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Abstract

The object of the research programme forming the basis of this thesis has been to
provide an improved understanding of the significance of principle variables that
determine the propensity that a particulate solid bulk material will segregate. In spite
of its ubiquity, and economic significance, segregation of bulk solids is a
misinterpreted and vaguely understood phenomenon. An extensive literature review
has been undertaken to establish different areas within industry where segregation
has proved problematic. The literature review has related segregation and mixing
terminology and helped to integrate and collate the current level of understanding of
segregation. This review also established that the most productive way forward for
enhancing knowledge was to undertake an experimental study into an area that
focused on heap segregation and related fields. To achieve this two specially
designed rigs were constructed which allowed independent control of variables that
were widely documented as affecting the magnitude of material segregation
produced when single point charging in plane-flow and conical vessel environments.

Analysis of video footage has provided an increased understanding of the heaping
process. Perceived mechanisms of segregation and a recognition of their change in
priority during the heaping process has been integrated with reported segregation
mechanisms documented in literature. An enhanced and more detailed description of
the heap segregation process is presented. It has been recognised that there is a
significant facet of segregation behaviour that exists at the point where the vertical
charging feed contacts the heap surface. This behaviour increases the severity of a
‘hump’ pattern that is produced within the vicinity of the heap apex. An embedding
mechanism has been identified and attributed to the significant appearance of this
behaviour. The significance of this mechanism has not been reported in existing
literature and as such has not been incorporated into any predictive techniques used
to model heap segregation of this form. Test conditions were configured that
successfully removed this behaviour, which allowed the derivation of an empirical
technique that successfully modelled segregation patterns being produced in a
plane-flow vessel environment. Furthermore, existing predictive techniques published
in literature are shown to accurately model the profiles of segregation produced for
test results that were devoid of the ‘hump’ profile. A statistical appraisal of these
segregation results was also undertaken that validated the hierarchy of principle
particle, process and geometrical variables listed in literature and also provided
added information on the significance of their interactions. Test work conducted that
vertically filled a plane-flow vessel more commensurate with industrially relevant
applications is also presented. Further work is recommended before specific
conclusions can be stated regarding the influence that principle variables have on the
resulting magnitude of the ‘hump’ profile produced.

The most important outcome of the work has been the development of a technique
that can predict the profile of segregation produced in a conical heap formed under
identical conditions to that produced in a plane-flow vessel. There is a significant
difference in segregation profiles produced in both vessel geometries. This has been
attributed to differences in surface area that the charging feed material is presented
with as it descends across the surface of the heap and a model has been
successfully developed based on this notion. Providing a relationship between these
two vessel environments is of industrial relevance as materials are predominantly
stored in a conical geometry as opposed to a plane-flow vessel environment
synonymous with the majority of published literature on the topic.
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1 Introduction

Ever increasing advances in technology has lead to a subsequent increase in the
requirements and capabilities of process plant. Amongst other things, this increased
burden on process plant arises from a need to handle ever-increasing quantities of
particulate material in a variety of powder and granular forms. Particulate materials
range from cement, coal, foodstuffs, chemical fertilisers, plastics and minerals at the
high volume, low value end of the scale to pharmaceuticals, engineering ceramics
and fine chemicals at the low volume, high value end of the spectrum. It has been
estimated that at least one third by value and half by volume, of raw materials
handled or produced by typical large process companies are in a particulate form.

Particulate solids are very seldom homogeneous in composition. They are often
comprised of constituents that vary widely in particle characteristics. Such materials
are often classified as being either free-flowing or cohesive in nature, the former
being most at risk to the detrimental influence of a phenomenon known as
segregation. Individual particles of a mixture that have different physical
characteristics will experience mechanisms of segregation that initiate and dictate
their differential displacement within a bulk assembly. An environment that permits
the prevailing forces to induce such mechanisms of segregation will constitute the re-
orientation and congregation of self-like particles of the bulk and hence induce a
reduction in homogeneity of the bulk material being handled.

Materials that contain multi-constituent components are widespread and are
processed through a wide range of system operations. Therefore, the potential scale
and applicability of the segregation phenomenon is enormous. Such segregation can
have wide-ranging implications on product quality and efficiency of process
operations as well as affecting the economics of production across a wide spectrum
of industrial applications. Since much expenditure, effort and time is put into
producing a material to an appropriate standard, common sense suggests that great
care should be taken to ensure that mechanisms of segregation are restricted in their
actions and, therefore, do not decrease product quality to below an acceptable level.

1.1 The Definition of Segregation

Segregation is the name in common usage that is given to the separation of
particulate material comprising of single or multiple constituents that differ in physical
and/or chemical particle characteristics. The environment in which the particulate
material is being handled or processed gives rise to the regime of flow of the mixture.
This regime of flow influences possible segregation process, which in turn, dictate the
type(s) and extent of segregation mechanism(s). The final segregated mixture is
conspicuous by some kind of ordered arrangement of the constituents of the bulk
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material, the extent of which is dictated by the magnitude of different characteristics
of the constituent particles and segregating environment.

1.2 The Manifestation of Segregation in the Workplace

Opportunities for segregation to occur in process plant are as widespread as the
methods in which bulk materials are handled. Processing and handling a free-flowing
bulk material as a whole, or in part, will, at some stage, comply with the criteria
required to initiate segregation of the material. Processes or unit operations that
induce the detrimental influence of segregation within such plant can be classified in
two categories:

e Segregation in terms of influencing the quality and suitability of the final product:

In cosmetic or foodstuffs industries, the appearance of the mixture is usually
required to be of visual consistency. The required solubility of products such as
detergents, or drugs that are formulated as a mixture prior to ingestion, must be
achieved. In terms of foodstuffs, there must be the appropriate savoury/sweet
smell or taste sensation of the product as well as the correct proportions of
ingredients to effect the required cooking process. The consequences of
segregation in food stuffs can be quite severe when the segregating ingredient is
at low concentration, but has a crucial type of activity or a special nutritional
value. Fluctuations in density can result in variations of volumetric packaging
systems based on the density of non segregated material. Chemical reaction
rates can be affected by either an absent or an insufficient amount of the required
active ingredient. In addition, product rejection will result if the final produced item
has no active ingredient or is out of specification for the requirements of the
process.

Segregation will dictate the packing arrangement of particles of the finally
produced mixture. Often, much time and effort will have been expended to select
the required size and shape distribution of particles in order to maximise a
mixture with a highest possible packing fraction. This is imperative, for example in
industrial applications such as ceramics, pharmaceuticals, detergents, magnetic
media, batteries and explosives etc. In these circumstances, the efficiency of the
process operation relies on achieving close packing arrangements that maximise
the amount of solids per unit volume. Desired packing fractions being sought are
difficult to achieve and maintain a direct result of segregation when handling such
mixtures. Much work has been undertaken on understanding the complex
packing arrangements of multi-constituent particulate materials differing in
particle characteristics. This work was attempted in the pursuit of achieving the
most efficient packing arrangement of particles of a mixture. A review of literature
pertaining to this subject area can be found in Section 4.3.2 and Appendix A.2.
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e Segregation in terms of influencing the potential problems of handling the
material within process plant:

This can influence process efficiency, safety and influence costs of different
component parts of the total process operation. Inconsistent or erratic flow of
material between and within constituent parts of a process, because of
segregation, may influence process performance, breach quality control
guidelines, and cause inaccuracies in projected production rates. Segregation
causing the accumulation of small particles can result in inconsistencies of
contents of a packaging process. Accumulation of dust can lead to quality control
problems or in excess quantities can stretch or extend the capabilities of dust
extraction systems. Excess quantities of such dusts might also heighten a
potential dust explosion problem. These can result in plant malfunctions or
breaches of health and safety issues.

There are innumerable areas of processing, handling or component parts of a
production process that induce material movement. Examples of these include
stockpiling, charging and discharging ships, rail and road containers, as well as
storage vessels such as hoppers, bins, silos and bunkers. In addition, there are also
examples of plant transportation such as, pneumatic, vibration, screw, en-masse, belt
and bucket conveyors as well as material transfer points. Furthermore, utilising
fluidisation as a means of drying products or sintering of materials to engage
chemical reactions are all possible segregation environments for materials that differ
in particle characteristics. Any one of these component processes or handling
operations is essentially a potential environment for the instigation of the segregation
phenomenon.

1.3 Documented Detrimental Accounts of Segregation

Carson et al. [1], Goodwill et al. [2] [3] and Johansen et al. [4] are examples of the
many authors who have provided numerous documented examples of the
detrimental causes of segregation emanating from the many diverse areas of
industry where free-flowing particulate materials are handled. Examples are:

e Size segregation of constituents of a chemical reagent proved problematic when
charging an electric furnace. Coke and lime were fed to the furnace via a surge
bin, which effected funnel flow of its contents on discharge. Initial discharge into
the furnace resulted in decreased bed porosity, and increased frequency and
severity of explosions. [1]

e Dose variations and dissolution rates for capsules produced from a standard
design of capsule-filling machine were attributed to segregation and overmixing
problems of the five capsule constituents. This was resolved by altering the
method of mixing and inducing mass flow discharge of the surge bin contents into
the capsule filling stage of the process. Consequently, dose variation of the
capsule’s active ingredient was reduced, and the correct proportions of all the
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constituents in each capsule allowed a quicker dissolution rate of the
pharmaceutical preparation to be achieved. [4]

e The fluidisation mechanism of segregation was documented as being responsible
for the inconsistency of a pharmaceutical tabletting press. As a direct result of this
mechanism, the small particulate active ingredient became concentrated in a
layer at the top of the bin being charged via a dense phase pneumatic conveying
system. This resulted in major inconsistencies in tablet composition throughout
the duration of a production run. [1]

e A plant manufacturing metal strip by the cold-rolls compaction method suffered
density fluctuations, strip separation and breakage’s resulting in substantial loss
of production. Losses in production were attributable to size segregation of
materials discharged from hopper transfer cars used to feed material to the rolls
compactor.[2]

e Size segregation of foodstuff ingredients resulting in cooking fluctuations of a
baking process. Serious quality control problems were experienced due to non-
uniform amounts of ingredients being found in certain batches of baking mixture.
The air-entrainment and fluidisation mechanisms of segregation in handling
operations were attributed to the excessive accumulation of non-critical elements
of the baking mixture. [2]

e The in-plant transfer of alumina discharging from a flat bottomed centrally
charged silo into rail cars resuited in certain rail cars containing excessive
amounts of small particles. This rendered the material out of specification and
created problems in downstream processes. The air-current mechanism of
segregation upon silo charging was attributed to the excessive amount of small
particles being present on final discharge of the silo. [2] [3]

¢ A well-mixed phosphate rock, coke and silica mixture was fed down an inclined
chute. This fed three storage bins that were, in turn, used to feed separate
regions of a phosphor-producing furnace. The sieving-percolation mechanism
proved responsible for segregating the material as it travelled along chutes
between the three bins. Hence, non-uniformity of material constituents in the
three bins reduced process efficiency. [1] [3]

The deleterious results of segregation highlighted by these examples, are indicative
of most published in the literature and is often the underlying reason for the
instigation of investigations into the phenomenon. In this context it is important to
realise that the examples of segregation documented above were as a result of
different mechanisms of segregation that can manifest themselves when processing
or handling particulate solids. The recognition, definition and review of these different
mechanisms of segregation by authors who have published relevant literature are
explained in more detail in Chapter 3 of this thesis.

10
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1.3.1 Desirable Consequences of Segregation

Fortunately, for all the bad press that segregation receives, there are some industrial
applications that pursue desirable aspects resulting from this phenomenon.

e Segregation is often enhanced in order to improve permeability or to help control
gas flow distribution in blast furnaces.

e Performance of sintering operations could be improved if segregation of certain
sinter constituents was enhanced. Fujimoto et al. p] and O'Dea and Waters [6],
documented that inefficiencies of a sintering process occurred when the sintering
reactions proceeded insufficiently in the upper layer of a sinter bed due to poor
heat distribution. To counteract this detrimental affect, segregation of some
added smaller carbon particles within the predominantly large particulate sinter-
ore mixture feed was promoted. Increased population of carbon particies in the
top half of the bed heiped homogenise heat reaction and create a heat balance
across the whole sinter bed. A significant contribution to furthering segregation
knowledge has been made by authors investigating segregation associated with
sintering operations. Consequently, this particular application is documented in
more detail in Section 3.1.4.2.

1.4 The Formulation of Investigative Working Bodies

It has been suggested that approximately half of all materials utilised in the world are
derived from, or are in the form of, particulate solids at some stage in their
production. Furthermore, the ‘notoriety’ of segregation being widespread throughout
many differing industrial sectors has led to segregation being the subject of much
investigation. Due to the process of segregation being extremely complex, its study
has crossed the boundaries of traditional disciplines. Expertise has been sought from
chemical, mechanical and civil divisions of engineering disciplines as well as
physicists, mathematicians and statisticians from pure science disciplines. Recently,
more industrialised countries, who recognise the potential ramifications of this
phenomenon, have formed investigative working bodies, an example of which is the
Working Party on the Mechanics of Particulate Solids (WPMS) of the European
Federation of Chemical Engineering (E.F.ChE). Members of these parties consist of
professionals who are knowledgeable in a variety of the aforementioned disciplines.
Task forces such as these have been established to aid the solution of industrial
problems and provide education to engineers in industry of advances being made in
the field. The British Materials Handling Board has recently produced a ‘User Guide
to Segregation’ [7] and is a recent example of an outcome of one such initiative.

