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ABSTRACT
Granular materials are prone to segregate spatially with different sizes, densities and
shapes. This is also a common problem in a variety of industries, including
pharmaceuticals, food and agricultural processing, chemical and metallurgical
industries. Segregation might render undesirable blend quality and induce flow
problems. Therefore, understanding how and why segregation occurs is of great
importance. This thesis presents numerical investigations of three processes: piling,
hopper filling, and hopper discharging. Four components are included in the thesis to
provide a comprehensive overview of the segregation induced by particle size.
To identify the effects of surface properties and water content, different sliding and
rolling friction coefficients and various moisture contents are investigated in a basic but
complicated sandpile formation process. The results present that the difference of the
slope angle of the pile is the main cause of particles stratification. For particles in the
binary with a large size and small angle of repose, segregation is most serious. Several
fitting correlations between the porosity, force ratio and angle of repose are proposed,
which reveal the structural and force characteristics of sandpile formation process.
Material hopper is ‘V’ shape container as one important device in the processing of
granular materials. The fundamentals governing particle size segregation during the
hopper filling process have been examined. The results show that particles with large
velocity and small cluster size easily bounce to the container boundary while particles
with small velocity and large cluster size are obstructed by their neighbours and stop
moving early. Further, a contour plot regarding particle scale mixing index with
different friction coefficients is drawn, illustrating that larger sliding friction and a
moderate rolling friction lead to pronounced segregation. A correlation is then proposed
III

to quantify the degree of segregation of materials with various initial volume fraction
of small particles.
Furthermore, the segregation of granular materials with a large size difference during
discharging from a hopper is studied. The ratio of the small particles number Ncs in
contacts with large particles to the small particles number Ns in each Voronoi cell
showing the fraction of free drop particles is first proposed to explain the segregation
extent. Results show that the mixtures with large porosity and small number ratio
encounters serious percolation and a small fully discharging time of small particles.
The effects of different variables such as filling position, filling angle and flow rate on
segregation in a Paul-Wurth hopper, which is widely used in the ironmaking blast
furnace are examined. Results illustrate that the left side wall filling position leads to
serious segregation due to the long slope when filling. Steep filling angle changes
particles trajectories significantly and large particles tend to gather in the side wall
region. Increasing flow rate at the fixed hopper size decreases the segregation.
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CHAPTER 1 INTRODUCTION

