makes size
segregation more accountable in comparison to the other types (e.g.
density segregation) of segregation. Total segregation prevention
can hardly be practised; however, complete understanding of its
underlying mechanisms can help moderate its adverse effects to an
acceptable level.

2.6.1 Vibration driven size segregation

As discussed earlier, size segregation can result from many different
particle processing operations. A well-known example of this is the
so called “Brazil Nut Effect” (BNE); in BNE large nuts are alleged to
rise to the top surface of a shaken container which mostly comprises

mixed nuts of small sizes (Rosato et al., 1987; Knight et al., 1993;
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Rosato et al., 1991; Jullien et al., 1992; Duran, 2000; Kurdrolli,
2004; Duran et al., 1993). However, there are conditions where
BNE can be reversed; this phenomenon is extensively reported in
literature (Shinbrot and Muzzio, 1998; Breu et al., 2003) as
“Reverse Brazil Nut Effect” (RBNE).

In addition to shaking, there are other mechanisms such as sifting,
repose angle, trajectory, percolation, and elutriation that can lead to
size segregation (Dolgunin et al., 2006). However due to the
limitations of this research work, detailed discussions will only be

presented on vibration driven particle segregation.

2.6.1.1 The rise of coarse particles on vibration

When a mixture of different size particles is vibrated, the rise of
coarse particles can be easily observed (Kurdrolli, 2004). One such
example is the rise of a steel ball in a vibrated particle bed of small

glass beads as shown in Figure 2.12.
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Figure 2.12: The rise of coarse particle on vibration and convection
trends. "a” shows a single global convection current, “b & c”
binary convection rolls and “d & e” multiple convection rolls in the

vibrated particle bed.
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Sufficient vibration acceleration and frequency will encourage the
gradual rise of a large particle to reach the top particle bed surface
(Kurdrolli, 2004). It is generally observed that this segregation
effect will increase with increasing density of the large particle
(Schroter et al., 2006). The actual theory behind this effect is not
very well understood, many mechanisms including void filling, static
compressive force, convection, condensation, thermal diffusion,
nonequipartition of energy, interstitial gas forcing, friction and
buoyancy have been proposed to explain this (Schréter et al., 2006;
Serero et al., 2006).

The action of container walls on fine particles will help in setting up
convection currents (Knight, 1997; Knight et al., 1996). The actual
cause of this behaviour is still not clear (Serero et al., 2006).
However, one theory (Schréter et al., 2006; Liffman et al., 1997;
Hsiau and chen, 2000) claims that the upward acceleration of
particle bed during the vertical vibration cycle will result in particle
bed compaction. This compaction will promote the induction of
shear forces throughout the particle bed. As the particle bed moves
down to complete the vertical vibration cycle it will experience a
particle bed expansion. This bed expansion will result in boundary
wall shear forces having a pronounced effect on the adjacent
particles. The completion of these two phases will give rise to the
development of convection rolls inside the vibrating particle bed
(Schroter et al., 2006; Liffman et al., 1997; Hsiau and chen, 2000).
The particle bed compaction and expansion effect during the course
of vertical vibration has been proposed to increase with increasing
wall friction (Knight, 1997). Taguchi (1992) proposed visco-elastic
particle interactions as the prime cause for particle convection in a
vibrated particle bed. The convection trend will depend on the type
of particles and container geometry, amongst other some of the
most commonly observed convection current trends are shown in
Figure 2.12, where; (a) the whole container geometry is patrolled by

a single convection current. The major convection current will
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mostly follow the outer periphery which will be very close to the
container wall boundaries. (b) Dual convection currents in an
opposite direction to each other which will be falling in the centre
and rising near to the wall boundaries of the vibrating container.
These patterns resemble a valley shape as reported by Akoi et al.,
(1996). (c) Dual convection currents in the opposite direction which
will rise in the centre and fall near to the wall boundaries of the
container and (d & e) distinct and multiple convection currents

which will follow somewhat complex trajectories.

The convective particle motions inside the vibrated particle bed will
result in lifting of large particles to the top particle bed surface
(Knight at al., 1993; Kurdrolli, 2004; Knight et al., 1996). Once
there, the large size of the intruder particles will prevent them from
joining the overall convective motion of the predominantly small
particles (Knight at al., 1993; Kurdrolli, 2004). Hence, the position
of large intruder particles will remain stable on top of the vibrating
surface as long as no attempt is made to alter the other processing
conditions (Knight at al., 1993; Kurdrolli, 2004). A possible
explanation of this trend is that, when a particle bed is shaken the
particles enjoy the opportunity to rearrange themselves. This
rearrangement is possible due to the particle bed expansion during
bed flight. As the whole particle mixture is subjected to the
gravitational and fluid drag forces (Figure 2.12), there is a great
tendency for all particles to settle down. The majority of these
particles are believed to settle down during their downward vibration
phase. During the settling phase, the small particles generally wins
in finding voids near edged up large intruder particles. Hence, the
settling of small sized particles in vacant gaps near or directly
beneath the surface of large intruder particles results in their
gradual rise to the top surface (Rosato et al., 1987; Duran et al.,
1993, Duran et al., 1994; Rosato et al., 2002; Thornton et al.,
2006).
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Cooke et al., (1996) proposed an equivalent slip plane and
dislocation particle motion model for both particle bed and intruder
particles in their BNE investigations. As the vibration amplitude was
increased the inter particle voids became larger. These large voids
were capable of accommodating big size particles. This can
adversely affect the gradual rise of big particles to the top vibrating
particle bed surface. Instead, a RBNE can be expected in this
situation. In addition, the presence of an intermediate size particle
can slow down the size segregation mechanism between large and
small particles. Furthermore, it has being claimed (Rosato et al.,
1991) that the size segregation mechanism usually follows first
order kinetics. This claim has been based on attainment of
equilibrium states which are distinctly characterized by a balance
between mixing and size separation (Rosato et al., 1991). In the
absence of any theoretical explanations about size segregation
mechanisms Trujillo et al., (2003), suggested that in the presence of
gravity, the particle size differences will always give rise to a static
compressive force that will lead to size segregation. Shishodia and
Wassgren, (2001) have discussed the role of distinct particle
buoyant forces on size segregation in a vibration driven size

differential working particle mixture.