11
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1.5 Thesis Outline, Motivation & Aims of Research

From the aforementioned problematic aspects of segregation published there is a
need to enhance the understanding of factors influencing segregation. Therefore, the
aims and objectives of the work undertaken and reported in this thesis are as follows:

e To address and standardise the fundamental principles of segregation and clarify
the relationship with mixing technology. At present there appears a disjointed
level of understanding on segregation published in literature emanating from the
various facets of industry in which it appears.

e To provide a brief overview of various environments in which segregation occurs.
However, as shown in subsequent chapters, this thesis does not attempt to
address all the issues of segregation but will focus primarily on one area that is
continually being documented as causing a significant problem to industry. The
area in question relates to gravity induced single point charging of stockpiles or
storage vessels. This area encompasses the heap segregation process that is
highly prevalent in a variety of industrial unit operations.

e The research policy adopted for this project has been to systematically
investigate, by experiment, the significance of variables that influence
segregation of particulate materials in a heap-forming environment relevant to
industrial applications. The use of small ‘bench-scale’ testing facilities has been
avoided since it has been shown that scaling certain variables, when applied to
industrial sized bulk handling systems, cannot be reliably undertaken.

e This research is aimed to further equip engineers with an improved
understanding on how to eliminate/reduce segregation in a form that could be
used to tacklie industrially related losses in process efficiency and product quality.

In order to quantify the influence a particular handling or process operation has on
influencing particulate material segregation it is a pre-requisite to have a prior
knowledge of mixture quality. Segregation’s affiliation with mixing therefore forms the
basis of chapter 2 and provides information on mixture types, mechanisms of mixing,
mixing terminology and measures of mixture quality. The work of previous
researchers from a variety of academic and industrial sectors together with current
industrial practice that deals with segregation is reviewed inchapter 3. This approach
led to the identification and selection of the most significant segregating environment
to investigate and the principle variables that contribute to segregation of this type.
This information, together with the criteria for selection and characterisation of a
suitable test bulk material are presented in chapter 4. Recognition of the segregation
environment most relevant for investigation, the known hierarchy of related
segregation variables and bulk material characterisation information led to the design
and construction of a full scale experimental testing facility; this is the subject of
chapter 5. Validation of the reported hierarchy of prominent segregation variables
was simultaneously undertaken during the work carried out to commission the test

12
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facility. This work helped refine understanding of segregation when stockpiling or
filling a storage vessel, the findings of which are presented inchapter 6. Undertaking
the work reported in chapter 6 allowed the formulation of the overall experimental
plan for the investigation. This involved separating the main experimental programme
into three areas. The first was to investigate segregation behaviour of mixtures where
the feed is introduced into a plane-flow vessel at an angle parallel with the repose
angle formed by the heap of material; this is the subject of chapter 7. The second
area was to investigate segregation behaviour of mixtures that are charged vertically
into a plane-flow vessel, which is more relevant to industrial filling applications.
Findings from undertaking this work are presented in chapter 8. This approach
formed the basis of comparison for the results obtained from a substantial part of the
study where the same principle variables that induced segregation were used for
investigating an environment where a conical heap was formed. This is the subject of
chapter 9. A predictive technique, which permits profiles of segregation in a plane-
flow heap to be projected to an equivalently built conical heap has been devised and
is also included in this chapter. As a consequence of various points to emerge from
undertaking the three stage experimental programme, conclusions and
recommendations for further work are presented in chapter 10.
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CHAPTER 2

RELATIONSHIP BETWEEN
SEGREGATION AND MIXING
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comparable and prevail under similar circumstances. The performance of a mixer is
often quantified as the speed at which the mixer can bring about the equilibrium
position of mixedness. This position is reached when segregation tendencies equal
mixing tendencies of the material and denotes a limit to the quality of mixing that can
be achieved with the specific mixer being used. Due to the environment required to
facilitate the mechanisms of mixing, it is virtually impossible to initiate mixing of the
material without inducing some detrimental segregation.

It is important to recognise that the type and extent of a mixing mechanism is dictated
by the flow characteristics of the mixture. Due to their propensity to segregate, the
method of mixing free flowing materials is more problematic than that of cohesive
materials. This therefore warrants initial classification of different mixture definitions
and the clarification of mechanisms of mixing. It is considered essential to
understand mechanisms of mixing and their relationship with the flow characteristics
of a mixture, prior to undertaking an in depth investigation of the phenomenon of
segregation.

2.1 Classifications of Particulate Material Mixtures

A particulate mixture can be defined as the formulation of a material where the
particles have a disparity in a specific characteristic. The formulation of such mixtures
is often pursued to effect a desirable visual, flow or chemical reaction behaviour
brought about by the formulation of the constituents of the mixture.

A particulate mixture can be classified in any of the following forms:

1. A single constituent mixture varying in one or more particle characteristics.
2. A multi-constituent material where one characteristic of the particle is identical.

3. Various connotations of 2. ranging from one to all particle characteristics being
dissimilar.

4. A multi-component material where no particle characteristics are identical.

The composition, concentration and magnitude of the differentiating characteristic
properties of constituent particles will dictate the classification of the mixture. Harnby
[8] provided a concise layout of the classifications of such mixtures according to the
interaction of particles with their neighbours, Figure 2.
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2.1.2 A Cohesive Mixture

A cohesive mixture can be defined as the resistance of a bulk solid to shear at zero
compressive normal stress and relates to interparticle attractive forces. When the
absolute size of some or all of the mixture constituents is reduced to a critical size,
(approximately. 100um) the interaction and behaviour of particles with their
neighbours change. As the particle size decreases and falls below this level, various
interparticulate forces can potentially dominate the potential movement of a particle
from its neighbour and can contrive to retain a structured arrangement. This may be
problematic if the mechanism of mixing does not overcome the cohesive structure of
the mixture. This inhibits an individual particle from having an opportunity of
relocating itself.

Harnby [8] documented detailed analysis of interparticulate forces associated with
cohesive mixtures. For the purposes of mixing and segregation, there are essentially
three types of inter-particulate forces commensurate with the classification of a
cohesive mixture.

1. Forces due to electrostatic charging.
2. Van der Waals’ forces.
3. Forces due to moisture.

As the cohesivity of the particulate material increases still further with a reduction in
particle size, the mobility of all particles of the mixture, irrespective of their size, is
also greatly reduced. Assuming satisfactory mixing has been achieved, subsequent
handling or processing of mixtures of the classification will inhibit the detrimental
influence of segregation.

When analysing cohesive mixtures with respect to the criteria of scale and intensity
of segregation, it is often considered that for a large scale of scrutiny, the scale and
intensity of segregation will be deemed small, thus indicating a high degree of
mixedness. However, if a small scale of scrutiny is selected there could well be
regions where high degrees of intensity of segregation are measured. The
implications of utilising the appropriate scale of scrutiny for a specific situation are
discussed in Section 2.3.

2.1.3 An Ordered Mixture

An ordered mixture, as illustrated in Figure 2(c) is the theoretically best quality
mixture attainable. Any sample withdrawn from the mixture will have exactly the
same composition. Similarities of mixing and segregation mechanisms coupled with
handling the mixture ensures that the formation of an ordered mixture of this kind is
almost impossible to achieve. Therefore, it is recognised that the goal of a mixing
operation is to facilitate a lesser quality randomisation structure of a mixture.
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2.1.4 A Randomised Mixture

The majority of industrially available mixers aspire to achieve a randomised state of
mixture quality, as represented by Figure 2(b). This classification of mixture is
defined as the probability of a sample containing the given component being the
same at all sampling positions in the mixture and is equal to the proportion of that
component in the whole mixture. For a given mixer, the mixing process is usually
slower but the final equilibrium position of mixture quality within the two boundary
conditions as shown in Figure 1 is much higher.

2.1.5 An Adhesive Mixture

Mixtures of this type are often comprised of differing constituents. Wet mixing is often
employed to naturally inhibit the mechanisms of segregation associated with the
interparticulate movement of a mixture. The definitions and environments in which
this mechanism exists are outlined in Section 3.5 of this thesis. This classification of
mixture type has been investigated by Barbosa-Canovas et al. P] who documented
that it is widely utilised within the foodstuffs industry in the formulation of food powder
mixtures. Particle sizes significantly larger than 100um are often used when
formulating adhesive mixtures. Adhesive mixtures are defined as mixtures where
small particles are absorbed or are attached to the surface of larger particles (often
moisture induced), thus losing their ability to move independently, and hence change
position in the powder bed. The method of inducing this classification of mixture is
often referred to as coating [8]. One could interpret that the structures of both the
random mixture, Figure 2(b) and adhesive mixture, Figure 2(f) are similar in
arrangement. However, the differentiating factor lies in the fact that for randomised
mixtures, the surfaces of the particles do not interact. With an adhesive type of
mixture as shown in Figure 2(f) it is possible to approach closely, but not achieve
fully, an ordered state of mixture. This is because any movement of a large particle
will take with it an attached smaller particle.

2.2 Mechanisms of Mixing

Classifications of different mixture structures is recognised by mixer manufacturers
who tailor specific mixer designs to induce the most appropriate mechanism of
mixing for the particular mixture under consideration. A substantial amount of
groundbreaking work was undertaken by Lacey [10] on types of mixing mechanism.
These can essentially be classified into three broad definitions. Analysis of these
mechanisms suggests that the regime of flow described that induces mixing is similar
to that required to initiate segregation of the mixture:

o Diffusive Mixing: The environment, which initiates this mechanism, occurs when
individual particles of the bulk have the opportunity to randomly disperse
themselves when moving over a newly developed surface. If a particle can move
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independently of its neighbours within this mixing environment, preferential
movement of particles dictated by differences in particle characteristics can give
rise to segregation tendencies e.g. small particles can pass through the surface
layer.

e Shear Mixing: The environment, which initiates this mechanism, occurs when slip
zones are established in a material, thus allowing the interchange of individual
particles between adjacent layers. As per diffusion mixing, differences in particle
characteristics such as size and density can determine preferential transfer of
particles between shearing layers.

e Convection Mixing: This mechanism involves movement of groups or clusters of
particles from one region of the mixture bed and displacing them to another
location. The scale of this movement is dictated by the vigorous nature of
movement initiated by the mixer. As this mechanism does not incur individual
particle movement, it can be considered generally less prone to the affects of
segregation.

In terms of flow characteristics of materials, diffusive and shear mechanisms will
induce both mixing and segregation of the material when handling free-flowing
particulate materials differing in particle characteristics. The mixing of cohesive
materials is more accommodating to any of the three stated mechanisms of mixing
as a consequence of interparticulate bonding, thereby reducing their tendency to
segregate.

It would be beneficial to promote cohesion of mixtures when handling and processing
materials as it would subsequently inhibit segregation tendencies. However,
increasing the cohesion of materials subsequently incurs problems of consistently
and efficiently handling materials of this type.

2.3  Statistical and Qualitative Measures of Mixture Quality

Essentially, the arrangement of constituents of a mixture at any stage, in any mixing
or segregating process, will lie between two boundary conditions of an ordered, or
segregated state of mixedness. Overmixing as a result of excessive mixing time can
lead to a lower equilibrium position of mixture quality between the two boundary
conditions. These boundary conditions were shown previously on Figure 1. There is
a recognised optimum period of mixing in order to achieve the highest possible
quality of mixture, beyond which, the quality reduces to an equilibrium position where
the influences of mixing are counterbalanced by those of segregation. This optimum
period of mixing is due to mechanisms of mixing predominating compared to the
detrimental influences of segregation. The equilibrium position of a mixture is
dependent on the magnitude of differences between mixture constituents, the type
and performance of mixer employed to effect mixing and the duration of mixing. It is
therefore a common misconception to assume that mixture quality always improves
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with increased mixing time and all the variations in mixer type are equally suitable for
all requirements of mixing.

It is often common practice to utilise statistical techniques to establish the state of
mixedness of a particulate mixture prior and post experiencing the influences of
segregation. In order to assess the mixedness of a material, samples are often taken
from the bulk material, the statistical analysis of which is widely used to typify the
bulk mixture quality. However, the statistical experimental variance obtained from
these samples is of little value if a quantitative assessment is to be made. This is
because the theoretical limiting conditions of mixture quality under investigation must
also be determined. For a typical binary mixture, it is possible to determine the
theoretical limiting variance values for an ordered mixture arrangement, S?
randomised mixture arrangement, S’ and a totally segregated mixture arrangement,
S%,, as shown on Figure 1. This gives a theoretical indication of the best possible
quality of mixture one could hope to achieve. As previously documented in Section
2.1.3, the attainment of a randomised mixture is the pursuit of most mixers used in
industrial environments. The theoretical values of variance representing different
binary mixture arrangements have been developed further to encompass two
component multi-sized particulate mixtures [11] and also multi-component, muiti-
sized mixtures [12]. It is claimed that these values have the potential of determining
the affect that altering the size distribution of ingredients has on the theoretically best
attainable mixture quality. This theoretical approach for determining the best possible
quality of mixture for a given situation has allowed various mixing indices to be
derived. These indices allow the quantitative measurement of the mixedness of the
mixture to be obtained by comparing values of variance obtained from sampling the
mixture with the theoretically determined limiting variance values of the mixture being
analysed. The applicability of using such statistical techniques has been called into
question by Rollins et al. [13]. This author has published a critical evaluation of the
accuracy of employing such techniques based on the form of statistical theory used
that utilises the variance values of a sample. The author suggests disregarding the
current types of statistical approaches in determining mixture quality in favour of an
analysis of variance technique, details of which can be found in Section3.9.2 of this
thesis.