Chapter 1 Introduction

1.1 Background
Granular materials with different particle properties may segregate. Segregation is a
common phenomenon and can occur during handling and transport process of granular
materials, such as particle flow in a hopper which is widely used as a storage container
to dispense or collect granular materials in engineering. However, industries are often
troubled with the problem of non-uniform mixtures and hence products when particles
with different sizes are discharged from a hopper. It can impact the effectiveness of
medicine in pharmaceutics, and poor long-term durability for the concrete structure and
uneven coke or ore distribution in an ironmaking blast furnace. Therefore, the
understanding the segregation in several typical processes is important and should be
paid more attention to.
Sandpile formation is one of the most typical processes for particles as the geometry is
the simplest. It has been investigated in a two-dimensional (2D) box or a threedimensional (3D) plane.. Particles fall down in the central part and pack on the bottom
surface. The angle of repose is an important indicator widely used in both experiments
and simulation to quantify the pile property. It is related to many parameters, including
both geometry properties, such as jetting height and box thickness, and also material
properties, such as size, shape and density. Due to the effect of angle of repose, for
mixtures with different sizes, segregation happens when large particles roll down to the
bottom. In the meantime, when particles are different in both size and shape,
segregation ceases and stratification substitutes (Makse et al., 1997a). It is generally
agreed that the angle of repose is the main cause of different phenomena for the various
mixtures. Particle properties, such as size ratio and surface properties, have a significant
impact on the formation of a sandpile.
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Material hopper is one important device in the processing of granular materials. It can
provide functions of both storage and transport, therefore, it is indispensable in
industries, such as pharmaceuticals, food and agricultural, chemical and metallurgical
industries. Segregation happens when particles are in different properties, such as size,
shape or density. In the filling process of a hopper, a chute with different angles is
generally used and, due to the different chute angles, the trajectory mechanism
(Williams, 1976) is typical in this case, with large particles travelling a longer distance.
Then after jetting, a heap is formed on the surface, which is similar to piling process.
The heap in a hopper has relatively large flow rate and has bounded walls around
compared with piling process. Percolation and rolling mechanisms are the main
controlling factors. The two mechanisms are mainly affected by the geometry of a
hopper, such as width, and also materials properties, such as size ratio and volume
fraction.
The filling process of a transport-function hopper is then followed by the discharging
process. The mono-sized particle flow dynamics of discharging from a hopper has been
thoroughly investigated on the flow rate and arching phenomena. However, studies on
the flow of mixtures with different particle sizes and other materials properties are still
needed. For mixtures of different particle sizes, the percolation mechanism is the main
controlling factor. This mechanism is mostly related to the size ratio and volume
fraction.
Paul-Wurth (PW) hopper is a component of the burden distribution system in an
ironmaking blast furnace. It is one parallel hopper type. Burden materials (coke, sinter,
pellets and fluxes) are weighed from bins in the storehouse and delivered to the furnace
top bins before discharged into the furnace by the burden distribution system. Therefore,
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the particle distribution in and out a PW hopper has a significant influence on the
smooth operation of a blast furnace. Same with a simple cone hopper, percolation and
rolling are the main mechanisms in this process. The system geometry and materials
properties are the governing factors for the particle distribution. In a real top blast
furnace charging system, the geometry is closely related to the chute filling angles and
chute positions. An even distribution is demanded after optimizing the chute filling
angles and positions.
Three main research methods have been used in the past: physical experiments,
theoretical models and dynamic simulations. Each method has its advantages and
disadvantages. The physical experiments provide reliable results and sometimes use
high-speed and high-resolution digital imaging techniques for deeper analysis. But the
time required in preparing the facilities is long and the facilities are generally expensive.
In terms of the theoretical models, they can predict the segregation phenomenon to
some extent. However, assumptions often have to be made, and the accuracy is
generally a problem. For dynamic simulation methods, discrete element method (DEM)
is a typical and popular method, which takes into account not only the geometrical
factors but also the forces involved. It can provide some microscopic parameters such
as forces and structures, which are essential for mechanism understanding and can be
readily obtained in the DEM simulation. The disadvantage of DEM is that it is limited
by computational capacity and time. In addition, it has some assumptions and
experienced constants, therefore, the simulation results always need to be validated.

1.2 Objectives of the research
The aim of this research is to improve the understanding of the segregation phenomenon
that occurs in the piling, hopper filling and discharging processes by utilizing DEM
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simulation method. Although plenty of efforts have been made in recent decades to
explain segregation and predict its extent, some deficiencies still exist. Hence, the
objectives of this thesis are to:
•

Review the previous investigations on segregation mechanisms, the key
findings of three research methods on piling, hopper filling and discharging
processes, then to identify the knowledge gaps;

•

Examine the effects of particle properties such as sliding and rolling friction
coefficients and the moisture contents of water to understand the mechanisms
of piling process by correlating the relationships of the structure and forces;

•

Explain the size segregation phenomenon by particle velocity, cluster size and
particle mixing index obtained from DEM, and establish a contour plot and a
correlation to illustrate the effects of sliding and rolling friction coefficients and
volume fraction on segregation of the hopper filling process;

•

Identify the percolation mechanisms in particulate systems with large particle
size ratio, examine the effects of size ratios and hopper angles on hopper
discharging process; and explore the influence of the structural properties such
as porosity, cluster size and the contact number ratio on particle distribution;