Some researchers (Yang, 2006; Campbell, 1990; Falcon et al.,
1999; Breu et al., 2003; Tai and Hsiau, 2004) have proposed the
introduction of a kinetic particle temperature “T,” term that
corresponds to the average kinetic energy of the random particle
motion. Hsiau et al., (2008) focused on relating particle
temperatures with vibration acceleration and velocity in dry and wet
particle systems by using a positron emission particle tracking
(PEPT) system. They (Hsiau et al., 2008) anticipated a rise of
particle temperature with increasing vibration acceleration, this
increase in vibration acceleration is also affected by the amount and
viscosity of the surrounding fluid. Despite many reservations, many
(Moon et al., 2004; Soto et al., 1999; Huan et al., 2004; Wildman
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and Huntley, 2003) have proposed the particle temperature in an
analogy to a gaseous state. This is done by using the mean particle

kinetic energy term of the type given in Equation 2.2;

1 i 1 H
T & 3 T (v = (v))* where (v) = S %, Equation 2.2

where, "N"” is the total number of particles and “m;” and "v; " are the
mass and the velocity of the ith particle and the symbol “<>"

represent an average value.

The particulate materials have some distinguishing features that
make them non analogous to a gaseous system, these aspects
include rough particle surface, size, shape, mass and inelastic
collisions (Herminghaus, 2005; Serero et al., 2006). However
despite this, various numerical (Moon et al., 2004; Soto et al.,
1999; Serero et al., 2006) and experimental studies (Huan et al.,
2004; Wildman and Huntley, 2003) have shown that “T,” can be
related to the particulate position, vertical vibration motion,
acceleration and also to the number of particles in the container. In
binary particle mixtures the heavy particles will generally have a
high particle temperature in comparison to the lighter ones (Feitosa
and Menon, 2002). Based on particle temperature theory, two
different segregation mechanisms are recommended, which include
phase transitions (Hong et al., 2001) and momentum balance.
Momentum balance is based on kinetic theory which makes use of
the steady state Boltzmann equation (Trujillo et al., 2003; Brey et
al., 2005; Garzé and Dufty, 2002; Galvin et al., 2005; Garzo, 2008).

Hong et al., (2001), proposed that when vibration acceleration is
increased above a certain value, the whole particle bed of mono-
dispersed particles will become vibrofludized. They (Hong et al.,
2001) proposed a critical particle temperature term “T.” for this fully
vibrofludized particle state based on the assumption that the initial
particle mixture will be at spatially homogeneous temperature. Also

for a binary particle mixture it was argued that the fluidised particles
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will have a different critical temperature in comparison to those
condensing at the bottom. Based on the differences in critical
temperatures for binary species in a particle mixture the segregation

relation shown as Equation 2.3 with control parameter, €.onq, Was

proposed;

. _ T_LC _ (ﬂf .D_Lﬁ Equation 2.3
cond Tg ds/ pshs

Cc

T, iy d .
where, T—LC corresponds to the critical temperatures, d—L to diameters,
S S

PL to the densities and % to the fill heights of the large and small

Ps S

particles. The value ¢.,,q =1, (Tf <T%), will favour condensing of
small particles while the large particles will fluidise, (BNE).
However, when ¢.,,4 > 1, RBNE will take place. This concept of
critical temperature mapping of particle segregation is based on the
condition that the driving regime temperature, “T” is an

intermediate value between the two critical temperatures.

Hsiau and Hunt, (1996) proposed that in a gradient of temperature
the heavy particles are expected to move to the places with low “T”
value. Strong vertical temperature gradients were proposed in
simulations (Bougie et al., 2002; Moon et al., 2004) and
experiments (Huan et al., 2004; Wildman and Huntley, 2003;
Wildman and Parker, 2002; Losert et al., 1999; Feitosa and Menon
2002). However, the complicated vibration temperature relationship
generally fails to predict the type of segregation that can be
expected at a particular particle temperature. In addition,
nonequipartition particle issues have also been identified in particle
size segregation (Galvin et al., 2005; Brey et al., 2005; Kurdrolli,
2004). Trujillo et al., (2003), proposed a hydrodynamic model that
introduced a pseudo-thermal buoyancy force which was proportional

to the particle temperature ratio of two distinct particles. Sarkar and

57



Chapter-2 Particle separation: A review

Khakhar, (2008) recently reported experimental evidence from the
effective particle temperature and size segregation approach.

Breu et al., (2003) proposed that diameter ratios of the large and
small particles in inverse relation to the corresponding density ratios
will result in BNE and vice versa. Hence, in a binary particle
mixture the probability of a particle species crossover to condense
or fluidise can be predicted by the following simple relation,
Equation 2.4;

Equation 2.4

-1 -1
4 (ﬂ) where & < (ﬂ) = BNE
ds Ps ds Ps

where, % and 2 are the respective diameter and density ratios of

Ps

the large and small particles. Researchers (Nicodemi et al., 2002;
Tarzia et al., 2004 and Tarzia et al., 2005) have also demonstrated
the use of a hard sphere lattice model approach to explain the

particle size segregation phenomenon.

Different segregation forms in a particle mixture can be easily
observed by driving the same particle mixture at different frequency
levels. Consequently, at low frequency measurements, inertia and
convective particle motion can lead to segregation (Huerta and Ruiz-
Suadrez, 2004). Also, in an equal sized binary particle mixture with a
relative density difference >1, convection mechanisms are
considered as a predominant cause for segregation (Huerta and
Ruiz-Suarez, 2004). At high vibration frequency levels, the
subsequent increase in particle fluidization will generally result in
suppressing the formation of particle convection currents. This
situation may therefore lead to a buoyancy or sinkage mechanism to

cause segregation (Huerta and Ruiz-Suarez, 2004).