When designing or evaluating a process or handling operation that involves some
mixing or segregation of constituents of the material, there is a need to assess
mixture composition. Terminology used to describe the qualitative assessment of
mixture quality produced from such operations was proposed by Danckwerts [14] [15]
and are found common place in many diverse industries concerned with mixing and
segregation of particulate materials.
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e The Scale of Segregation

The scale of segregation is a measure of the size of unmixed, totally segregated
regions within a mixture. It therefore follows that the smaller the scale of
segregation the better the quality of mixture being analysed. In terms of flow
characteristics, cohesive type mixtures have small scales of segregation due to
the inhibition of individual particles to move relative to one another. Conversely,
free-flowing materials can exhibit large scales of segregation due to the
preferential mixing and segregating movement of individual particles.

e The Intensity of Segregation

The intensity of segregation encompasses all other regions of a mixture being
analysed that are not totally separate regions of individual constituents. For these
remaining regions, the intensity of segregation is the measure of the
concentration of the constituents in these regions. The intensity is not dependant
on the size of these regions, but more a reflection of the extent to which the
concentration deviates from the mean of mixture constituents in regions in which
they are present. As with the scale of segregation, a low value represents a better
guality mixture. The derivation of this term is more tailored to the mixing and
segregation of fluids. With respect to fluids, the intensity does not depend
essentially on the size of the regions, but on the extent to which one component
has been diluted by another. Although derived for fluid type mixtures, this does
not negate this terminology being utilised as a representation of the assessment
of particulate solid materials.

Often the simplest procedure to determine the scale and intensity of segregation is to
take a number of samples from the mixture and apply a technique of a statistical
nature in order to gauge the mixedness of the mixture. The scale and intensity of
segregation are qualitative measures of the mixedness of the mixture. As the
intensity and scale of segregation are reduced by the action of the mixer, a critical
point is reached when the mixer has mixed the contents satisfactorily to meet the
requirements of its intended use. Proceeding with mixing after this point has been
reached is not necessary. The concept of this point of criticality is deemed the scale
of scrutiny at which the mixture should be analysed. The identification of the scale of
scrutiny for a product fixes the size of the sample to be taken in order to determine
the scale and intensity of segregation of the mixture that signifies the quality of
mixture. When the intensity and scale of segregation have been reduced by the
process of mixing to a value commensurate with the volume of the associated
sample dimension, further reductions in scale and intensity of segregation are not
ascertainable as they are limited by the dimension(s) of the sampling
mechanism/device.
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e The Scale of Scrutiny

The scale of scrutiny is a measure of the level of examination for assessing
mixture quality. This measure can be defined as the limit of size of regions of
segregation in the mixture under investigation that would classify the mixture as
being out of specification for its intended use. The scale of scrutiny set is unique
to the size of the regions of segregation that can be tolerated by the process in
which the mixture will be used. For a particular application, the decision on the
scale of scrutiny selected should only be made by consideration of the use to
which the mixture will be put. This decision must be made by considering the
mixtures allowable variation from the mean composition and the frequency with
which this variation may be exceeded. These criteria may be stipulated by
legislation or specified by standards. The concept of the scale of scrutiny does
focus attention on the importance of identifying the weight, volume or area of
mixture that should meet a pre-determined standard of quality. This is of
paramount importance within the pharmaceutical industry where very small
scales of scrutiny are selected to comply with the statutory requirements that
ensure the minor active component is homogeneously dispersed within the bulk.

2.4 Concluding Remarks on Mixing and Segregation

e Essentially, cohesive and adhesive mixtures are the only characteristic mixture,
which inhibits independent movement of particles, and thus reduce the influence
of segregation in a mixing process.

e For free-flowing materials, the mechanisms of mixing and segregation, generally,
cannot be separated for a majority of handling and process operations
undertaken within a powder-handling system.

e The final quality of mixture will be influenced by the mechanisms of both
segregation and mixing, but it is the challenge of the mixer to limit the
mechanisms of segregation in favour of mixing ones.

e One cannot classify a segregating or non-segregating mixture according to the
flow characteristics of the mixture itself.

As documented by the work undertaken by Rollins et al. [13] there are numerous
mixing indices available. The selection of one may, in principle, present a value of the
measure of the degree of mixedness, which has fluctuated in its measurement for
reasons other than segregation, as described in Section 3.9.2. In general, it should
be feasible to apply a mixing index to quantify the degree of de-mixing or segregation
that a mixture has experienced on passage through a process operation. However,
there has been an increase in research into mechanistic approaches associated with
segregation. These are used to quantify segregation based on mechanisms of the
segregation phenomenon. Indices of this kind are introduced and critically reviewed
in Section 3.9.1. Such mechanistic based indices have cast aspersions on the
applicability of utilising statistical mixing indices as a means of quantifying
segregation in bulk solids handling systems.
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LITERATURE REVIEW
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3 Literature Review

Physicists have long been accustomed to dividing matter into classifications of
gases, liquids and solids. Granular materials, however, show a number of easily
observed phenomena (e.g. arching, segregation, pressure distributions etc) that are
immediate manifestations of properties not exhibited by conventional classifications.
Granular materials therefore, cut across these pre-defined boundaries and behave in
a manner different to that observed in all other classifications. Of the literature
available, much research effort has been conducted on the flow and equilibrium
properties of granular materials in order that improvements in design of equipment
employed for handling such materials can be made.

As outlined previously in Section 1.5, the majority of segregation problems reported
in published literature, pertain to the handling and process operations that utilise
some form of storage or material holding vessel. An understanding of the regimes of
flow and environmental conditions, which facilitate mechanisms of segregation when
charging and discharging such vessels show that segregation behaviour is
essentially similar in nature. Despite its wide-ranging application to various facets of
modern industry, limited research has been produced that describes this form of
segregation to an extent where it can be controlled or eliminated for industrially
relevant mixtures. This seems to be somewhat at odds with the importance that this
area of research has, in terms of the immense variety and scale of products that are
handled in such a way.

Undertaking the literature review highlighted that the majority of investigations into
mixing/segregation of free-flowing particulate solids could be categorised into two
distinct regions of analysis:

e Analysis of the pattern of segregation of constituents of a mixture in a vessel
which has been subjected to rotation or vibration for a known period of time.

e Analysing samples at various locations in a flowing powder stream or an
assessment made of segregation from withdrawing samples from different
positions within a vessel that has been charged with a mixture.

3.1 How Processes Induce Different Regimes of Flow

An industrial process will initiate a regime of material flow, which, in turn, provides an
opportunity for segregation. This process will influence the number and extent of
segregation mechanisms that result in producing the pattern of segregation of the
mixture. It is an initial requirement therefore to establish the regime of material flow
that these industrial processes impress on the mixture being handled or processed.
Once this has been addressed, then the processes of segregation associated with
these regimes of flow can be classified. Subsequently, the number of mechanisms
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functioning in a segregation process can then be established. This methodical
breakdown of segregation in terms of regimes of flow, processes and mechanisms
allows the systematic assessment of the requirements of a predictive technique and
applicability to a process operation. An example of this approach, which forms the
focus of this research, is given below:

e Industrial Process: » Vessel Charging

¢ Regime of Flow: + Gravity Induced Centre-Point Charging
e Process of Segregation. —— > Heaping
e Segregation Mechanisms: ——— Percolation, Migration, Rolling etc

A particulate material will often be subjected to numerous process and handling
operations. It has already been stated in Section 1.5 that the main emphasis of this
investigation is to focus on segregation associated with stockpile formation or vessel
charging, where the gravity charged regime of flow induces the heap segregation
process. However, a full understanding of segregation behaviour in this area does
not provide a complete understanding of the wide-ranging appearance of this
phenomenon. To review literature pertaining to this area alone would eliminate a
substantial proportion of available literature that provides valuable information on the
segregation behaviour associated with different regimes of flow. It is therefore
appropriate to include a description of segregation associated with different regimes
of flow in order to provide a complete understanding of the potential for segregation.

3.1.1 Fluidisation

A large number of industrial process operations such as carbon combustion, mineral
processing, mixture heating, drying and waste recovery etc are undertaken utilising
the benefits commensurate with fluidised bed technology. However, the movement of
individual particles under the influence of the fluidising gases does create an
environment that allows segregation of the material to be sustained. Sometimes
segregation is openly pursued and is the objective of the fluidisation process.
However, when fluidised beds are used as chemical reactors its occurrence is not
always appreciated. Segregation resulting from minor differences in particle
characteristics of the constituents can result in significant patterns of segregation.

3.1.2 Vibration-Induced

Segregation under the influence of vibration will cause two mechanisms to interact,
one inducing the large particles to float upwards, the other inducing the smali
particles to sink downwards.

e Vibration induced into a binary mixture can cause agitation of the particulate
structure that induces voids to appear in the bulk in which the small particles can
percolate downwards through the mass
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3.1.3 Pneumatic Conveying

When employing air as the conveying medium to transport free flowing particulate
solids, segregation of mixtures can often be prevalent when charging storage vessels
in this regime of flow. Segregation of the charged material can occur if provisions are
not made for removing the air from the conveyed mixture on entry to the vessel, or
venting displaced air in the vessel is not taken into consideration. Two mechanisms
associated with this regime of flow will cause segregation of particles within the
vessel. These mechanisms are conspicuous in their actions by producing two
different patterns of segregation, which flourish because of the large volumes of air
associated with pneumatic conveying. Johanson [19][20] and De Silva and Enstad
[21] have provided documented accounts of industrial situations where these two
mechanisms were recognised as contributing to the segregation of a material.

3.1.3.1 Air-Current Mechanism

The method by which the conveyed particulates are introduced into the storage
vessel will dictate the resulting pattern of segregation of particulates of the charging
mixture. Inverse patterns of segregation, (small particles at the periphery of the
vessel and large particles under the fill point) such as those documented by Arnold
[22] [23] are typical of those created when experiencing segregation associated with
this regime of flow. Furthermore, Johanson [19] has stated that even a belt conveyor
used to charge a vessel may induce the air-entrainment mechanism of segregation
into the charging material. Some examples of the patterns postulated by these
authors can be found on Figure 25, Section 3.7.2.1.2. Carson et al. [1] reported that
the potential for this mechanism to act is greatly enhanced when utilising mixtures
whose constituent sizes are less than approximately 100um and are charged into
relatively tall vessels. However, whilst this may be applicable, the evidence provided
by Furll [24], Figure 4(a) suggests that larger particles might exhibit this behaviour.
Figure 4 shows that when pneumatically charging storage vessels with a crushed
grain particulate mixture of sizes significantly larger than 100um, patterns of
segregation attributed to the air-current mechanism is found.

28






Ph.D. Thesis G.F.Saiter Chapter No 3
Literature Review

mixture, which in turn reduces their ability to travel to the far reaches of the heap
periphery. Furll [24] provides further evidence, Figure 4(c), that feeding the
discharged material from a cyclone directly into a ‘filling pipe’ will concentrate the
charging mixture stream. This then provides a charging stream composition similar to
that required to induce the mechanisms associated with normal gravity induced
heaping process, thus resulting in a pattern of segregation more akin to the generally
documented cases of vessel segregation.

3.1.3.2 The Fluidisation Mechanism

Carson et al. [1] report that small particulate powders generally have a lower
permeability than large particles and, as a result, produce a distinctive pattern of
segregation which differs to that described above in Section 3.1.3.1. If the required
environment and elements are active to facilitate this behaviour, a charging stream of
particulate material will descend inside the vessel until contact is made with the heap
apex of previously charged material. At this point, the charging mixture will encounter
a fluidised layer of small particles produced from the previously charged mixture. This
fluidised layer envelops the entire heap surface. The large particles of the
subsequent charging stream can penetrate through this layer and embed into the
heap surface whereas the small particles remain captivated in the fluidised layer.
This behaviour continues throughout the whole vessel filling cycle until charging has
ceased. This then allows the fluidised layer to de-aerate, resuiting in small particles
settling out of suspension. Consequently, a vertical pattern of segregation of the
vessel contents is produced conspicuous by a high concentration of small particles in
the top part.

Emphasis has often been placed on recommending the design of a vessel that will
discharge its contents in mass flow in order to take advantage of the benefits of such
behaviour. One claimed benefit of mass flow discharge is its ability to discharge
vessel constituents in similar proportions to those charged. It is claimed that this is
achievable because there is flow across the whole width of the vessel upon
discharge. However, if the charging mixture has suffered the mechanisms of
fluidisation segregation, or the vessel contents have been sequentially batch loaded
then the vessel material will comprise of segregated vertical layers of large and small
particles. Employing mass flow discharge of vessel contents will not remix contents
upon discharge. Further details of the claims of mass-flow discharge and its
relevance to segregation can be found in Section 3.8.2.

3.1.4 Gravity-Induced

This regime of flow encompasses the majority of handling and process operations
that are influenced by the action of gravity and forms the focus of this investigation.
Within virtually all realms of industry, it is rare to find a process operation that induces
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whole bulk movement without incurring some gravity induced inter-particulate
movement of bulk constituents.

3.1.4.1 Methods of Material Transfer

Segregation may manifest itself in various process operations, transfer operations or
feeding devices i.e. bucket, belt, screw chute and en-masse etc. Movement of bulk
material in these devices often makes advantageous use of gravity. Unfortunately,
one side affect of utilising gravity in this way is that it also creates an environment in
which mechanisms of segregation may be present. The mechanisms that regulate
segregation in these areas of material transfer are further documented in Section3.5.
These mechanisms, however, are essentially similar in nature to the mechanisms
that encompass the segregation process of heaping when charging storage vessels,
upon which this study is based.