•

Extend the segregation study to the real application in a Paul-Wurth hopper,
examine the influence of different chute filling angles and positions on particle
distribution, and provide meaningful information to industries to minimize the
segregation extent.
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1.3 Outline of this thesis
Based on the above analysis, the thesis has 7 chapters and the outline of each chapter is
listed as follows:
Chapter 1 introduces the background of size segregation study on the piling, hopper
filling and discharging processes, the research method and the objective of the present
research.
Chapter 2 provides an in-depth literature review of physical experiments, theoretical
models and mathematical simulation investigation on size segregation of the piling,
hopper filling and discharging processes. Then current knowledge gaps are identified.
Chapter 3 explores the piling process for dry particles with different surface properties.
The effect of volumetric moisture contents on the structures of wet particle piles is
examined. The relationships between the structure and forces are established by fitting
correlations.
Chapter 4 analyses the segregation details of binary mixtures during the hopper filling
process. The model is validated with experimental results, and then a particle scale
mixing index which is related to coordination number is used to quantify the
segregation degree. The velocities and trajectories of large and small particles in binary
mixtures are traced for understanding the segregation. In addition, effects of parameters
used in DEM including sliding friction coefficient and rolling friction coefficients are
examined and shown by a contour plot. Finally, a correlation to quantify the segregation
extent for the various volume fraction of small particles is also established.
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Chapter 5 investigates the hopper discharging process for different particle size ratios.
This work begins with a validation of the experimental results from literature for a large
size ratio. Then the microscopic parameters, including the velocity of small particles,
the porosity of large particle and force structure are analysed for understanding the
percolation and segregation during the discharging process. At last, the effects of the
size ratio and the hopper geometry on segregation are also investigated.
Chapter 6 focuses on the application of a quasi-three-dimensional Paul-Wurth hopper.
The effects of filling operation and filling angles on the size segregation during
charging and discharging a Paul-Wurth hopper are investigated in detail. The degree of
segregation is used to quantify the segregation extent during charging. Further, the map
showing the various discharged time during discharging and wall stress distribution is
drawn to further discuss the segregation mechanisms.
Chapter 7 concludes the whole work and discusses the strengths and limitation of the
current research program, and provides recommendations for further study in this
related area.
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2.1 Introduction
Segregation and mixing are two opposite phenomena during the handling of granular
materials. Causes of segregation are introduced in some articles. For example, Williams
(1976) classified the causes that can give rise to segregation into four sections, which
are different properties in particle size, shape, density and particle resilience. Each of
these properties can make segregation happen under certain circumstances. In particular,
available evidence shows that the difference in particle size is by far the most important.
Therefore, extensive attentions have been paid to the size-induced segregation. For a
particulate system with different particle sizes, certain particles attempt to produce
randomness, but some particles join together to resist this action by segregation. Then
the result is an equilibrium between mixing and segregation setting a limit to the quality
of mixing that can be achieved. Even though the mixers can make satisfactory mixtures,
it is hard to make sure that the quality of the mixing will remain the same during
subsequent procedures like handling and storage.
In recent decades, the segregation phenomenon has been investigated on the processes
including piling, hopper filling and discharging processes under different geometrical,
operational and materials conditions by various research methods. After a survey of a
large amount of literature, three main methods, including physical experiments,
theoretical models and simulation methods have been conducted on this topic. Each
method has its pros and cons.
This chapter is divided into 5 parts. The first part is the fundamental and universal
understanding of segregation phenomenon, including the segregation mechanisms and
segregation indexes. The last four parts are according to the research processes studied.
In each part, different research methods are comprehensively reviewed.
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2.2 Segregation mechanisms and indexes
2.2.1 Segregation mechanisms
Segregation mechanisms have been reviewed by several authors (Williams, 1976,
Bridgwater, 1976, Bridgwater, 1994, Rosato et al., 1987, Savage and Lun, 1988, Tang
and Puri, 2004, Silva et al., 2000, Bridgwater, 2012, Fan et al., 2017) to explain why
and how particulate solids segregated under specific circumstances, and what the results
were with regard to the spatial or temporal distribution of the components of a mixture.
As a review of segregation mechanisms in an early age, Williams (1976) summarised
the mechanisms as trajectory, percolation of fine particles and the rise of coarse
particles on vibration. Subsequently, a total thirteen segregation mechanisms have been
summarised by Silva et al. (2000): trajectory, air current, rolling, sieving (or sifting),
impact, embedding, and angle of repose, push-away, displacement, percolation,
fluidization, agglomeration, and concentration-driven displacement. Attempts to
simplify these thirteen causes into a small number of key mechanisms available for
most segregation problems have been made by Tang and Puri (2004) and Ketterhagen
et al. (2008) by assuming that some occur infrequently- such as embedding or pushaway, and some can be classified into one subset of another mechanism, such as sieving
and percolation. There are four primary segregation mechanisms or patterns, as shown
in Figure 2-1. The last one is related to the solid-liquid system and not introduced here.