In addition to focusing on particle size segregation mechanisms,
Naylor et al., (2003) also debated the role of interstitial fluid
presence during segregation. They (Naylor et al., 2003) proposed
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that the presence of an interstitial fluid is not a necessary condition
for size segregation. However, Mdbius et al., (2001); Akiyama et
al., (1998) and Kurdrolli, (2004) objected to this idea and
highlighted the importance of interstitial fluid presence during size
segregation. Sanders et al., (2004) discussed the presence of an
attractive force between multiple intruder particles, this inter-
particle attractive force between identical particles may be the basis
for observing strong collective particle bed behaviour during vertical

vibration.

It is mainly due to the complex nature of the size segregation
phenomenon that researchers (Kurdrolli, 2004) have focused on a
narrow range of conditions in an effort to identify the dominant
mechanisms. However, despite all these simplifications,
contradictory results on the same phenomena are fairly common
(Jaeger, 1997; Huerta and Ruiz-Suarez, 2004). Furthermore, a
variety of investigation tools such as computer simulations and
experimentation have been used to increase the body of knowledge
on segregation mechanisms and other particulate phenomena
(Campbell, 1990; Jaeger and Nagel 1992; Jaeger et al., 1996; de
Gennes, 1999; Kadanoff, 1999; Kudrolli, 2004; and Julio, 2005).

The underlying mechanisms of size segregation have also been
observed to depend on driving conditions (e.g. vibration) and
particle parameters. The interdependence of these two parameters
is not known, for example, the relationship between particle size
and density to promote segregation in a particle system is still
unidentified. In gravity driven particle flows down inclined chutes,
strong size segregation effects in comparison to the density
segregation can be observed (Rosato et al., 2002). This leads us to
a somewhat more complex situation in our efforts to completely
understand size segregation. As efforts continue to completely
understand the particle segregation phenomena, some researchers
(Akiyama et al., 2000; Ohtsuki et al., 1995; Jain et al., 2005;
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Mohabuth, 2007, Burtally et al., 2002 & 2003) have looked into the
effects of particle density on segregation.

2.6.2 Vertical vibration driven density segregation

External excitations such as vertical vibration can drive an equal size
but different density particle mixture to segregate based on
differences in particle buoyant forces (Jain et al., 2005; Akiyama et
al., 2000; Ohtsuki et al., 1995; Jain et al., 2005; Mohabuth, 2007,
Burtally et al., 2002 & 2003). Only a limited amount of reported
literature is available on density segregation when compared to size
segregation (Akiyama et al., 2000; Burtally et al., 2003, Mohabuth
and Miles, 2005; Mohabuth et al., 2007 and Leaper et al., 2005). In
density segregation, equal size particles can separate into two
different particle layers with denser particles appearing on the top in
a vibrating particle bed (Shrinbot and Muzzio, 1998; Shishodia and
Wassgren, 2001; Mohabuth and Miles, 2005). The situation
becomes even more complex when the working particle mixtures
differ both in size and density (Jain et al., 2005).

Hong et al., (2001) used hard particle simulations to study reverse
buoyancy effects on high density particles. In their (Hong et al.,
2001) investigations, as the density ratio between the intruder
particle and particle bed was increased, the dense intruder particle
was observed to sink and vice versa. Liffman et al., (2001)
investigated the two dimensional motion of an intruder particle in a
non-convective particle bed. Hollow steel discs with the aim to vary
the relative particle density ratios by filling them with a high density
material were used in a particle bed of glass particles. They
(Liffman et al., 2001) observed a drop in the intruder rise time, “¢’
(seconds) with increasing relative particle density ratios which

followed a trend, shown in Figure 2.13.
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Figure 2.13: Rise time vs particle diameter to density ratio in a
fixed size ratio binary particle mixture (Adapted from Liffman et al.,
2001).

Akiyama et al., (2000) failed to show any particle layer separation of
glass and steel particles in the range of vertical vibration they
investigated (dimensionless acceleration between 0 and 10 at a
fixed vertical vibration frequency of 50Hz). However, introduced the
concept of solid-solid extraction by separating equal sized
(d=1290um) glass (p=2500kg.m™) particles from a mixture with
lead (p=11389Kg.m™>) and steel (p=7850kg.m™) particles under
vertical vibration as shown in Figure 2.14.

Figure 2.14: Solid-solid extraction (Adapted from Akiyama et al.,
2000).
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Akiyama et al., (2000) proposed that in a particle mixture of glass,
steel and lead particles the individual differences in particle
momentum can be the prime cause for high density lead and steel
particles to appear on top of a vibrated particle bed surface. When
a particle bed sets into motion with the vibration acceleration
magnitude significantly greater than 1g, dense particles are
expected to gain a high momentum value, mainly due to their high
mass content. If the acceleration is only in one vertical direction,
dense particles will travel furthest in this direction during their
particle bed expansion cycle. This will result in an opportunity for
low density and low momentum particles to settle down in their next
compaction cycle during vertical vibration. These successive vertical
vibration cycles will result in a particle bed stratification based on
density effects. A further increase in vibration acceleration value
above this point will eventually result in chaotic particle bed
motions. This chaotic stage can be blamed to suppress the particle
bed stratifications. Hence, for a layered particle separation to take
place it is generally more desirable to vertically vibrate a particle

bed at small frequency and higher amplitudes.

Figure 2.15 shows three different particle convection mechanisms as
observed by Akiyama et al., (2000) in experiments at different

acceleration values.
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Figure 2.15: Particle bed behaviour under vertical vibration of

increasing accelerations (a-c) (Adapted from Akiyama et al., 2000).