3.1.4.2 Sintering Operations

As previously documented in Section 1.3.1, the phenomenon of segregation has
been actively pursued in the area of sintering technology in order to effect the desired
particle and chemical size distribution across the vertical height of a sinter bed.
However, segregation is compounded by the slight cohesivity of the material, which
in turn resulted in the formation of the sinter bed being highly influenced by the
phenomenon of avalanching. To improve the performance of the sintering process,
research by Fujimoto et al. [5] was directed into the area of segregation associated
with the feeding devices of sintering processes in order to alleviate segregation
associated with the avalanching process.

The subject of sintering warrants its own section in this thesis due to the valuable
literature published on sintering operations that complement the regime of flow that
initiates heap segregation. A considerable amount of relevant work of significance to
heap segregation has been documented by Fujimoto et al. [5] and O’'Dea and Waters
[6]. This work has culminated in a significant contribution to understanding not only
sintering technology but also heap segregation. As detailed in Chapter 7, work
undertaken on theoretical modelling of segregation in sintering operations can be
applied to the heaping process of segregation.

Fujimoto [5] reported on findings that suggested a common underlying trend was
being experienced within sintering technology. The yield and productivity of large
sintering machines were found to be much less than smaller machines. The
maximum values of yield and productivity tended to decrease with the associated
increase in sinter strand area of larger machines. These larger sinter strands
required a higher feeding rate in order to maintain the most efficient height of sinter
bed for the sintering process. Smaller sinter strands indicative of smaller machines
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required lower feedrates of the charging mixture to achieve the same bed height. The
increased feedrate of the larger machine and the design of the device used to feed
the sintering mixture onto the sinter strand influenced the resulting efficiency of the
sintering process. The raw sinter mix was fed onto the sinter bed via a feeding device
that induced significant avalanching behaviour into the sinter mix. The period and
magnitude of avalanches was observed to increase with an increase in raw mix
feedrate. The avalanches caused the small particles in the top layer of the pile to be
uncharacteristically positioned at the bottom layer. Consequently, avalanching
created a packing structure of the sinter bed that consisted of a vertical ‘'sandwich’
like structure of interchanging small and large particle layers along the bed length as
shown in Figure 5(a). The periodic width of the alternative layers of small and large
particles approximately agreed with the period of avalanches. The higher the raw mix
feed rate, the larger the periodic width of the alternative layers and the higher the
magnitude of the avalanches.

It follows that the greater the duration for which the sieving-percolation mechanism
can flourish the greater the segregation of the sinter mixture. However, the higher
feedrates reduced the time available for the percolation mechanism to influence the
resulting distribution of small particles in the sinter bed. The increased feedrate also
increased the frequency of avalanching, which dictated the displacement of more
small particles to the bottom of the sinter bed across the total length of the sinter
strand. These were considered the two main reasons for reducing the efficiency of
the large sintering plant in comparison to that of the small plant. The smaller particles
deposited in alternative layers at the bottom of the sinter bed have a higher heat
transfer coefficient from gas to solid than the large particles. Furthermore, the smaller
particles have improved ignition capabilities, due to their increase in specific surface
area to that of large particles. Avalanching and larger feedrates resulted in non-
uniform heat distribution of the sintering reaction, which was insufficient in the upper
layer and excessive in the lower layer of the sinter bed. It was felt that increasing the
proportion of small particles towards the top of the sinter strand would increase the
overall efficiency of the sintering process. A modification of the method of feeding in
order to promote the normally observed segregation pattern commensurate with the
heaping process in the absence of the detrimental affects of avalanching was
attempted. To achieve this, the chute component of the feeding device was replaced
by an ‘Intensified Sifting Feeder' (ISF) [5]. This proved successful in promoting an
environment that facilitated the mechanisms of the heaping process without the
inherent detrimental affects of avalanching. The ISF design partially classified the
material and dispersed the feeding stream evenly when charging it to the sinter
strand.
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laboratory scaled stockpile, shown in Figure 7(b), compared favourably to those
taken from an industrial sized stockpile. However, it is important to re-emphasise that
care must be taken to recognise that the regime of flow for model experiments should
mimic those of actual stockpile process conditions. In general, the segregation
behaviour documented by Standish and co-workers [26] [27] [28] when investigating
the stockpiling of coal will in principle, be applicable to all stockpile systems,
irrespective of the granular materials involved.

Yu and Standish [27] compared results of fixed-point conical stockpiles with
elongated stockpiles. The authors suggested that elongating stockpiles has little or
no influence on packing density compared to fixed-point charging. This infers that
both elongated and fixed-point stockpiles provide similar quantitative measurements
of segregation although there is a clear difference in the patterns of segregation
produced. This is possible if the feedrate is insufficient to instigate immediate
successive avalanches when constructing an elongated stockpile. If this is the case
then both methods of stockpiling will be subjected to heap segregation that includes
intermittent avalanching, as defined in Section6.4.

The appearance of stratification of constituents of the mixture in Figure 7(a) is
evident in some but not all cases of heap segregation analysed. Postulations as to its
sporadic occurrence and preliminary modelling of the stratification of constituents,
conspicuous during the heaping process has been attempted by Makse et al. [30].
Stratification is related to the separation of the mixture constituents into separate
layers’ normal to the direction of the avalanche, which is an indicative part of the
heaping process when charging storage vessels. Preliminary results of this published
work has been evaluated in Section 3.9.4.2.

3.1.4.4 Constrained Heap Formation When Filling Vessels

Changes in particulate material quality from utilising storage vessels for holding
materials prior, during and post processing/handling operations was discussed
gualitatively by Reed [31]. The author’s findings are typical of published literature that
refer to the affects of segregation encountered throughout various facets of Industry.
Patterns and mechanisms of segregation are similar to those encountered for the
flow regime when charging single-point unconstrained stockpiles, as documented
previously in Section 3.1.4.3. However, the differentiating factor for constrained heap
formation concerns the vessel walls, which arrests movement of avalanching layers
and hence ‘freezes’ the pattern of distribution of small and large particles in the
avalanching layer at that point.

Examination of Figure 7(a) indicates a definite demarcation of constituents of the
mixture. This separation is initiated by the mechanisms of segregation that
encompass the heaping process commensurate with the gravity-induced regime of
flow. If sampling of the heap shown in Figure 7(a) was conducted, then the
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3.2 Focussing on Appropriate Area of Investigation

As highlighted in Section 3.1, segregation can occur during many process
operations. The considerable amount of segregation literature available is
symptomatic of the enormity of the segregation phenomenon. Carson et al. [I] has
published findings that agree in principle with those made by Johanson RQ]. Carson
states that more than eighty percent of the segregation problems encountered in
solids handling and storage systems are due to the sieving-percolation, angle of
repose, fluidisation, air-currents and trajectory mechanisms of segregation.
Furthermore, analysis of a variety of literature suggests that the natural gravity
induced movement of materials is the underlying reason why the majority of process
and handling operations experience detrimental segregation. Williams [17] reported
that the process of segregation in which the majority of mechanisms of segregation
thrive was the heap segregation and is the most frequent and serious cause of size
segregation. It appears that the majority of segregation problems reside in heap
formation resulting from the mixtures passage through a storage vessel or a material
holding section of a process.

Given the ‘evidence’ from respected authorities in the field this suggests the focus of
any investigation would be best served looking at heap segregation. It is suggested
that initial mixtures for investigation should be comprised of particulate solids that
differ in particle size and, in addition, the mixture should be charged under the
influence of gravity into a storage vessel. At present, there is a lack of an industry
standard working tool to tackle the phenomenon of segregation under these
circumstances when handling free flowing particulate materials. Therefore, one goal
of the investigation is to establish a means of quantifying this phenomenon based on
utilising standard engineering practices.

3.3 Circumstances that Exhibit Heap Segregation

Examples of heap segregation are generally dictated by flow regimes created in
various handling and unit operations comprising processes. The regime of flow
associated with heap segregation takes place in a variety of operations:

« Charging of storage vessels

e« The formation of stockpiles

o Discharge of storage vessels

e Material flow down an inclined chute

o Charging sinter mixture into a sintering operation

« Mechanical means of material transfer between unit operations of a process

A similar environment that exhibits heap segregation tendencies is the surface of a

mixture that is subjected to a rotational movement such as in a mixer, drier or kiln.
The manifestation of the heaping process in such differing forms of process plant

38



Ph.D. Thesis G.F Saiter Chapter No 3
Literature Review

operations directs attention to the commonality of the flow regime that exhibits the
heaping segregation process. The common flow regime that exists within all the
aforementioned process or handling operations is the avalanching of a flowing layer
that descends across the surface of a static heap. Unit operations such as sintering
induce a continuously avalanching flowing layer of material whereas with single-point
vessel and stockpile charging, the flowing layer movement exists mainly due to the
existence of intermittently occurring avalanches. A concise account of literature that
reviews the subject of avalanching pertaining to heap segregation is given in the next
section, whereas results of research undertaken on the phenomenon are reported in
Sections 6.4 and 6.7.

3.4 Avalanching

Avalanching is a classification of a behavioural flow pattern that occurs within heap
segregation and has received only fragmented attention in published literature on the
subject of heap segregation. Avalanching allows an intermittently sustainable
environment to be created that facilitates some of the more recognised mechanisms
of heap segregation.

The phenomenon of avalanching has been investigated by Brown et al. and Creasey
[33] [34] with the aim of characterising the rheology of coal blends according to their
avalanching behaviour. Both authors report that the formation of a pile of solids is
akin to a system which is said to be in a state of self-organised criticality. This implies
that a heap of solids remains in a marginally stable state until disturbed by the
addition of further material from the charging feed stream. This gives rise to a local
increase in the gradient of the heap until a critical state is reached and collapses by
issuing an avalanche. This avalanche occurs until the heap is again in a marginally
stable state. The fluctuation of heap gradient between the two marginally stable
states is shown on Figure 5(a). The duration of each avalanche may be small, so that
it progresses only part way down the slope. Conversely, depending on its
momentum, it may continue unabated until it reaches the heap periphery or wall of a
containing vessel.

The coal blends selected for investigating avalanching behaviour were deemed
representative of extremes of good and poor handling materials. Experimental data
generated was graphically analysed by producing a plot that was generated as
follows. Sequential pairs of avalanche masses measured from the apparatus (W,,
W,..1) were plotted. Thus, if avalanche masses were represented by W1 W, W, etc.
the first co-ordinate would be (W,, W,), with the second being (W,, W;) and so on.
The resulting data points were linked by joining successive points with lines to create
the plot. This enabled the qualitative assessment of the avalanching nature of the
material.
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Further investigations on the relationship between feedrate and the frequency of
avalanching can be found in Section6.7.

Avalanching and its association with segregation has been documented as far back
as segregation literature has existed. However, modelling and statistical analysis of
the phenomenon is relatively new. The increased computational capacity of modern
computers has seen the first steps undertaken into modelling avalanching associated
with heap segregation. These results are presented in Section 3.9.4. However, these
attempts are very simplistic and rely on heap formation being constructed based on
an individual particle being fed to the heap apex at any given time.

3.6 Mechanisms of Heap Segregation

Pouring of a free flowing material of varying size distribution into a heap will instigate
the heaping process. There is a need to recognise the number, hierarchical
preference and interaction of mechanisms of segregation that can occur within the
heaping process.

The heaping process has two predominant segregating mechanisms that dictate the
extent of size segregation produced. These are interparticle percolation and particle
migration. Clearly, if there is sieving or percolation of particles within the flowing
avalanching layer, they will sink through the avalanching layer. As the avalanching
layer descends over the static surface, it leaves behind the particulates that have
sunk to the bottom of the avalanching layer. Consequently, a high proportion of
material being deposited on the heap surface is small. Particle migration of larger
particles as well as the sieving or percolation of smaller particle occurs
simultaneously within the flowing avalanching layer and cause the large particles to
ascend within the flowing layer. The influence of these two mechanisms is dictated
by the proportions of small and large particles in the feed mixture. The mechanisms
of segregation resuit in preferential depositing of small particles under the fill point
and the large particles at the heap periphery, as shown inFigure 7 However, these
are but two of the various recognised mechanisms, which are perceived to act within
heap segregation, under the influence of intermittent avalanching. it is clear that the
extent to which a mechanism acts singularly or in combination is a function of
process, geometrical and particulate mixture variables.

3.5.1 Differentiating between Percolation and Sieving

There is widespread ambiguity as to the definition of these two mechanisms and in
this context it is suggested that the movement of a particle under the influence of
each mechanism is identical. The differentiating factor is the regime of flow that
exists which allows the mechanisms to be categorised into two separate definitions.
Segregation literature often classifies percolation as a low shear segregation
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mechanism and sieving as a high shear segregation mechanism, although the
resulting difference in action of the mechanisms is often difficult to distinguish.

Johanson [20] and Carson et al. [1] provide documented examples of the adverse
influence of the sieving and percolation mechanisms of segregation on binary
mixtures used in many industrial applications. From their observations, it is apparent
that four conditions must be present in order for either mechanism to occur:

« A difference in particle size between the individual components. See Figure 16.
o A sufficiently large mean particle diameter. Also see Figure 16.

o A free-flowing material.

« Interparticulate motion i.e. a velocity gradient through the flowing material.