Figure 2-1 Four primary segregation mechanisms or patterns. Reprinted from Tang
and Puri (2004), with permission from Taylor & Francis.
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In most situations, segregation occurs combined with several mechanisms, so that no
universal solution exists to solve all the problems. Therefore, the first step for the
research is to restore the phenomenon, and find out what mechanisms are in this
phenomenon. Next, solutions to reduce the segregation extent could be proposed by
various methods. The primary mechanisms are described as following. The purpose of
this content is to make these mechanisms readily to be understood by explaining their
principles and provide an overall cognition on segregation.
2.2.1.1 Side-to-side segregation (Tang and Puri, 2004)
Trajectory mechanism is one mechanism which is related to particles size and density,
especially for large particles. Williams (1976) demonstrated the principle of this
mechanism. If a particle of diameter D and density ρs is projected horizontally with
velocity υ, into a fluid of viscosity η, the horizontal distance that it will travel after
infinite time, sometimes referred to as its “stopping distance”, is equal to υρD2/18η. A
particle of diameter 2D, therefore, travels four times as far. This mechanism can be
called as “inertia segregation” and be understood with the help of Figure 2-2 (a). This
segregation mechanism pattern mostly appears in a mixture when particles are lifted
out of a mass of materials and thrown with the purpose of distributing them across the
surface, for instance, large particles are free to fall or have relatively high rolling or
moving velocity during heap flow or chute flow. This segregation occurs due to the fact
that large particles tend to travel further, and this limits the quality of mixing that can
be achieved.
Rolling segregation could be considered as a special case of trajectory segregation
because large particles in these two cases move further than small particles from the
filling point at heap formation, i.e., small particles in the centre are surrounded by large
- 12 -

Chapter 2 Literature review

particles. Enstad (2001) explained this phenomenon like this. It occurs since only large
obstacles can stop large particles, whereas small particles are easily hit insurmountable
obstacles and stop near the top of the heap. Therefore, the largest particles proceed
down to the edge of the heap, while the smaller particles are arrested near the centre.
Embedding segregation refers to a process where larger and dense particles penetrate
the upper surface of the heap layer and deposit particulate solid and become locked in
this position (Figure 2-2 (b)). It is an inertia-based segregation mechanism and can be
considered as one kind of side-to-side segregation pattern which is completely opposite
of the materials distribution of sifting and rolling. Shinohara et al. (2001) treated this
kind of segregation as “density segregation” since the difference in density is a
significant inducing factor of embedding segregation.
Push-away segregation has a similar situation with embedding because this materials
distribution is also determined by particle size or solid density. This means that heavier
particles fall on the apex of the heap then they push away the lighter or smaller particles
towards the edges of the heap. It is the so-called displacement segregation. The larger
density particles displace the smaller or lighter ones and deposit among them.
Embedding and push-away segregation can be illustrated in Figure 2-2 (c).