In Figure 2.15 it can be seen that a lower acceleration value (a)
resulted in a single convection heap rising in the middle and falling
near to the walls. A further increase in acceleration showed valley
convection currents (b) that eventually resulted in a chaotic particle
bed state (c).

Scaling up and/or down has always been an issue with all particle
handling systems (Ottino and Khakhar, 2002). Akiyama et al.,
(2000) therefore used four different kinds of vessels that all
comprised a 3 cm thickness and 3, 5, 7 and 10 cm widths to
investigate scaling effects associated with the particle vibration
system. An increase in vessel width to 7 cm resulted in a limited
inverse density segregation. Under the experimental conditions of
Akiyama et al., (2000), the inverse density segregation finally
diminished when their vessel width was increased to 10 cm. Best
density segregation results were claimed with a small 3cm width
vessel. Akiyama et al., (2000) have also debated the relationship

between particle size and critical vibration acceleration, 7 (a point
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where bed stratification can be first observed). Comparison made in
their work (Akiyama et al., 2000) with others revealed an increase
in dimensionless acceleration value with an incremental rise in
particle size during vertical vibration. Other notable observations in
their work (Akiyama et al., 2000) included the less favourable
conditions for convection current developments in high density
particulate materials. Based on these observations they (Akiyama
et al., 2000) suggested the use of a low particle bed height for
convection roll development in a vibrated particle bed of high
density materials. One of the reasons for diminishing particle
convection rolls in their work can be the use of big particle sizes
which were hard to vibro-fluidize under their experimental

conditions.

The particle size importance associated with particle processing
operations (e.g. component liberation is in close association with
particle size), possibly directed Burtally et al., (2002 & 2003) to
focus their attention on finely sized particles in their density
segregation studies. They (Burtally et al., 2002 & 2003) used
various glass (p,=2500kg.m™) and bronze (p,=8900kg.m™) particle
bed combinations in their experimental investigations. They
proposed a new density separation parameter, “S;” derived from
Stokes’ law and the equation of motion of two individual particles.
General forces acting on a single particle in air are shown in Figure

2.12. The proposed new "“S,”, factor is defined by Equation 2.5 as;

pod3 Equation 2.5
- p1d3

d

where “d; &d,” and "p, &p,” with p, > p,, are the diameters and
densities of the respective segregating particles. The particle
separation factor, “$"” implies that when, S,#1, different particles
will experience a different drag force in their surrounding fluids
(Burtally, 2004; Biswas et al., 2003). As a result, high density
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particles will travel furthest and condense with a time lag in
comparison to the light particles. A few vibration cycles will result in
gradual density segregation and stratification of the particle bed.
Furthermore, for an equal size particle mixture, the S;-factor value
reduces to density ratio of the particles. Many assumptions have
been taken into consideration in deriving this relationship, for
example, fluid drag was considered to be the only resistance force
to the segregating particles. The value of this drag force was
considered to be in a range where the introduction of a correction
factor was not deemed necessary. This theory marked air drag to
be the crucial factor for density separation behaviours of glass and
bronze particles (Burtally, 2004).

Klein et al., (2006) probably realised the importance of interstitial
gas on density segregation and therefore investigated the
surrounding fluid effects on a particle bed of equal size (¢=98+8um)
glass and bronze particles that were vertically vibrated. Their (Klein
et al., 2006) apparatus shown in Figure 2.16was fairly similar to the
one used by Burtally, (2004) which is shown in Figure 2.18.
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Figure 2.16: Apparatus used by Klein et al., 2006.

Klein et al., (2006) carried out their investigations in a frequency “/”
range of 0 to 200Hz and with dimensionless acceleration, “7” of
between 0 and 20. They used Nitrogen, N, (viscosity=17.9uPa.s)
and neon, N, (viscosity=32.1uPa.s) as their interstitial fluids. The
experiments were carried out at room temperature in a vibration
driven particle cell shown in Figure 2.16. In their investigations
(Klein et al., 2006), the fluid viscosity was supposed to be
independent of gas pressure (P>25Torr). The observed particle bed
behaviours under different operating conditions are shown in Figure
2.17.

66



Chapter-2 Particle separation: A review

Figure 2.17: Particle bed behaviours under vertical vibration. Py,
represents the nitrogen gas pressure in the vibrating cell (Klein et
al., 2006).

The observations revealed in Figure 2.17 were similar to the density
segregation trends reported by Burtally et al., (2002 & 2003) and
Biswas et al., (2003). It was observed that bronze particles were
relatively more mobile in the chosen working fluids (Klein et al.,
2006). The bronze particles travelled a distance that was nearly
three times longer than the glass particles. It is generally
acknowledged that particle deceleration resistance in any interstitial
fluid is inversely proportional to the particle mass content (Klein et
al., 2006). Further investigations reported by Klein et al., (2006)
revealed significantly different particle bed behaviours in the
working fluids (N, and N.). The dependence of density segregation
behaviour on gas viscosity was more significant at low vibration
frequency (f=50Hz) than in comparison to what was observed at
high value (f=90Hz). Furthermore, as the gas pressure was
reduced below 50Torr, bronze top layer behaviour was observed to

diminish.
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Klein et al., (2006) suggested that the formation of a thick bronze
top layer has the ability to suppress the low density glass particles
to appear on top of the vibrating particle bed surface. However, at
high values of vibration frequency and amplitude glass particles
have the ability to overcome this resistance and appear on top as
shown in Figure 2.17. In conclusion Klein et al., (2006) proposed
that in addition to vibration frequency and acceleration, density
segregation is also a sensitive function of interstitial gas pressure

and viscosity.