3.56.1.1 The Sieving-Percolation Mechanism

For the purposes of clarity when undertaking this literature review, the sieving
mechanism has been re-defined as the sieving-percolation mechanism. The sieving-
percolation mechanism is essentially defined as the separation of smaller
constituents through a matrix of large particles, which themselves are being
progressively deposited on the heap surface as the flowing layer descends over the
heap. This layer is in a state of rapid agitation under the influence of high shear rates.
Handling or process operations that facilitate such an environment occur when
shearing of layers under the influence of avalanching are initiated, such as the
heaping process when vessel charging or stockpiling. Rotational environments such
as kilns, mixers etc and also transfer points and various mechanical conveyors offer
similar environments which can cause a highly dynamic state of material movement.

Within such an environment, the flowing avalanching layer can be considered as
consisting of the accumulation of a number of overriding shearing sub-layers.
Consequently, the particle arrangement within each sub-layer is continually
undergoing structural change resulting in the continuous random fluctuation in
voidage and contact force network of particles of a sub-layer, Figure 61. The sieving-
percolation mechanism can then essentially be related to the formation of a
continually expanding and contracting matrix of large particles that creates the
necessary voidage for the smaller particles to fall through into a relative sub-layer.
The occurrence of the sieving-percolation mechanism is applicable only when there
is a sufficient proportion of large particles within the flowing layer to allow a matrix of
large particles to be formed.

To clarify the different environments in which the sieving-percolation and percolation
mechanisms act is best illustrated by providing an example of the testing facilities
used to investigate each phenomenon. To investigate sieving-percolation within a
highly dynamic flowing layer, Drahun & Bridgwater [36] [37] constructed an
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Investigations have been performed in such environments in order to determine the
percolation rates of small particles through a bed of large particles that are subjected
to relatively low shear. Some investigators have chosen to concentrate solely on this
form of percolation and ignore the part of the sieving-percolation mechanism which
deposits material onto the surface akin to heap formation. Percolation is therefore
defined as the movement of a particle through a reasonably coherent bed, which is
often static in nature, such as when vibration is present, or where the material bed is

in a settling condition

If there is a sufficient size difference between the two components of the mixture then
spontaneous percolation of small particles can occur in the bed. The definition and
prevailing conditions that initiate this phenomenon are defined in Section 3.5.2.
However, in this case the process by which small particles percolate down through
the material bed can be considered the ‘ratchet’ or ‘release-capture’ type of
behaviour [38]. A small particle will be prevented from moving freely within the
voidage available by contact with bulk particles surrounding it. The bulk particles are
experiencing agitation induced by shear. Eventually the bulk particles will leave
enough of a gap through which the smaller particle can pass through completely and
contact with a particle lower in the bulk, or remain lodged in between the surrounding
larger particles. This ratchet behaviour will prevent the gap from closing until a period
of time has elapsed where enough agitation has permitted the small particle to pass
through its self made gap. The extent to which this happens is dependent upon the
surface properties of the particles of the mixture. The neighbouring larger particle
may experience a random upward motion in a similar way. The upward movements
of large particles can exist within the percolation or sieving environment and this
behaviour is defined as the migration mechanism, Section3.5.4.

The different environment in which percolation occurs in a relatively coherent
agitated bed and the sieving-percolation mechanism found in heap formation is best
be illustrated by the results of the work undertaken by Bridgwater and co workers [38]
[39]. They conducted various investigations into the percolation behaviour dictated by
size differences of free flowing particulate materials. The analysis of this
characteristic behaviour can be found in Section 3.7.1.1. The authors employed the
use of several configurations of rectangular shear cells, where the bed of material
was subjected to a uniform shear strain. The principles of applying unlimited shear of
the material in the shear cell and the resulting influence of size on percolation rates is
shown in Figure 12.
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sufficiently small to allow the unrestricted independent movement of particles whose
inertia properties are not inhibited. The rolling mechanism is influenced by the degree
of protuberances found on the heap surface on which the particle is travelling.

Matthée [40] took a mechanistic view of the rolling or sliding mechanism of particles
travelling down an inclined surface and derived theoretical expressions of a particles
mobility. The author considered a particle’s mobility to be a function of the following
criteria:

« The nature of the heap surface, whose scale of roughness is defined as being
less than the diameter of the largest particle of the mixture. A large particle is less
likely to be halted by the roughness elements of the surface than a small one.

o The coefficient of friction between constituents of the mixture.
e« The momentum of individual particles of the mixture.

Experimental evidence of segregation resulting form centrally pouring a bunker with a
binary sized material are presented by Matthée [40] but there is no evidence to
substantiate the derived theories. One could argue that the flow regime that the
mathematical model considers is representative of low feedrate conditions, where the
sliding or rolling of individual particles is deemed the sole significant mechanism
influencing the pattern of segregation produced. However, Drahun and Bridgwater
[37] provide evidence that contradicts this conclusion. Their testwork suggests that
for the same flow regime, percolation is the significant mechanism of segregation
with sliding and rolling being secondary contributory factors. Nevertheless, the rolling
mechanism induced into an individual large particle moving away from the charging
point will still influence the final pattern of segregation produced. This mechanism
can, given the right circumstances, significantly dictate the final stationary position of
a large particle on the heap surface.

3.5.4 Floating Migration

This mechanism is sometimes defined as particle stratification in the segregation
literature. The driving force that induces the floating migration mechanism is similar
to that which instigates the percolation mechanism. As explained in Section3.5.1.2
percolation via the ratchet or release-capture behaviour of the mixture bed causes
the small particles to sink into the lower regions of the mixture bed. A similar
behaviour causes the large particles to move or float or stratify to regions of greatest
strain rate, which in the case of heap formation is at the surface of the avalanching
layer. Consequently, large particles will tend to move in the opposite direction of
small particles. Once at or around the vicinity of the surface the large particles are
then susceptible to the influence of the rolling mechanism.

This mechanism was recognised and observed in the work documented by Stephens
and co-workers [41] [42]. The authors stated that when certain mixture characteristics
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are present, large particles could move to the surface of the material bed. This
movement is initiated under the influence of the migration mechanism and was
shown to be on a par with percolation of small particles.

3.5.5 Sinking Migration

This mechanism is sometimes referred to as the push-away mechanism and is highly
influential within heap segregation for mixtures that have a wide difference in particle
size and density. Large particles will remain at the surface of the avalanching layer if
their density is less than the average particle density of the avalanching layer. This
remains true irrespective of the proportions of large and small particles in the mixture
and the subsequent mechanism of segregation that the large particles will be
subjected to in this case is rolling. However, if the large particles have a density
greater than the average density of particles of the flowing layer then they will have a
tendency to push their way down and sink within the avalanching layer.
Consequently, this sinking continues until they embed themselves into the static
heap. The mechanism of segregation in this case is sinking migration, the concept of
which was documented and referred to as the push-away mechanism by Tanaka
[43]. However, this is only applicable for low concentrations of large particles in a
flowing layer of predominantly small particles. At greater concentrations of larger
particles, the behaviour of the large particles will change to behave like ‘floaters’
rather than ‘sinkers’. This is because at higher concentrations the percolating
mechanisms ability to segregate the small less dense particles of the mixture is far
more potent than the sinking ability of the larger denser particles. This forces the
larger particles to remain at the surface of the avalanche. It is clear that the
occurrence and influence of both the floating and sinking migration mechanisms are
a function of the size, density and concentration ratio of the mixture. The interaction
of these variables and its affect on the resulting pattern of segregation are discussed
in more detail in Section 3.7.4.5. The movement of particles induced by the sinking
migration mechanism is similar to the ratchet percolation mechanism, discussed in
Section 3.5.1.2. However, the sinking migration mechanism resides in the ability of a
particles momentum to force its way through a particle mixture bed rather than
percolation through a gap that presents itself.

3.5.6 Trajectory

The trajectory mechanism can be categorised into two areas:
o Drag forces on a particle as it moves through a fluid.
« Bouncing due to the resilience of feed particles contacting a surface.

Trajectory segregation as a direct result of a particles resilience relates to the
behaviour of feed particles impacting onto a static surface or by means of particle to
particle contact. This behaviour is often quantified using the coefficient of restitution
and is defined further in Section 3.7.1.5 page 63.
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Trajectory in terms of drag relates to momentum of mixture particulates as they travel
through a medium, usually air. This can be induced by material discharge from a
chute, mechanical conveyor i.e. belt bucket, screw, etc or the aggressive tumbling
action within a mixer. For vertical free fall charging of vessels, ignoring any inter-
particulate collisions, the forces acting on a particle are a function of the particle
weight and the resistance offered by the air. Aithough the terminal velocities of
different particles may vary, their trajectories will not. However, if a horizontal
component of velocity is introduced, the forces are no longer entirely vertical and
hence the differences in the ratio of these forces will cause the air-drag trajectory
mechanism to become active. Therefore, in relation to a non-vertical vessel-charging
environment, larger particles of higher momentum will be discharged further away
from the point of charge than small ones, Figure 24 page 68. Williams [44] quantified
the trajectory distance of particles according to their velocity, density, fluid viscosity,
and particle diameter. The author concluded that a doubling of particle diameter will
represent a quadrupling of its distance of trajectory.

Holmes [45] provided documented evidence on patterns of segregation resuiting from
heap formation via an inclined chute. Consequently, the air-drag mechanism of
trajectory influenced a non-uniform composition of charging mixture upon contact
with the heap surface. This subsequently affected the final resting positions of
constituent particles of the mixture. The author found that the surface of the heap
nearest the chute high in proportion of small particles, whereas the surface of the
heap furthest away from the chute was high in proportion of large particles.

3.5.7 Embedding

The definition of this mechanism has been proposed by analysing the findings of a
substantial test program as documented in Section 6.8. Detailed explanation of the
environment required to initiate this mechanism and its influence on the resulting
pattern of segregation can be found in Section 6.6. This mechanism emanates from
the interaction of the vertical charging feed stream upon contact with the static heap
surface. This results in the uncharacteristic displacement of large particles around
the feed point.

3.5.8 Angle of Repose

A variation of angle of repose behaviour has been presented in the form of a
mechanism that has been documented in Section 3.7.3.1 and refers to batch
charging a vessel with individual mixture constituents in successive stages. The
process of batch charging constituents differing in angles of repose will cause a
subsequent charging constituent to come into contact with a heap surface whose
angle of formation will be dictated by the former charged constituent. If this angle is
shallower than the angle of repose of the charging constituent then this constituent
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will not flow to the outer periphery of he heap. Conversely, if the heap angle is
steeper than the angle of the charging constituent then this constituent will be
encouraged to flow to the outer heap periphery. The final vessel mixture will exhibit a
pattern of particle size segregation similar to that produced by the mechanisms
associated with heap segregation. However, the inner core of mixture will be a
formulation of constituents of steep angles of repose and an outer annular region of
constituents of shallow angles of repose.

Another variation of this mechanism resides in its contribution to magnifying other
mechanisms of segregation occurring during heap segregation. The affect of this
form of angle of repose mechanism is illustrated in Section3.7.4.2. Differences in the
angle of repose of mixture constituents induce both visual stratification and measured
segregation of the mixture when charging a vessel.

The classification of whether the angle of repose is a particulate material
characteristic or a defined mechanism of segregation is one of conjecture. However,
the aforementioned examples of its influence in dictating various patterns of
segregation associated with the heaping process warrants its inclusion as a
contributory influence on mechanisms of segregation occurring when charging
vessels.

3.6 Conflicting Views on Mechanisms Present Within Heap
Segregation

It is evident from the considerable literature reviewed so far that authors of
segregation related literature have tailored their own hypothesis on the mechanisms
at work within heap segregation to satisfy their experimental or modelling results. It
was often the case that authors considered the heaping process to be only a one or
two mechanism process to the exclusion of others.

Brown [46] undertook early attempts to explain the mechanisms of the heaping
process and considered it to be a ‘two priority’ process. Firstly segregation was
considered a function of the ‘collisions’ of particles that flowed down the heap
surface; the size of the particles influencing their final deposited position on the slope
surface. Secondly the size distribution of the mixture dictated protuberances of the
slope surface, and this in turn dictated the ‘rojjing’ potential of particles as they
descended the slope. Bouncing was not incorporated into the authors hypothesis. A
more recent hypothesis by Williams [17] postulated heap segregation as being
attributable to the percolation of small particles through the voids that present
themselves in the particle arrangement on the static surface over which the
avalanching layer is descending. To complement this affect Williams also suggested
that particles within the avalanching layer formed a matrix and acted as a screen in
which the small particles could sieve through. Large particles that could not fit into
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these gaps were deposited to the periphery of the heap under the influence of the
rolling mechanism. Drahun & Bridgwater [37] implied that the assumption that the
large particles in Williams hypothesis arrive at the periphery as a consequence of
rolling and as a by product of the sieving mechanism was inappropriate. They argue
this point by stating that for low concentrations of large particles in a binary sized
mixture, the large particles still progress to the heap periphery, even though there are
insufficient large particles to form a matrix to facilitate the sieving-percolation of small
particles. Movement of large particles in this form of the heap segregation is defined
by Stephens and Bridgwater [41][42] as particle migration.