High density material
Caught in the surface

Particle with
high density

Low density material

Particles with low density

(a)

(b)

(c)

Figure 2-2 (a) Trajectory; (b) embedding and (c) push-away mechanism. Reprinted
from (Silva et al., 2000), with permission from Springer Nature.
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The above-mentioned mechanisms belong to “side-to-side segregation”. To some
extent, these patterns may occur at packing, hopper filling and discharge process or in
other flow regimes where there are significant velocity gradients within moving bulk
solids.
2.2.1.2 Top-to-bottom segregation (Tang and Puri, 2004)
Percolation is assumed to be the predominant mechanism by which segregation occurs
under the shear condition and attracts researchers such as Williams (1976), Savage and
Lun (1988), and Scott and Bridgwater (1975) to focus considerable study on it. Small
particles are the main research subject in this mechanism. This phenomenon can be
explained as follows. Percolation segregation can take place whenever a mixture of
particles of different characteristics is disturbed and moved then rearrangement of the
particles follows. From time to time, void spaces between particles forms, allowing a
particle at an upper height to fall. Then a particle in some other places moves up to fill
the gaps. If the mixture contains particles with different sizes, it will be easier for a
small particle to fall into the next layer than a larger one, and so there will be a tendency
for the smaller particles to move downwards, leading to segregation, as shown in Figure
2-3 (a). The vast majority of the previous studies focus on causes of percolation’s
emergence, mainly external energy input. Firstly, this can arise from the existence of
shear motion within the mass, caused, for example, by stirring causing shear force or
pouring the particles into a heap by gravity. This aspect was examined by Scott and
Bridgwater (1976) and Tang et al. (2003). The former one used a simple shear cell to
examine the behaviour of small particles when filled with large particles and concluded
that percolation is increased with larger particle diameter ratio. The latter researcher
(Tang et al., 2003) designed and fabricated a primary segregation shear cell device to

- 14 -

Chapter 2 Literature review

test segregation, and quantify the effect of characteristics such as size ratio, density and
shape on segregation. Segregation also occurs when a mixture is in a moving bed which
means that the mixture is shaken and the bed is vibrated. This was conducted by
Shinohara and Golman (2002) using penetration model. Results showed that the
moving bed in a wider cone angle and with a lower initial mixing ratio owned an
unevenly distributed component.
Sieving and displacement segregation could be considered as a special case of
percolation segregation. They are effective when particles filling fast to cause flow in
layers or avalanches down a slope (Enstad, 2001). In the sliding layers, the openings
between the large particles will act as a sieve or a screen, through which fine particles
penetrate downwards during the process. Then the fines are collected at the bottom of
the following layer and only coarse particles are left as large particles reach the edge of
the heap.
Fluidization segregation patterns occur only when fine particles appear in the mixture
or free-fall height exists, such as in pneumatic conveying (Engblom et al., 2012b, Silva
et al., 2000). This is caused by the differences in drag forces on particles in a mixture,
which entrain fine particles to segregate, then the fluidization of bulk solid mixture
makes vertical segregation with accumulating fine or light components to the upper
layer of the particle bed when filling of silos with free fall as shown in Figure 2-3 (b).
Air current segregation is similar with fluidization. Both of them are for materials
having a wide size distribution and dust particles below 50μm. Air currents are induced
by particle streams. Particles fall into the silo and turn outwards when meeting the
surface of the heap already in the silo. So the finer particles are deposited near the walls
and form a deposition with a certain angle (Figure 2-3 (c)).
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(a)

(b)

(c)

Figure 2-3 (a) Percolation; (b) Fluidization segregation and (c) Air-current
mechanism. Reprinted from (Silva et al., 2000), with permission from Springer
Nature.