Burtally et al., (2002) reported the spontaneous particle separation
of similar size glass and bronze spheres driven by vertical vibration
in the presence of air only. The experimental setup used by Burtally
et al., (2002 & 2003), Burtally, (2004) and later in the vibration
separation work extended by Mohabuth and Miles (2005), Mohabuth
et al., (2007) and Mohabuth, (2007); is shown in Figure 2.18.
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Figure 2.18: Vertical vibration setup, where, (a) is the particle
segregation box, (b) accelerometers, (c) double transducer

assembly and (d) is the connecting frame.
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The working principle of the setup shown in Figure 2.18 is rather
simple and is similar to the working rig shown in Figure 2.16 with
only a few exceptions. In the later experimental setup, two
interconnected and aligned vibration platforms were used without
any gas supply mechanism to the vibrating box as shown in Figure
2.18. In both cases (Klein et al., 2006 (Figure 2.16) and Burtally,
2004 (Figure 2.18)) an electromechanical shaker was used to
generate vertical vibration in a horizontal platform. The particle
matter under investigation was placed in a transparent box on the
horizontal platform. The transparent boxes were used for the ease
of visualisation of particle pattern during density segregation.

The experimental conditions used by Burtally et al, (2002 & 2003)
and Burtally, (2004) ranged from /=10 to 200Hz and 7, (the ratio of
peak container acceleration to that of gravity) between 1 and 18.
Four different glass and bronze working particle mixtures (A, B, C &
D) with three different compositions (1, 2 & 3) as shown in Table
2.2 were used in their studies.

Mixture A B C D 1 2 3

Material Bead Diameters (pm) Volume percentage

125-150 | 90-125 63-90 45-53 25% | 50% 75%
Bronze

Glass 63-90 | 90-125 | 125-150 | 125-150 | 75% | 50% 25%

Table 2.2: Four distinct working particle mixtures (A, B, C & D)
with three different compositions (1, 2 & 3) as used by Burtally et
al., (2003 & 2004) and Burtally, (2004) (Adapted from Mohabuth,
2007).

The separation behaviour of each of the twelve particle mixtures as
shown in Table 2.2 was visually observed and was presented as £rI
phase diagrams. An example of their reported £7" phase diagrams is

shown in Figure 2.19.
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Visualized behaviour of mixture B1l in air, as a

Figure 2.19:
function of F& I"showing the onset of bronze on top (2), sandwich

separation (g), the transition boundary between the two (), onset
of slow (4) and rapid (¢) asymmetric inversion oscillation. Also (A)

& (C) represents bronze on top, particle throwing and interface
sandwich formation (D),

thrashing (A), tilt formation (B),
Oscillation between bronze on top and sandwich configurations (E)

and continuous asymmetric oscillations (F) and the area of
continuous symmetric oscillations (G) (Adapted from Burtally et al.,

2003).
The visually captured particle bed behaviours at different stages

represented in Figure 2.19 are shown in Figure 2.20.
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Figure 2.20: An initially well mixed bed of 90-125um glass and
bronze spheres separating into the bronze on top regime when
vibrated at /= 40Hz, r = 3.0, in an 80mm high x 80mm wide x
10mm thick, glass lined cell with bronze at 25% and glass 75% by
volume (B1). (N.B. S = seconds) (Adapted from Burtally et al.,
2003).

Figure 2.20 shows (a) an initially well mixed glass and bronze
working particle mixture (B1). As the working particle mixture (B1)
was vertically vibrated (b) a bronze on top configuration with a tilt
formation in (c) left and (d) right direction was visually observed.
The formation of a tilt was attributed to the generation of distinct
global convection currents in each of the two particle phases that
also resulted in separation of the particle mixture within the first
120 seconds of vertical vibration treatment. The formation of a
stable tilt (e, f & g) was accompanied with maintaining of a clear cut

separation boundary between the two particle phases.

The overall observations from their (Burtally et al., 2002 & 2003;
Burtally, 2004) experiments showed a number of interesting
behaviours, for example, at low frequency and acceleration of
vertical vibration, a number of particle mixtures were observed to
form separate glass and bronze rich layers as shown in Figure 2.20.
The boundary layer thickness between glass and bronze rich

regions, in some instances, was observed to be only one or two
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particle diameters. The high density particle layer was observed to
appear on top of the particle bed surface. However, there were
experimental conditions where high density particle layers formed a
sandwich between two glass rich regions (Burtally et al., 2002 &
2003; Burtally, 2004). Another striking observation from their
(Burtally et al., 2002 & 2003; Burtally, 2004) experiments was the
formation of a stable particle tilt which is also reported by others
(Mohabuth, 2007; Leaper et al., 2005). An example of this tilt
formation is shown in Figure 2.20. The observed particle separation
in these experiments was quick which increased with increasing, 7-
value. Most of the particle separation was observed within the first
two minutes of vertical vibration treatment. Visual observations
were used to judge the “substantially complete” particle separation
(Burtally et al., 2002 & 2003; Burtally, 2004). Visual observations
also showed the presence of some bronze particles in glass rich
regions. However, glass particles were hardly seen in any bronze
rich regions under layered particle separation regime as shown in
Figure 2.20.

The change in working particle mixture composition from B2 to B3
(working particle mixture compositions given in Table 2.2) resulted
in somewhat similar dry based particle separation behaviours as
represented in Figure 2.19. Of particular interest was the
observance of a bronze on top configuration in each case that can
be possibly recovered separately. Sharp and stable separation
boundaries between the glass and bronze rich regions in this case
(working particle mixtures B1, B2 and B3 as given in Table 2.2)
were also normally observed within the first two minutes of
optimum vertical vibration treatment (Burtally et al., 2002 & 2003;
Burtally, 2004).

As the size ratio between the glass and bronze working particle
mixtures was changed to A, C and D (working particle mixture

compositions given in Table 2.2), the observed dynamics showed
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the following key differences from the benchmark mixture-B
(Composition given in Table 2.1) (Burtally et al., 2002 & 2003;
Burtally, 2004);

In mixture-A (composition given in Table 2.2), comparatively
more glass infiltration was observed in the big size bronze
rich regions after vertical vibration.