Lawrence and Beddow [47] described the heaping process as being solely influenced
by the percolation of small particles as a direct result of the sieving-percolation
mechanism in the avalanching layer descending down the heap surface. For
mixtures that contain a low concentration of large particles, they are unable to flow
readily through the matrix of small particles, and therefore sink into the heap surface
and are deposited under the feed point. This contradicts the findings of Drahun &
Bridgwater [37] and Williams [17], who, although state different connotations of
mechanisms of the heaping process, still agree that the majority of large particles will
reach the periphery of the heap. Drahun and Bridgwater [37] indicate that free-fall
height variations when comparing test work to Lawrence and Beddow H7], is the
differentiating factor in causing incompatibility of segregation results. This may well
be a justifiable reason for this contradiction as Lawrence and Beddow utilised lead
shot as opposed to Drahun & Bridgwater who utilised glass spheres. Different values
of density associated with lead and glass particles combined with the affect of free
fall height could initiate the onset of the embedding mechanism. The particles having
increased momentum embedded themselves underneath the fill point and therefore
did not travel to the heap periphery. Drahun and Bridgwater did not incorporate any
free fall height; therefore, large particles did not embed into the heap under the fill
point. They did in fact travel upwards through the flowing layer towards the region of
highest strain rate under the mechanism of floating-migration.

From the contradictory views emanating from the literature reviewed that attempts to
identify mechanisms of the heaping process, it appears that mechanisms other than
sieving-percolation can significantly govern heap segregation providing certain
conditions exist. The behaviour of particles within the avalanching layer and the
avalanching layer's interaction with the static heap surface incurs embedding,
bouncing, sliding, and impact influences on the particles. This results in the
separation of constituent particles of the mixture that reside outside the definition of
the sieving-percolation mechanism. The aforementioned examples of authors’
perceived differences in mechanisms of heap segregation are only a few of the
contradictory postulations available from the majority of relevant literature available.
A conclusion to be drawn from this observation is that the influence and interaction of
the numerous mechanisms of heap segregation are extremely sensitive to changes
in mixture type and the environment in which it is being handled. These changes can
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take the form of particle characteristics, geometrical variables or process variables of
the handling or process operation being performed. When the influence and
contribution of all these factors is understood fully a more definitive assessment can
be made as to the hierarchical structure of mechanisms of heap segregation as
relevant to the charging of storage vessels.

3.7 Factors that Influence Mechanisms Within Heap
Segregation

A specific mechanism by which separation of particles occur in heap segregation
depends fundamentally on the characteristic motion of the material. This in turn is
dictated by the physical properties of the constituent particulate material and its
flowing environment. These influencing factors can be grouped into three categories:

o Particle and Mixture characteristics. Apart from individual particle characteristics,
mixtures comprised of different constituent particle characteristics will engender
its own mixture characteristic behaviour i.e. angle of repose, angle of internal
friction and voidage fraction of the mixture bed etc.

o Geometrical variables. These can take the form of vessel size, point and angle of
charge etc.

e Process variables. Examples of these include feedrate of charging mixture, batch
or continuous feeding and proportions of constituents of the mixture.

3.7.1 Particle Characteristics

One major difficulty, evident from the literature reviewed is that particle
characteristics such as size, density or shape, which are known to be potential
factors influencing segregation are in themselves difficult to quantify. Consequently,
this compounds the subsequent quantification of the segregation process. Perhaps
not surprisingly, the amount of documented literature pertaining to the influence of a
particular particle characteristic tends to diminish, the more diverse the particle
characteristic considered. Hence, there is a multitude of work relating to the affect of
particle size in comparison to documented information on characteristics such as
particle attraction, roughness and coefficient of restitution etc.

3.7.1.1 Particle Size

Bridgwater et al. [38] [39] investigated size segregation of a free-flowing particulate
mixture utilising a rectangular shear cell testing facility. The fundamental approach
used to initiate segregation of the material according to differences in particle size
was shown previously in Figure 12, Section 3.5.1.2. Different sized free-flowing
binary mixtures were subjected to shear in order to gauge the percolation velocities
in a sub-layer-shearing environment of a shear cell. Quantification of sizes of the
binary mixture were based upon the principle that diameters of the small and large
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A substantial amount of tests were undertaken for different size ratios in order to find
the desired proportion of small to large particles that gave the worst case value of -
Amax at the heap periphery. As can be seen from Figure 14 the worst case value of -
Amax Was approximately —18% for a diameter ratio of 2.4:1 that contained 30% of
small particles. The actual result for this test condition can be seen on Figure 31

page 75 Values of D ranged from 2000um to 149um and D/d ranged from 1.2:1 to
8:1. Figure 14 shows that the larger the diameter of the large component p, the
greater the segregation, i.e. the less likelihood of finding any small particles at the
periphery of the heap/wall of die. For the four curves of p illustrated on Figure 14,
decreasing the diameter of the small particle in order to increase the diameter ratio,
caused an initial marked increase in segregation which then started to level off. This
substantiates the evidence provided by Williams and Khan 9] that not only is the
diameter ratio of a binary mixture influential on the resulting segregation suffered but
also the absolute sizes of the mixture. This change in the slope of -Amax for large
diameter ratios is attributable to the function of the size of the small particles
comprising the binary mixture. In order to create large diameter ratio mixtures, the
size of ¢ has been reduced, and therefore the population of the small particles has
increased in order to maintain the same mass proportions in the initial mix. To
maintain the maximum rate of segregation, top of curves on Figure 14 it would be
necessary to increase the number of smaller particles percolating per unit of
percolation time. Furthermore, the size of ¢ has been reduced to such an extent that
the small particles now border on the size where they will be subject to the influential
forces akin to a cohesive material. One characteristic behaviour of a cohesive
material is that a particle that will not be as readily able to flow, thus restricting its
vulnerability to the sieving-percolation mechanism associated with heap segregation.
As the size of g is reduced, the influence of this will subsequently increase.

Harris and Hildon [48] investigated the segregation tendencies of binary mixture
washing powders comprised of different sized detergent powders and bleaching
agents. The authors were interested in how segregation of the washing powder
mixture was affected by changing the size distribution of the bleaching agent when
charged into a vessel of the kind shown in Figure 15. Samples taken from the
segregated mixture in vessel C represented the cumulative segregation suffered as a
result of movement through the entire testing apparatus. This included discharge
from vessel A, charging vessel B, core flow discharge of vessel B and finally charging
vessel C. Any subsequent measurements of segregation in vessel C was
representative of the segregation suffered in all parts of the segregation test
apparatus.
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The three different volumetric fractions of the segregating denser component in the
mixtures formulated (Mi), segregated and accumulated around the vicinity of the feed
point. The patterns of segregation for differences in density compliment patterns of
size segregation of small particles. However, although the observed patterns of
segregation may be similar, the mechanisms of segregation pertaining to each
characteristic are different. The sinking and floating migration mechanisms, Sections
3.5.5 and 3.5.4 are the major acting mechanisms within heap segregation for
mixtures differing in density. The sieving-percolation or rolling mechanisms, Sections
3.5.1.1 and 3.5.3 respectively characterises the size segregation process. The
measured difference in density for the glass and iron sphere materials utilised in
Figure 19 is approximately 3.1:1.

Holmes [45] undertook density segregation experiments for an anthracite granular
flourspar binary mixture where both materials were screened < 6.4mm & >3.2mm.
The density ratio of the two components was 2.2:1. Sampling a conical heap formed
with this mixture showed that the heavier flourspar particles accumulated in the
centre of the heap.

The characteristic of density was analysed in isolation to all other influencing factors
by the authors stated in this section. They show density to be a significant
characteristic in contributing to mixture segregation in the absence of any other
characteristic.

3.7.1.3 Particle Shape

Shape factors are often used to describe the shape of two fractions that form a binary
mixture. However, the type and magnitude of the shape factors must be selected
carefully so that they describe sufficiently the shape of both fractions under
consideration.

Drahun and Bridgwater [37] conducted investigations into the shape characteristic
where they monitored the segregation of tracer particles that were different in shape
compared to the bulk material. In conclusion, they stated that only for extreme
differences in particle shape does this characteristic have any significant contribution
to play in any resulting mixture segregation.

Shinohara et al. [53] undertook experimental investigations into segregation of binary
mixtures that varied solely in particle shape when charging a vessel of the type
shown in Figure 20. The general screening-layer model was adapted to
accommodate for shape and used to predict the resulting segregation pattern in the
experimental apparatus. The governing factor of particle movement used in
predictive calculations was deemed the penetration rate of angular particles. This
mechanism was induced by the sieving-percolation mechanism, through a layer of
spherical particles when voids in the continually expanding and contracting spherical

61









Ph.D. Thesis G.F.Salter Chapter No 3
Literature Review

The marked reduction in measured coefficient of restitution for particle sizes below
250um indicates that the coefficient of restitution is greatly influenced by particle size.
This suggests that any mixture comprised of particle sizes of this order which employ
a free fall height when forming a heap will not readily segregate when the size of
particles fall below this critical size. Validation of this can be seen from analysis of
Figure 27

Under certain circumstances, the coefficient of restitution, which describes the
resilience of the particle, can produce obscure patterns of segregation within the
realms of the heap segregation. It is possible for the characteristic of restitution to
influence a pattern of inverse segregation as shown on Figure 25 in Section
3.7.2.1.2. Carson et al. [1] documented this phenomenon for a plastic pellet mixture
of various sizes, shapes and resilience. The resilience of the small particles was very
high and because the mixture was centrally charged into a vessel the dominant
particle characteristic of resilience dictated the resulting pattern of segregation. This
subsequently caused the small particles to congregate at the periphery of the bin and
the less resilient, large particles to accumulate in the centre of the vessel.

3.7.1.6 Particle Attraction

In terms of free-flowing particulate solids, particle attraction as a function of particle

size is not common for particles greater than approximately 100um or when the

absolute particle mixture size is greater than 500um. Constituents of a mixture whose
sizes are of this order or less will succumb to the influences of particle attraction

commensurate with the classification of a cohesive powder, as described in Section
2.1.2. Therefore, in terms of particle attraction, forces to be considered are those
directly influencing the individual movement of particulates of the bulk. These may
take the form of electrostatic, magnetic or adhesive forces induced by inherent or
surface moisture etc.

Particle attraction has been documented as being very influential and utilised
throughout the foodstuffs industry P]. In only a few cases are foodstuffs regarded as
totally inert, an example of which are grains, which follow the segregation patterns
associated with model cohesionless mixtures. More often than not, large groups of
food powders exhibit some degree of particle affinity between mixture constituents.
This therefore makes them susceptible to segregation and mixing in a significantly
different manner to that of classic free flowing cohesionless powders.

3.7.1.6.1 Moisture

Part of an extensive investigation of work undertaken by Bagster [54], [55], [56]
involved analysis of how segregation was affected by the presence of moisture in
binary sized mixtures. The salient parts of the experimental testing facility utilised by
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3.7.2 Geometric Variables

The geometry of any proposed storage vessel or holding section of a process will
dictate an environment that influences the type and extent of mechanisms that
comprise the heap segregation process.

3.7.21 The Position and Angle of Charge

During the filling stage of a vessel a heap will be formed. The geometrical location of
the subsequent heap apex will be dictated by the angle and position of charge. This
may cause an offset of the normally encountered concentric heap being formed and
therefore greatly influence the predominant direction of the flowing layers within such
a vessel. This can result in an obscure pattern of segregation being formed in the bin
after charging, which can subsequently influence preferential flow patterns upon
discharge, leading to erratic discharge and eccentric structural loading on the vessel
walls. A schematic illustration of these patterns of segregation can be seen inFigure
24 and Figure 25.

3.7.2.1.1 Segregation with Gravity Flow

As outlined previously in Section 3.5.6, charging a vessel via an angled chute or
conveyor can present an already partially segregated mixture to the charging point of
the vessel. This view was well documented by Johanson [20] and Carson et al. [1]
who highlighted that mechanisms of segregation could be induced into the material
as it travels in its conveying environment to the point of vessel charge. The
subsequent mixture being discharged from a conveyor into a vessel will often be pre-
segregated with small particles at its base, large particles at the top. Therefore,
segregation due to the trajectory mechanism when charging will be encouraged to
de-mix this material still further.

Arnold [22] [23] highlighted that in the majority of documented literature pertaining to
segregation, the majority was concerned with the variability of the bulk solids
discharging from the vessel. It was often an oversight that segregation, as a direct
result of charging, could significantly dictate the resulting preferential pattern of flow
of the bulk material upon discharge. Segregation due to point of charge or position
can initiate the trajectory mechanism to induce an uneven segregation pattern across
the width of the vessel. An illustrative example of such a pattern can be seen in
Figure 24.
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As can be seen from Figure 25 the geometrical position of the charging point coupled
with the high proportion of air associated with pneumatic conveying results in types of
the ‘reverse segregation’ pattern. The resulting pattern of flow upon discharge will be
affected by the position of the free-flowing large particles in the vessel. Their position
within the vessel may induce it to exhibit a funnel flow regime of discharge with a
severe tendency to flooding. A cyclone separator is often incorporated into the
system prior to material being charged to a vessel in order to alleviate conditions that
induce inverse segregation. Results of this were shown previously on Figure 4,
Section 3.1.3.1. However, care must be taken when utilising a cyclone that discharge
from the cyclone does not produce resulting drop heights that can still promote an
environment for initiating some form of inverse segregation pattern. Devices such as
the fill pipe utilised by Furll [24], Figure 4(c) in Section 3.1.3.1, are common additions
to such systems to inhibit an environment in which an inverse segregation pattern is
created.

3.7.2.2 Vessel Geometry

Lawrence and Beddow [47] recognised that by reducing the diameter of their die,
segregation of the subsequent charged material was reduced. A reduction in die
geometry subsequently reduced the time taken for it to fill, which in turn reduced the
time available to allow mechanisms of segregation to propagate.