Above mentioned mechanisms belong to “top-to-bottom segregation”, i.e., large
particles relatively move up while small particles move down.
2.2.2 Segregation indexes
2.2.2.1 Lacey index
Granular segregation or mixing can be quantified by different mixing indexes (Fan et
al., 1970). Almost all the indexes are in macroscopic scale. The most popular one is
Lacey index (Lacey, 1954) as the macroscopic mixing index M to quantify the degree
of segregation. It can be defined by the following equation:

σ 02 − σ t2
M = 2
σ 0 − σ r2

(2-1)

where 𝜎𝜎𝑡𝑡 is the standard deviation of particle fraction of the largest quantity particle in

samples at time t; 𝜎𝜎0 is to express the fully segregated state at time t = t0 or the variance
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before mixing; 𝜎𝜎𝑟𝑟 is to express the fully mixed state. And 𝜎𝜎𝑡𝑡 , 𝜎𝜎0 and 𝜎𝜎𝑟𝑟 are defined
according to the following equations:

2
∑𝑛𝑛
𝑖𝑖=1(𝑥𝑥𝑖𝑖 −𝑝𝑝)

𝜎𝜎𝑡𝑡 = �

𝑛𝑛

𝜎𝜎0 = �𝑝𝑝(1 − 𝑝𝑝)
𝑝𝑝(1−𝑝𝑝)

𝜎𝜎𝑟𝑟 = �
where

𝑛𝑛

(2-2)

(2-3)

(2-4)

xi is the numerical proportion of small particle present in a sample square i. 𝑝𝑝 is

the overall particle number fraction of the target type particles considered in the binary
mixture. 𝑛𝑛 is the number of samples. When M is 0, particles are fully segregated. When
the M is 1, it means the particles are fully mixed.
2.2.2.2 Particle scale mixing index
To investigate mixture quality at a particle scale, two approaches are generally used,
one is coordination number and the other is a particle-scale mixing index (PSMI)
derived from coordination number (Chandratilleke et al., 2012). Coordination number,
which can be readily obtained from DEM simulation, is the number of particles in
contact with a considered particle. This is a key parameter to understanding the
behaviour of segregation by recording various pairs of contacts and hard to obtain from
a physical experiment. PSMI is defined based on Lacey’s mixing index (Eq. (2-1)), but
the calculations of 𝜎𝜎𝑡𝑡 , 𝜎𝜎0 and 𝜎𝜎𝑟𝑟 are different and in particle scale level. For example, n
in Eq. (2-2) changes to particle-scale sample size, which is equivalent to 1+ the average

coordination number of mono-sized particles. n in Eq. (2-3) changes in total particle
number. p in Eq. (2-3) and Eq. (2-4) is still the number ratio of a small particle in the
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binary mixture when well-mixed. p in Eq. (2-2) changes into x t =

2), the particle number fraction

1
N

N

∑x
i =1

i

. In Eq. (2-

xi is different and is defined by coordinate number as:

xi =

CnS ( core )

(2-5)

Cni + 1

or
xi =

CnS ( core ) + 1

(2-6)

Cni + 1

where S means the small particle with a large amount, Cn is the total coordination
i

number of core particle i, Cn

is the number of small particle contacts for the core

S ( core )

particle i. If the core particle is the small type, Eq. (2-6) is used. If not, Eq. (2-5) is used.
2.2.2.3 Other segregation index
Shinohara et al. (1972) proposed an equation to illustrate the segregation degree in a
bounded heap flow, shown as below:
𝐿𝐿

𝐷𝐷𝑠𝑠 = 1 − 𝐿𝐿 𝑠𝑠

ℎ

(2-7)

where Ls is the farthest distance along the heap line from the heap top to the point small
particles can reach. Lh is the distance from the heap top of height to the hopper wall
along the heap surface. This method can decrease the effect of the difference of heap
length due to various filling positions.
Benito et al. (2013, 2014) applied two segregation indexes in their experimental results
analysis. The indices 𝐼𝐼𝐻𝐻 and 𝐼𝐼⊥ were defined as:
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𝐼𝐼𝐻𝐻,⊥ = 2 𝑉𝑉