The particle bed dynamics were comparatively faster in
mixture-A (composition given in Table 2.2).

For mixture-C (composition given in Table 2.2), poor glass
and bronze separation was observed. This is probably
because of the fact that large particles behave rather similarly
to the high density particles during vertical vibration. In the
current situation (mixture-C, composition given in Table 2.2)
the particle size of low density glass particles was potentially
enough to entrain the small size bronze particles in their
overall convective motions (mixture-C2 & 3, composition
given in Table 2.2). However, considerable density
segregation was still observed in mixture-C1 over a narrow
range of vertical vibration frequencies (/~=25-90Hz) and at low
[~values. It can be observed from this situation that the
relative particle concentration differential can affect particle
separation behaviours under the influence of vertical
vibration.

In mixture-D (composition given in Table 2.2), the relative
working particle size differences were comparatively big than
all of the above cases (mixture A, B, & C; compositions given
in Table 2.2). Hence, a “glass on top” configuration was
mostly observed at low vertical vibration frequency, fand I
values. At high “/ and “I” values, distinct and localised
particle concentrates were clearly visible in the particle bed,

which was far from stable.
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The overall effects mentioned above can be summarized based on

the definition of separation factor “S,”, given by Equation 2.5;

e For mixture-A (composition given in Table 2.2), S=12, a
value which is significantly greater than 1 hence, a bronze on
top configuration was observed with sharp separation
boundaries.

e For mixture-B (composition given in Table 2.2), %=3.6 a
value still greater than one and hence resulted in good
particle segregation with bronze on top configuration.

e For mixture-C (composition given in Table 2.2), S=1 and this
showed a week segregation tendency in comparison to
mixtures-A and B.

e For mixture-D (composition given in Table 2.2), $%=0.4 and a

glass on top regime was observed during density segregation.

Among other things, the investigations (Burtally et al., 2002 &
2003; Burtally, 2004) also highlighted the importance of interstitial
fluid on particle density segregation. The large particle size of glass
in mixture-C and D was possibly not sufficiently influenced by air
motion during vertical vibration; this can be one of the main reasons
for the poorly observed particle segregation behaviour in these

cases.

2.6.3 Vertical vibration induced particle

segregation and the surrounding fluid

The particle mixtures can be made to disperse in vacuum and/or in
an interstitial fluid. Air and water are the most common types of
interstitial fluids that are used to fill in the inter-particle spaces
and/or voids in a particle mixture (Liao and Hsiau, 2010). If the
interstitial fluid is a gas such as air, the particulate material is said
to be in a dry state (Chou, 2000). When the particles do not adhere
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to each other, the particulate material is said to be cohesion-less.
Nevertheless, the dynamic behaviour of a particle mixture in the
presence of an interstitial fluid can essentially be treated as a
multiphase flow phenomenon (Campbell, 1990; Chou, 2000). Some
examples of the multiphase flow behaviour can be seen in particle
mixtures that are subject to external vertical oscillations (Burtally et
al., 2002, 2003; Leaper et al., 2005; Majid and Walzel, 2009). In
addition to the interstitial fluid effects, a distinguishing feature of the
slowly deforming, or quasi-static particle flow (such as the one
under the influence of vertical vibration), is the existence of direct
inter-particle interactions that can play an important role in the
overall flow mechanics of a particle mixture (Campbell, 1990; Chou,
2000). It has been proposed that in a closely packed finely sized
particle mixture the inter particle interactions are generally
dominant and are expected to play a greater role in the overall
particle momentum transports in which case the interstitial fluid
behaviour can be largely ignored in describing the quasi-static
particle flow behaviours (Campbell, 1990; Jaeger et al., 1996; Chou,
2000). However, others (Akiyama, et al., 1998; Gutiérrez, et al.,
2005; Hsiau et al., 2004; Pak et al., 1995; Klein et al., 2006) have
stressed the importance of interstitial fluids in controlling the slowly
deformed particle dynamics. Nevertheless, a significant fraction of
energy and momentum transfer is expected to occur when the
dynamic particles are in contact with each other and/or with a solid

boundary that is neighbouring their motions (Zeilstra et al., 2008).

Burtally (2004) carried out investigations to wunderline the
importance of interstitial fluid behaviour during density segregation.
To highlight the importance of particle size on density segregation,
in the presence of air, glass and bronze particles of size greater than
350um were first used. She (Burtally, 2004) observed poorly
defined glass and bronze rich regions at low vibration frequency that
diminished at high values. In addition, experiments carried out at

reduced air pressures with finely sized working particle mixtures Al
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and Bl (composition given in Table 2.2) resulted in observing poor
segregation effects. Hence, the presence of an adequate viscosity
surrounding fluid was considered to be important for any density
segregation to take effect.

A further investigation on density segregation in the presence of air
was carried out by Burtally (2004). First, with mixtures Al and Bl
(composition given in Table 2.2) no separation was observed when
the top of the particle box with a porous bottom was open to
atmosphere. However, when the top of the same box was closed,
density segregation with sharp separation boundaries was clearly
observed. She suggested that in this case the forced air motion
drawn through the vibrating particle bed bottom and forced backed
into the particle mixture in a closed box was the prime cause for
particle segregation. This convective air motion can be seen as an
analogy to the convection currents in the vibrated particle phase,
when a closed box is used, the presence of air convective currents
could have been one of the motives for generating distinct
convection currents in vibrated particle bed and hence resulting in
particle segregation. For large size particles, investigations carried
by Burtally (2004), in air failed to show any particle density
segregation. This may be due to the low viscosity and
powerlessness of the surrounding air medium to entrain the large
size particles. Naylor et al., (2003) used the same box to suggest
parallel trends in particle size segregation in the presence of air.
The influence of surrounding fluid on segregation of vertically
vibrated working particle mixtures is also investigated in the work of
Liao et al., (2010) and Yan et al., (2003).