Matthée [40] provides experimental evidence of different magnitudes of segregation,
measured as a function of vessel diameter. The author observed that the number of
small particles that reached the periphery of the heap being formed is reduced as the
diameter of the vessel increases. This is to be expected, as an increased vessel
geometry would subsequently increase the heap length produced. Consequently, this
increases the probability of a small particle being removed from the
flowing/avalanching layer by one of the mechanisms of the heap segregation
process.

Bagster [54] [55] [56] provided documentation of experimental investigations into how
heap lengths influenced the resuiting segregation pattern in his experimental testing
facility. In order to gauge the affects of the heap length it was imperative to the author
to recognise the influence of other variables that affected segregation i.e. size,
shape, density, resilience and roughness etc. Such recognition would allow each
variable to be either eliminated or held constant in order to analyse one aspect of
segregation. The schematic layout of the rig used to achieve this aim along with
results of investigating the variation in heap length can be seen inFigure 26.
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segregation of large coke particles entering the vessel remained consistent. This is
denoted by the circular, square and inverted solid symbols on Figure 8(b). The small
ore particles on Figure 8(d) attained a relatively higher momentum than the small
coke particles as a direct consequence of differences in particle density. However,
the momentum of these small ore particles was not sufficient to cause the embedding
mechanism and hence break through the heap surface upon contact with the
surface. Instead, the small ore particles of higher momentum induced the action of
the trajectory mechanism. This resulted in the highest concentration of the small ore
particles bouncing away from the fill point to a position either side of the vessel
centre. This is denoted by the hollow circle, square, triangle and inverted triangle
symbols on Figure 8(d). The small coke particles of lower particle density built up
insufficient momentum due to the imposed free-fall height of the filling process and
therefore did not have sufficient momentum to significantly bounce away upon
contact with the heap surface. This is conspicuous by finding the highest
concentration of small coke particles at the centre of the vessel at all vessel heights.
Subsequently the mechanism of sieving-percolation within the heap segregation
process influenced the final deposited position of the small coke particles.

3.7.3 Process Variables

The formulation of appropriate mixture constituent proportions in order to effect the
correct action or reaction of a process can influence the priority of mechanisms of
heap segregation. In addition, the speed of a process fixes the amount of mixture
handied per unit of time. This could also significantly influence the type and extent of
mechanisms that categorise heap segregation.

3.7.3.1 Batch Feeding

Johanson [20] documented the possibility of a mechanism of segregation resuiting
from constituents of the mixture having large differences in their natural angles of
repose. The author postulates that these different repose angles can cause the final
resting positions of constituents to be somewhat at odds with normal positions
influenced by the mechanisms associated with heap segregation. It is clear that in
this situation the resulting pattern of segregation is a direct result of the differences in
angle of repose of the mixture constituents. Whilst this might be a behavioural facet
that can be categorised according to particle characteristics, the process of batch or
feeding a vessel or process operation can significantly exacerbate this behaviour,
hence its categorisation as a process variable. Similar conclusions were drawn by
Mosby et al. [16]. Both authors illustrate angle of repose segregation behaviour
associated with vessel filling of a mixture in batches of separate constituents. The
definition of the angle of repose mechanism was previously documented in Section
3.5.8 and will preferentially initiate segregation by angle of repose of the constituents
and not by size.
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The cell design used to initiate and evaluate vibration-induced segregation is shown
on Figure 36(a) together with a typical result. Also included on Figure 36(b) is an
illustration of a heap inducing segregation test rig and an associated test result.
Barbosa-Canovas et al. [9] used an index of segregation, as outlined in Section
3.9.1.3, to quantify the segregation in both types of testing facility. Figure 36 indicates
particle attraction affects resulting from sugar/starch size segregation tests.
Powdered sugar proved less likely to segregate than granular sugar. Figure 36(a)
shows that when high vibration conditions are induced into the mixture, the measured
degree of segregation was relatively small. The authors suggested that granular
sucrose and starch powders could form, depending on concentration, various types
of ordered/ adhesive mixtures whose segregation tendency was inhibited by the
inherent moisture within the sugar and starch particles. Sugar and instant coffee
mixtures of the same concentration and size order almost completely segregated
under similar conditions. The maximum degree of mixedness associated with low
vibration energies was attainable after only 10 minutes of mixing. Further duration of
mixing resulted in overmixing of the material and hence deterioration in mixture
quality. This overmixing was attributed to the magnitude of vibration induced into the
material. For low vibrations, the measure of segregation progressed to an equilibrium
position after a short time. For high vibrations, the classic fluctuating behaviour
between extremes of high and low levels of mixedness occurred. This higher
vibration increased the momentum and energy induced into the mixture. The higher
shear and friction forces associated with increased agitation of the mixture caused
particles to overcome the interparticle adhesive forces associated with
ordered/adhesive mixtures, thus liberating a particles movement from its neighbour.
However, the newly freed starch particle was almost immediately exposed to impact
against a new receptive sugar particle, that formed, at least, momentarily, a new
ordered mixture. This characteristic fluctuating behaviour associated with results
produced from the split-cell vibration apparatus is similar in principle to some
standard mixers where the fluctuating level of mixedness as a function of mixing time
is of common occurrence to both. Evidence of the resulting fluctuation between
mixing and segregation can be observed from Figure 36(a) above. The granular
sugar was larger than the starch and hence size segregation occurred when mixed.
The powdered sugar mixture was similar in size to the starch at approximately
100um therefore segregation was inhibited due to increased mixture cohesivity.
However, this form of powder, because of its strong tendencies to form aggregates
may not be easy to mix.

The importance of this authors work must not be understated. This is one of only a
few documented accounts of an investigation where an identical test material was
subjected to two different forms of material movement. Comparison of results from
both the flow tests and vibration tests indicated that similar conclusions could be
drawn with reference to gauging the propensity that the material would segregate.
The cell design used to initiate and evaluate vibration induced segregation as shown
on Figure 36(a) was also utilised by Popplewell et al. [58] for conducting
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below due to their specific weight. Small particle percolation does not play any role at
this level of concentration and agrees with the findings of Arteaga and Tuzun [60]
concerning heap segregation when charging silos. Arteaga and Tiziin suggest that
at low concentrations of large particles, the formation of a matrix of large particles is
not possible therefore making the mechanism of sieving-percolation inactive.
Conversely, for high concentrations of large particles, segregation is controlled solely
by the sieving-percolation mechanism. Therefore, the large particles will invariably
behave as ‘floaters’ regardless of their density. The changing mechanisms of
segregation associated with this flowing regime forms a substantial part of an
investigation undertaken into the qualitative description of the heaping process,
which is discussed in detail in Section 6.4.

3.7.5 Concluding Remarks on Factors that Affect Heap
Segregation

Analysis of segregation literature exposes the establishment of a hierarchy of
variables that affect segregation. It has been consistently observed that size
differences of particulates of the solids dictated the extent of segregation of a mixture
in a particular handling or processing operation [17] [37] [45] [48] [49]. However,
there are conflicting views as to the influence of other variables in dictating patterns
of segregation in a heaping environment. It is conceivable that each particle,
geometrical or process variable, can, in its own right induce segregation tendencies
of the mixture. When a flow regime is created that permits the sieving-percolation
mechanism to induce the majority of segregation of the mixture, Bridgwater and co-
workers [38] [39] concluded that particle size completely out-performed any other
particle variable investigated. However, the influence of differences in particle size
must be analysed in conjunction with the absolute size of the mixture. The affect of
absolute particle size has been illustrated by Lawrence and Beddow K7] and
Williams and Khan [49] on Figure 16, Section 3.7 1.1. According to Figure 16 there is
a recognised absolute mean size of particle that can be classified as free-flowing
enough to facilitate the recognised segregation mechanisms of the heaping process.
Below this critical value, the pattern of segregation is inhibited by cohesive forces.
Subsequently the recognised mechanisms associated with heap segregation are
altered.

There have been numerous attempts to gauge how particle shape influences heap
segregation e.g. Harris and Hildon [48], Lawrence and Beddow [47] and Drahun and
Bridgwater [37]. The underlying conclusion drawn is that shape, unless the disparity
is very large, does not significantly influence heap segregation when other
differences in variables are present. When only large shape differences exist then
shape induces the percolation mechanism of heap segregation to percolate angular
particles in preference to spherical ones. It is difficult to relate the physical behaviour
of particles to their mathematical shape definition. Particle shape is related to the size
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geometrically and frictional affects kinematically. Shape affects particle mobility within
the flowing layer and across the static heap surface. Shape crosses the boundary of
shape classification into the characteristic area describing the roughness of particles.

Drahun & Bridgwater [36] [37] concluded that the surface roughness of their particles
was not important in significantly altering their distribution down the inclined
segregated mixture slope. However, their mixtures comprised of tracer particles that
were fed at very low concentrations, typically 1% of the total mass charged to a
segregating two-dimensional half heap vessel. The frictional influence of such small
quantities of rough particles can be ignored. If the concentration of tracer particles
was increased significantly then the frictional characteristics associated with particle
roughness would no doubt have an affect on the frequency of avalanching. In
addition, roughness will affect the dynamic movement of the flowing layer and the
ability of the flowing layer to drag along particles that were previously part of the
stationary heap.

Shinohara [51] [52] [53] [63] gave some qualitative explanations of the movement of
particles influenced by the heaping process of segregation according to a particles
size, density or shape. Detailed analysis and subsequent theoretical modelling of this
authors work can be found in Section 3.9.3.1. Separate segregation experiments
were conducted to investigate particle characteristics such as density, size and
shape. Shinohara concluded that small dense or angular particles produced a similar
pattern of segregation, which was conspicuous by the accumulation of these particles
under the feed point. However, Shinohara suggested that their mechanisms of
segregation within the heaping process differed. Small particles filled voids present in
the static layer, whereas the dense particles could only swap places with lighter
particles of the same size in the static layer. Patterns of segregation of angular and
lighter particles were different, however their mechanism of segregation was similar.
As there was no size difference in density mixtures and shape mixtures, packing of
the segregating component into voids of the static layer could not happen. These
simplified stages of heap segregation philosophy suggested by the author did not
incorporate any information as to the concentrations of particulate types.
Furthermore, the segregation of a mixture whose constituents differed in all three of
the particle characteristics was not discussed.

The importance of the interaction of size with density, especially concerning heap
segregation was highlighted by several authors such as Williams [17] and Drahun
and Bridgwater [37] in Section 3.7.4.2. There are ambiguous assumptions on the
severity that density has on the resulting segregation pattern produced during heap
segregation. This was often the result of different regimes of flow being created in
test facilities used to investigate this characteristic. Some literature that investigated
mixtures differing in size and density suggested that density had no influence
whereas other documents stated that density does have a role to play in the
segregation process. This anomaly can be resolved by understanding how the
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interaction of size and density is influenced by the concentrations of particulates of
the mixture. This interaction was established quite categorically by Standish B2],
Section 3.7.4.3 and also Alonso et al. [59], Section 3.7 4.5. They concluded that the
disparity of each particle characteristic present and the concentrations of each in the
mixture dictated the resuiting pattern of segregation produced.

To cross-reference the interaction of the absolute mean size and proportions of
mixture constituents a single test condition of used by Bagster p4] was selected and
compared to those of Alonso et al. [p9] and Drahun and Bridgwater [37]. Apart from
one mixture formulated by Bagster, segregation of similar absolute size and
concentration mixtures compared favourably with Alonso et al. and Drahun and
Bridgwater. The size of mixtures formulated fell into a region far greater than the
critical absolute mean size of approximately 550um. Therefore all the mixtures couid
be classified as being free flowing in nature. Consequently the segregating behaviour
of particles was unaffected by the mean absolute size of the mixtures formulated.
Examples of results produced by Bagster can be seen on Figure 33 and are
indicative of the majority of test conditions undertaken by the author. The behavioural
movement of the particles fulfilled the criteria to comply with the philosophy proposed
by Alonso for the concentration ratios employed and subsequently the majority of
small particles ‘sank’ and accumulated under the feed point. In addition, the large
particles behaved as ‘floaters’ and were subsequently deposited at the heap
periphery. However, when Bagster formulated a mixture of 5% large particle
concentration whose mean absolute size was less than 500um, Figure 32(a), the
resulting segregation behaviour was not commensurate with the philosophy
proposed by Alonso. The large particles instead of acting like ‘floaters’ now behaved
like ‘sinkers’. Bagster attributed this change in segregation behaviour to the absolute
size, concentration ratio and moisture content of the mixture tested. The absolute
mean size of this mixture was approximately 450um, which fell below the critical size
shown on Figure 16, Section 3.7.1.1. Consequently, the mixture exhibited some
cohesive behavioural tendencies. In addition, the particle size of the small
component was approximately 135um and therefore vulnerable to the affects of
cohesion. Furthermore, the moisture content of this small particle fraction was
deemed high enough to possibly allow certain adhesive mixtures to be formed.
These are all suggested as reasons why the majority of large particles are not
present at the heap periphery, which was a common place occurrence of these
mixture types documented in the literature that comprised this review. These reasons
are further validated by comparing the test rigs used by the three authors. These rigs
excluded the majority of other process and geometrical variable affects that could
have influenced segregation i.e. free-fall heights, lateral velocity, impact velocity and
other kinematic influences synonymous with highly dynamic flow conditions.

Lawrence and Beddow [47] highlighted from their investigations that reducing the fill

time could reduce the magnitude of segregation. They attributed this fact to the rapid
motion of the material, which reduced exposure time to mechanisms of segregation.
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However, Drahun and Bridgwater [36] [37] did not include the fill time of the heap as
being significant to the resulting segregation suffered. This may be due to the
authors’ using low feedrates throughout their test work.