𝑉𝑉𝐿𝐿

𝐿𝐿 +𝑉𝑉𝑆𝑆

−1=2

𝑛𝑛𝐿𝐿
𝑛𝑛
𝑎𝑎 𝑆𝑆 +𝑛𝑛𝐿𝐿
27

−1

(2-8)

where a = 1 for size ratio of 3:1, a = 8 for size ratio of 3:2. 𝑉𝑉𝐿𝐿 (𝑉𝑉𝑠𝑠 ) is the total volume of

the large (small) grains and 𝑛𝑛𝐿𝐿 (𝑛𝑛𝑠𝑠 ) is the number of large (small) grains present in the

sample. Samples were taken over vertical strips all with the same volume to calculate
𝐼𝐼𝐻𝐻 for a given pile. On the other hand, the corresponding samples to evaluate 𝐼𝐼⊥ were

taken over strips (all with the same volume) parallel to the free surface of the pile. These

indices were defined to distinguish between the two kinds of segregation behaviours
obtained in the experiments, i.e., typical segregation and stratification.
Zhang et al. (2014) used the radial segregation index (RSI) to quantify particle
segregation. The RSI is the standard deviation of the normalized quantity (mass fraction
or mean particle size) for all of the annul i, which was given as:
1

𝑥𝑥

𝑥𝑥

𝑅𝑅𝑅𝑅𝑅𝑅 = �𝑛𝑛 ∑𝑛𝑛𝑖𝑖=1(𝑥𝑥 𝑖𝑖 − (𝑥𝑥 𝑖𝑖 )𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 )2
𝑚𝑚

𝑚𝑚

(2-9)

where n is the number of annuli, 𝑥𝑥𝑖𝑖 is the particles mass fraction or mean particle size

at the ith annulus, and 𝑥𝑥𝑚𝑚 is the particle mass fraction or mean particle size for all annuli.
𝑥𝑥

The mean value of 𝑥𝑥 𝑖𝑖 is unity. RSI can be described based on the mass fraction of each
𝑚𝑚

coke particle size or based on the mean particle size. This index could show the relation
with the chute angles. Hence, RSI can be used to describe the effect of the chute
inclination angle on the size segregation of the heap.

2.3 Sandpile
When granular materials are poured onto a surface, a sandpile forms. It is a typical
system encountered in many industries dealing with particulate materials ranging from
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flours, coal and sinters to concretes and medicines. Sandpile is a basic but complicated
system for theoretical studies and much attention has been made to understand the
different phenomena such as stress dip under the pile (Zhou et al., 2003, Zhou et al.,
2014, Luding, 1997), stratification (Makse, 1997, Makse et al., 1997b), avalanching at
the surface (Alexander et al., 2006) and self-organisation(Frette et al., 1990). Sandpile
is similar to the heap formation process, the former one packs without a boundary and
the latter one always pack with boundaries. Their packing patterns are analogous and
will be discussed together here.
2.3.1 Physical experiments
Makse et al. (1997, 1997a, 1997b, 1998a, 1998b, 1998c, 1998d, 1998) explored the
stratification and segregation phenomena by a large number of experiments in a quasi2D transparent cell throwing a mixture of two species of grains and verified their
proposed continuum models. In the experiment part (Makse et al., 1997b), they used
grains of sand (cubic-shape with the angle of repose equal to 35o) and glass beads with
different angle of repose, which were smaller “less faceted” grains θ22 and larger “more
faceted” grains θ11. Through their experiment results, the control factor for stratification
was the difference of the repose angles of the pure species, θ. An essential ingredient
to obtain stratification was that θ22 > θ11. On the other hand, strong segregation, but not
stratification, occurred when θ22 < θ11 (Figure 2-4). They suggested that the resulting
stratification derived from the kink competition between the size and shape segregation.