Leaper et al., (2005) used water as a surrounding medium in their
experiments to investigate the influence of fluid viscosity on density
segregation of large size spherical particles. The use of water
resulted in a fifty fold increase in viscosity of the surrounding

medium in comparison to air. It was assumed that this increase in
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viscosity of the surrounding medium can help separate particles
seven times bigger, in comparison to air alone. The use of water
also offered an added advantage of eliminating static electricity
among vibrating particles. Leaper et al., (2005) used the same
apparatus and vibration cell as reported by Burtally et al., (2002 &
2003) and Burtally, (2004). An average particle bed height of 20
mm in the presence of water with vibration frequencies ranging from
0 to 200Hz and a dimensionless acceleration of 0 to 10 were used in
their (Leaper at al., 2005) investigations. The top of the box was
closed with a rubber bung to avoid any abrupt air or water motion
during vertical vibration. The air bubble free box was then placed
on the loudspeaker platform in the vibratory apparatus as shown in
Figure 2.18.

The separation of equal size glass and bronze particles in the size
range of 90-125um, 150-200pm, 300-355um, 600-710pm and
1000-1180um, made up a 50:50 volume mixtures in all the
investigated cases reported by Leaper et al., 2005. In the presence
of water sharp particle separations in the bronze and glass rich
regions were observed for all the parallel sized particle mixtures.
However, the presence of a high viscosity surrounding fluid resulted
in a relatively greater resistance to particle motion. As a result,
particle segregation in water was observed to occur on a time scale
of several hours, much higher than that observed by Burtally,
(2004) in air. The particle segregation mechanism of a 50:50
volume percentage 300-355um glass and bronze particles is shown

as an example on an £I'plane in Figure 2.21.
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Figure 2.21: The behaviour of 50:50 volume percentage mixture of
300-355um glass-bronze particles submerged in water. (A)
Represent a tilted bronze on top configuration, (B) tilted bronze on
top via tilted sandwich configuration, (C) symmetric bronze on top
via symmetric sandwich configuration, (D) represents the
incomplete separation region and the line “¢’ represents the I
value where cluster formation was seen in two minutes of vertical
vibration. The light and dark gray colours in (a), (b) and (c)
represents the low and high density materials (Adapted from
Leaper et al., 2005).

The particle tilt formation in the work of Leaper et al., (2005) was of
similar construction (zone-A in Figure 2.21) as seen in Figure 2.20.
An increase in vertical vibration frequency resulted in a slightly
different particle bed behaviours (zone B & C in Figure 2.21).
However, even at these high frequency values all particle beds
eventually resulted in a bronze on top configuration after the elapse
of a sufficient stabilization time. Difficulties were encountered in
separating 1000-1180um size particles in water; this was especially
troublesome at frequencies higher than 100Hz. The formation of a

global convection current at this size range actually hindered the
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particle segregation affects. This resulted in a somewhat similar
situation represented as D-zone in Figure 2.21. The use of 75:25
volume percentage 300-355um bronze and glass particles still
resulted in bronze on top configurations. However, the
disappearance of zone-C (Figure 2.21) in their (Leaper et al., 2005)
I phase map was attributed to the greater bronze population that
lowered the probability of a sandwich configuration. Reversing the
particle concentration of bronze and glass to 25:75 volume
percentages resulted in a comparatively slower bed dynamics
however; bronze on top configuration still prevailed in this case.
Poor particle separation was observed when a 50:50 volume
percentage bronze (200-300um) and glass (1000-1180um) working
particle mixture was vertically vibrated in water. Similar situations
were also encountered in other big size differential bronze and glass
particle mixtures. Hsiau et al., (2004) suggested that with a greater
amount of water, the rising velocity of the larger beads decreases
due to the viscous and liquid bridge forces between the water and
beads. Akiyama et al., (1998) reported that in a vertically vibrated
particle bed of finely sized particles, the surrounding air and the
particle bed height plays an important role in generating the
convection currents that lead to particle bed heaping. Gutiérrez et
al., (2005) reported that an air-mediated fluidization mechanism
similar to that occurring in gas-fluidised static beds is responsible for
particle segregation in a vertically vibrated particle bed. Pak et al.,
(1995) suggested that the gas trapped in the vertically vibrated
particle bed is responsible for heaping. The effect of surrounding air
on the segregation of particles in a shaken particle bed is also
reported in the work of Yan et al., (2003).

In summary, large size particles can be made to segregate in the
presence of high viscosity fluids such as water. The observed
density segregation behaviours with large particles in water (Leaper
et al., 2005) were quite similar to the ones observed in the finely

sized particles in air (Burtally, 2004). However, discrepancies were
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found in achievement of a total segregation time for “substantial
separation”. The use of a viscous fluid such as water during the
vertical vibration segregation resulted in strong buoyant forces on
particles which probably reduced their settling rates. All this
contributed in the slow segregation dynamics of the large sized

particle mixtures in the presence of water.

2.6.4 Particle bed tilting and distinct convective

motions

In the majority of the previously reported particle segregation
studies (Section 2.6) some pronounced particle bed behaviours can
be clearly observed. Examples include, particle bed tilting (Figure
2.22) and the formation of distinct convection currents during
vertical vibration (Figure 2.22). Under suitable conditions, when a
noncohesive particle bed is vertically vibrated with sufficient
acceleration it tends to form a tilt. An example of this, when an
initially flat pile of dry noncohesive sand is vertically vibrated with
sufficient dimensionless acceleration (/'>g), the spontaneous
appearance of a slope is normally observed (Mehta, 2007). This

slope forms an angle “6” with the base as shown in Figure 2.22.
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Figure 2.22: Particle convection currents in glass and bronze rich
regions in the presence of water at different frequency and

acceleration values (a, b & c) as reported by Leaper et al., (2005).