Lawrence and Beddow [47] state that the affect of free-fall height is significantly
reduced when using small particle sizes around 250um. Mixtures containing small
particles that were larger than this critical size resulted in the free-fall height
influencing the pattern of segregation. This was due to the influence of the coefficient
of restitution characteristic. Research into free-fall height showed a general trend of
behaviour. In most cases, increasing the free-fall height resuited in reduced
segregation. Particles of more resilience, or of less density, having increased
momentum as a direct result of the free-fall height scattered more widely over the
heap surface due to increased bouncing. This is the reason given by Drahun and
Bridgwater [37] of the opposite pattern of segregation of large particles for similar
concentration small particulate mixtures used by Lawrence and Beddow H#7].

It is evident that no single piece of literature provides all the necessary information on
all aspects of heap segregation. All the relevant literature combines to produce an
interlocking web of information on segregation. This provides a unique knowledge
base on the interaction of particle, process and geometrical variables and their
resulting influence on producing patterns of segregation for a heap segregation
environment.

3.8 Measures Employed to Counteract Segregation

It is often a design requirement of a handling or processing operation to encourage
free flowing material tendencies throughout the process whilst at the same time
minimising any environment that will readily facilitate segregation, if segregation is
considered to be a potential problem. In dealing with techniques for addressing
segregation, the literature reviewed has primarily been concerned with the variability
of the bulk solids that discharge from a handling or process operation. However, in
many instances it is important to recognise and resolve the factors that cause
segregation upon charging the vessel, as these will alleviate the majority of problems
being experienced when the vessel contents are subsequently discharged. In
general, the measures employed to counteract segregation can be categorised into
three classifications:

3.8.1 Altering the Process.

The position of the unit or handling operation that initiates segregation of the mixture
being handled should be moved to a position within the industrial process where any
resulting segregation of the material is unimportant. A mixture that is comprised of
constituents which are uniform in themselves but vary distinctly from one another
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should be mixed at a stage immediately prior to any processing step which is
sensitive to any distribution of mixture constituents.

3.8.2 Retrofit Existing Process Plant

When charging vessels under the influence of gravity it is recommended to prevent
the formation of a single heap, which instigates the mechanisms of segregation
associated with the heaping process. Reisner and v. Eisenhart-Rothe [61] describe
various examples of inserts that can be placed beneath the charging stream in order
to prevent single heap formation. The authors also suggest multiple-point filling and
claim that this is sufficient to alleviate the majority of single point gravity charged
segregation problems. By achieving this, fractions of all components are charged to
the centre of the vessel as well as to the vessel walls.

Retrofitting vessels to initiate a mass flow mode of discharge has long been
suggested as a suitable means of counteracting the influences of mixture
segregation resulting from vessel charging. This claim is made on the basis that
discharge associated with this regime of flow results in total movement across the
whole cross section of the vessel upon discharge. Therefore, any lateral separation
of constituents of the mixture as a direct result of segregation when charging will be
re-mixed and discharged in similar proportions to those charged. However, Arteaga
and Tuzdn [60] have shown that this is not the case. Constituents are not re-mixed
upon discharge; they are simply discharged in similar proportions to those charged.
The authors provide evidence that the motion of particulate constituents of the
mixture as they progress to the discharge point of the vessel results in segregation.
This is proved by measuring segregation upon discharge even when the mixture in
the vessel suffered no segregation upon charging.

3.8.3 Alter Characteristics of Mixture Constituents

Barbosa-Canovas et al. [9], Williams [62] and Carson et al. [1] have provided a
variety of guidelines for changing the constituents of the mixture in order to diminish
the influence of segregation. In doing so, this acts to suppress and minimise the
segregation phenomenon:

* Altering the size distributions of the constituents of the mixture, by grinding, for
example, to the size of the finest ingredients in the mixture. However, for some
foodstuffs this may result in a powder whose particulates are too small to be re-
hydrated easily and are highly susceptible to caking. This technique was
employed by Goodwill et al. [1] and Johanson [19] where the absolute mean size
of the components was not a significant factor in altering the efficiency of the
process. However, particulates of the mixture must be sufficiently small to avoid
free flow but not initiate flow problems within the process or handling operation

* Reduce the mixtures physical mobility by geometrically eliminating headspace.
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* Wet mixing and drying of the ingredients to guarantee uniform composition in
each individual particle. Although this is the most effective way in eliminating
segregation, it requires a considerable technical complication of the production
process, adds drying costs, and may result in undesirable exposure of the
mixture constituents to high temperatures or evaporation losses.

* The addition of a small amount of liquid to make particles cohesive may prevent
segregation. However, one must be aware of hygroscopic materials that can
exhibit detrimental characteristics of flow when subjected to contact with
moisture. If excessive moisture is added, problems such as arching or rat holing
may replace that of segregation and result in greater disruptions to the process.

* The formulation of adhesive mixtures. The definition of an adhesive mixture can
be found in Section 2.1.5 on page 19 of this thesis. This method can result in a
mixture where the small particles form a coating on the larger particles and will
not be free to segregate. It may then be possible to obtain better than random
mixing and the possibility of approaching an ordered mixture.

3.9 Quantification and Modelling Segregation

In order to develop predictive techniques that model segregation requires an initial
means of quantifying segregation as a numerical value. However, this is a major
difficulty in itself. The magnitude of material segregation is dictated by particle,
geometrical and process variables. Quantification of segregation in terms of a
numeric measurement for any one of these variables is compounded by the fact that
any combination of these cause differing magnitudes of interaction. To help alleviate
these problems, research into segregation has often been simplified by utilising
binary mixtures, often differing only in size. Furthermore, quantification of these
materials has often been investigated in small bench-scale test facilities with focus
directed at a single segregation variable. Subsequent quantification of segregation
utilising these methods can be broadly classified into two areas:

* (Classifying the particle mixture into a large and small fraction, and measuring the
change in proportion of these two fractions in parts of the segregated bed

* Monitoring the change in concentration of tracer particles in a material bulk.

Segregation was often quantified by an arbitrary degree of segregation unique to the
author conducting the investigation. Therefore, these techniques are not universally
applicable to all regimes of flow known to initiate segregation of a particulate
material. Furthermore, in the majority of cases of reported segregation within
industry, the materials handled are often free-flowing, multi-component in nature and
have a continuous distribution of particle characteristics that segregate in differing
regimes of material flow. As a consequence a technique that encompasses all these
factors is not available at present.
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There are no established standardised techniques for quantifying segregation for a
given material and duty. One technique employed has been to scale simulated
segregation produced from a small laboratory sized rig to an industrial scale that
exhibits similar problems. However, to determine the segregation potential of any
solids mixture, you must simulate the full-scale factors affecting the segregation
mechanism being investigated. This point was confirmed by Johanson R0] and is
often overlooked when trying to correlate small-scale segregation results to large
scale segregating environments. Constructing a small-scale environment to simulate
fluidisation, air current, and trajectory mechanisms on an industrial scale is extremely
problematic in comparison to initiating a small-scale environment that induces
vibration or heap segregation. Yet, these air-induced mechanisms are known to be
significant contributory factors to the ensuing segregation pattern produced from
such environments. When air is considered a contributory factor then any smali-scale
investigation of this phenomenon must simulate the quantity and velocity of air
entrained within the falling solids relative to the industrial situation. False conclusions
may be drawn on the influence of variables when simulating segregation in small-
scale rigs. Provisions for scaling factors such as free fall heights, particle trajectories,
quantities of air introduced by pneumatic conveying and the venting of displaced air
are often not taken into consideration. Indeed any characteristic known to influence
segregation, which cannot be scaled down from an industrially sized problem must
be of the same order in a small-scale rig investigation.

It is therefore an extremely difficult task to develop a multi-faceted technique for
predicting segregation which is sensitive to all the external influencing characteristics
that can contribute to the resulting pattern of segregation in both small-scale and
industrially relevant environments.

3.9.1 Quantification of Segregation

As outlined in the previous section, segregation is often be quantified in two ways.
Firstly as a measurements of the change in proportion of a large and small binary
size mixture within in a segregated bed or secondly monitoring the concentration or
position of tracer particles in a segregated bed. This conclusion is substantiated by
both Williams [44] and Drahun and Bridgwater [37] from their documented reviews of
segregation literature. Some of the more relevant techniques used to quantify
segregation are described as follows:
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3.9.1.1 Williams et al.

The index used by Williams et al. [49] worked on the principle of dividing a
segregated mixture into two halves and then measuring the proportion of small and
large particles in each. The index was defined as

_ Wer —Wes

Cs =
Wer +Wes

Equation 1

where

Cs Coefficient of Segregation.
W,.r Proportion of large particles in the top half of segregated bed.
Wg Proportion of large particles in the bottom half of segregatedbed.

This index was used to quantify the propensity that a mixture will segregate in a
rotating mixing drum, which initiated a regime of flow that facilitated a low dynamic
form of the heaping process. An index value of one denotes complete segregation
with a value of zero representing complete mixing. Compared to statistical methods
for determining mixture segregation, this technique has an advantage of its
mathematical simplicity and the convenience of the experimental procedure for its
determination. However, as the segregated bed is halved for analysis, the scale of
scrutiny is limited to the size of each half.

3.9.1.2 Harris and Hildon

The total segregating component of four samples extracted from the segregated
mixture in the test apparatus shown in Section 3.7.1.1 is taken as 100. An index of
segregation is then defined as the sum of the differences of the segregating
component in each sample from the average content of these samples. If the

segregating component content of the four samples from a test is a1 , a2 , as , as
where a1 + a2 + az + as = 100, then by definition:

'a,, — 25| Equation 2

S Degree of Segregation.
a, Content of segregating component in sample n.

When all the samples have the same amount of segregating component, S is
denoted as zero. When only one sample contains the segregating component then S
becomes 150.

91



Ph.D. Thesis G.F.Salter Chapter No 3
Literature Review

3.9.1.3 Barbosa-Canovas et al.

Barbosa-Canovas et al. [9] quantified measures of mixture quality or degree of
segregation in the foodstuffs industry. Segregation can take the form of variations in
either particle size distribution or in mixture composition. The quantitative
determination of the composition can be by either physical means (e.g. reflected
colour) or by chemical or physicochemical analysis. Examples of the two latter
methods of analysis provided by the authors for the foodstuffs industry include:

* Index of refraction, or polarisation of the dissolved powder for sugars and the
Biuret reaction [9]

¢ Spectrophotometric determination of proteins [B]
¢ Titration tests for an acid component (e.g. citric or malic acid)

In terms of size segregation, the authors employed the following index of segregation
to quantify the segregation or mixedness of their binary mixture.

4 w2

x W (Xi - X )
s =1 . Equation 3

Wi
=1

where
W, Weight of powder in each ring of tester.
X Concentration of given component.
X Mean (or total) concentration of this component in the mixture.

It is claimed that the index utilised by this author yields results that compare
favourably to measures of segregation/mixedness produced when utilising the index
derived by Williams & Khan [49].

3.9.1.4 Bagster

Bagster undertook investigation into the affects of concentration of large particles in a
binary sized mixture of equal densities. Results of the testwork undertaken were
processed utilising a coefficient of variation / degree of segregation index.

N 2
'Zl (C/ - Cf)
| =
S= N-I Equation 4
Cy
where
S Degree of segregation or coefficient of variation.
N Number of samples.
C, Large particle concentration of sample i
Ce Large particle concentration in the feed mixture.
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A graphical description of the results when using this technique of quantification can
be seen on Figure 36(b). Quantification of segregation by this measure indicates
segregation to be worst for greater concentrations of large particles.

3.9.1.5 Alonso et al.

Alonso et al. [59] quantified the segregation/mixing results produced from an
experimental apparatus as shown on Figure 38 by utilising an index of mixing. This
index is similar in nature to that of Williams et al. §#9].

+ Vc,{ 'Vco

M=1 Equation 5
AV,
where
' 2V for Vc < 0.5 i
AV, = (Vc’ )‘nax N (Vco)min = <2(lc— Ve) fo(r)r\/cc;o.s Equation 6
where
Ve Overall solid volume fraction of large particles in the mixture.
V' Solid volume fraction of large particles in inner core.
Ve, Solid volume fraction of large particles in outer annular region.
(V'c)max Maximum possible value of V..
(V°,)min Minimum possible value of V°..

Values of ‘M’ between 0 and 1 describe situations where large particles float and
accumulate at the outer annular region of the bulk. A value of ‘M’ between 1 and 2
corresponds to large particles that sink and concentrate at the inner core. A value of
‘M’ equal to either O or 2 indicates complete component segregation. For ‘M’ = 1, the
tendency of floating equals that of sinking and the large particles (or the small ones)
are distributed evenly within the bulk of the mixture.

3.9.2 Statistical Quantification of Mixture Segregation

As outlined in Section 2.3 the variance of a component in a number of samples is
often used as a measure of the consistency or quality of the product in order to
quantify mixture segregation. It is necessary to compare this value with the
theoretical limiting variance values for a completely segregated and randomised
mixture structure. However, statistical quantification of segregation is disadvantaged
by problems of the predictive nature of segregation and problems relating to sample
selection and procurement. The use of statistics has long been employed as a
means of interpreting test data gathered from a mixing or segregating process. The
generally accepted platform on which most statistical ideas are based for the
interpretation of such test data has recently been questioned in a paper published by
Rollins et al. [13]. Whilst the majority of the mixing related literature was concerned
with the application of statistical methods to mixing studies the methods used to
quantify mixture quality were applicable to segregation studies. The majority of
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