Figure 2.22 shows bronze on top particle segregation regime along
with the sketched global and local convection current patterns. In
Figure 2.22, (a) represents the global convection currents in the
tilted and segregated glass and bronze particle bed whereas in (b &
c) a couple of local glass and bronze convection currents are shown
which have reduced particle bed tilting in comparison to (a). The
angle “0” shown in Figure 2.22 is often referred to as angle of
repose and is normally maintained by particle flow down the slope
(Mehta, 2007). It is widely believed that the convection induced
particle bed tilting behaviour was first scientifically addressed by
Faraday (1831) and is therefore often referred to as “Faraday
Tilting” (Kong et al., 2006). Faraday, (1831) believed that vertically
vibrating particles in a container will promote surrounding air
currents (Milburn et al., 2005). As the bed flights from surface
during upward cycle in vertical vibration, a reduced air pressure
beneath the particle bed will draw particles to land near the centre
of the bed. The rest of the particle bed will then fall later in such a
way to offset the surrounding forces, resulting in a particle tilt

and/or heap formation (Thomas and Squires, 1998). Others
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(Kakalios, 2005) have linked particle tilt formation to the relatively
more kinetically active particles near the vibrating base. However,
some believe that more kinetically active particles condense near to
the top vibrating particle bed surface (Mehta, 2007).

Milburn et al., (2005) carried out their particle tilting experiments in
the presence of water. They observed that particle tilting can be
readily seen over a wide range of conditions in fine size particle beds
in comparison to the particle beds that are comprised of large size
and more dense particles. They (Milburn et al., 2005) reported that
the horizontal fluid motion during particle bed flight under vertical
vibration was mainly responsible for particle bed tilting. In the
presence of air, Pak et al., (1995) suggested that an increase in
pressure, underneath the particle bed surface during vertical
vibration, was responsible for particle bed tilting. Furthermore,
Thomas and Squires, (1998) suggested that the presence of a
horizontal pressure gradient caused Faraday tilting.

In vibrating particle mixtures segregation is often associated with
the presence of distinct convection currents (Knight et al., 1996;
Kong et al., 2006). The presence of particle convection currents can
be considered in parallel to the presence of thermal convection
currents (Hsiau et al., 2002). The onset of particle convection is
often related to the air motion during vertical vibration (Pak et al.,
1995). It has also been shown to depend on container wall
characteristics (Knight et al., 1993; Hsiau et al., 2002; Hsiau and
Chen 2000; Kong et al., 2006; Zeilstra et al., 2008). Aoki et al.,
(1996) investigated particle convection mechanism in a rectangular
shaped container in which the particles moved upward along the
vertical side walls, and downward in the middle forming a valley. In
the rectangular shaped container geometry used in their (Aoki et al.,
1996) work, multiple pairs of convection rolls were seen in the
vertically vibrating working particle mixture. The formation of

convection rolls was considered to be strongly dependent on
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vibration acceleration, particle size, and to a less extent on
frequency, given that the particle bed height and the container

width remained constant.

Burtally, (2004) reported that in their experiments the presence of
individual convection currents can be attributed to density
segregation. Leaper et al., (2005) observed similar convection
currents in their experiments that were carried in water and are

shown in Figure 2.22.

Further investigations (Leaper et al., 2005; Burtally, 2004), using
high speed digital photography revealed the existence of a small gap
between distinct bronze and glass rich regions. The presence of this
gap during particle bed flight may be the reason for the stable and

distinct convection currents shown in Figure 2.22.

The direction of the convective particle motion can be controlled by
altering the container geometry of the vibrating particles as
demonstrated both experimentally (Kong et al., 2006; Wildman et
al., 2005; Hsiau et al., 2002; Knight, 1997; Aoki et al., 1996) and
with numerical simulation (Bourzutschky and Miller, 1995; Kong et
al., 2006, Wang et al., 1996; Majid and Walzel, 2009; Ohtsuki and
Ohsawa, 2003).

2.6.5 Vertical vibration induced separation of fine

size particles

The previous discussions (Section 2.6) have revealed that when a
mixture of distinct finely sized particles is vertically vibrated, similar
size, shape or density particles usually group together. Once
together, these particles tend to give a collective response to the
external excitations. Under suitable conditions this response can

lead to the segregation of finely sized particles (Burtally, 2004).
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This particle segregation by convection mechanism can result in
forming distinct particle layers of the form shown in Figure 2.22.
The separate recovery of these two distinct and finely sized particle
layers can form the basis for developing a new breed of vertical

vibration induced particle separator.

Mohabuth (2007), Mohabuth and Miles, (2005) and Mohabuth et al.,
(2007), based on the work of Burtally, (2004); reported the design
and use of a new vertical vibration partition cell separator capable of
separating two distinct particle layers in separate chambers

(chamberl & 2) as shown in Figure 2.23.
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Figure 2.23: Partition cell separator (Adapted from Mohabuth,
2007).

This prototype scale partition cell separator shown in Figure 2.23
was energised by the same vibration apparatus previously used by
Burtally, (2004) and Leaper et al., (2005) (shown in Figure 2.18).
Fine sized and spherical glass and bronze particles were first used to
initially assess the separation potential of this prototype scale
partition separation cell (Figure 2.23) (Mohabuth, 2007). The initial
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assessment showed that the partition cell separator was capable of
recovering high grades of separated glass and bronze particles into
two separate chambers in the presence of air only. The importance
of maintaining a suitable particle bed height and a partition gap
opening between the two separate chambers were particularly
highlighted (Mohabuth, 2007). With excessive and no partition gap
size opening an unhindered particle flow into the next separate
chamber-2 (Figure 2.23) was observed. However, distinct
c