- 20 -

Chapter 2 Literature review

(a)

(b)

(c)

Figure 2-4 (a) A typical result of the formation of a successive layer of fine and coarse
grains; (b) Dependence of the repose angle for the two types of rolling grains on the
concentration of the surface of large grains; (c) The dash-circled zone is the kink
zone. Reprinted from (Makse et al., 1997b), with permission from Springer Nature.

Benito et al. (2014) built up a large amount of granular piles using a versatile moving
device with a discharge point to the top of the pile. The effects of the size of the injected
grains, the discharged masses fraction, the free fall height and the amplitude of the
horizontal motion were studied. A phase diagrams (Figure 2-5) obtained for the
different flow regimes as a function of the mentioned variables, demonstrating the
existence of stratification even for beads with the same round shape but different size.
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Figure 2-5 A phase diagrams obtained from the experimental results, showing the
interactions between different segregation-mixture states. Reprinted from (Benito et
al., 2013), with permission from Elsevier.

Grasselli and Herrmann (1997, 1998, 1999, 2001) deeply examined the angle of repose
of two-dimensional heaps into a vertical Hele-Shaw cell for both mono-sized and binary
mixture. Among them, segregation and stratification on a heap of binary granular
mixtures with sand (rough) and glass spheres (smooth) were studied (Grasselli and
Herrmann, 1998) and a phase diagram of heap morphologies considering the particle
size and shape effects was drawn (see Figure 2-6). They showed that stratification
occurred only when the size ratio of rough particles to small particles was greater than
1.5. They also presented that stratification depended on the separation between the
walls of the cell where the pile was built and on the mass flux of the grain mixture.
Fan et al. (2012, 2014, 2017) investigated the different final particle configurations of
binary granular mixtures during filling of quasi-two-dimensional silos. The control
parameters, including particle size ratio, flow rate, system size, and heap rise velocity
were explored. The effect of two-dimensional flow rate was found significant to the
final states. The effects of particle size ratio and flowing layer length were small, as
shown in the phase diagram in Figure 2-7. On the other hand, a transition from
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segregated to mixed states was determined by the rise velocity of the heap which
depended strongly on the particle size ratio.

Figure 2-6 Phase diagram of heap morphologies considering the effects of size ratio
and shape. Reprinted from (Grasselli and Herrmann, 1998), with permission from
Springer Nature.

(a)
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(b)
Figure 2-7 (a) Phase diagram in terms of flow rate q and size ratio R at three different
silo width W; (b)Phase diagram of a final state in terms of rising velocity Vr and size
ratio R at three heap widths W. Reprinted from (Fan et al., 2017), with permission
from Elsevier.

2.3.2 Theoretical models
2.3.2.1 Boutreux and deGennes (BdG) model
The minimal model (Boutreux and deGennes, 1996) discussed theoretically the filling
of a two-dimensional silo when a mixture of particles was poured at the centre. The
basic tool was a coupled set of equations (for the local density of rolling species, and
for the profile) then they were extended to a pair of species, including various processes:
amplification, capture, and exchange of rolling grains. The problem was complex when
considering oscillation. So they simplified the problem as a steady state one and tried
to find the regulation of the downhill segregation. When collision features were
simplified to the utmost it could be treated as a minimal model. By using the simplest
form of the resulting equations, several predictions were obtained for the steady-state

- 24 -

Chapter 2 Literature review

profile and for the concentration distribution. At the bottom side of the slope, a
complete purification was expected.
Boutreux et al. (1998) extended this model for mono-sized particle surface flow to flow
of mixtures with different sizes. There was a sharp distinction between a static phase
where grains were at rest and a thin rolling phase on top of the static phase. The different
phases exchanged from the grains at rest and the rolling stream via binary collisions. It
was predicted that during the filling of a two-dimensional silo, continuous segregation
appeared inside the static phase: small (respectively, large) grains tended to stop uphill
(respectively, downhill), although both species remained present everywhere, as shown
in Figure 2-8.

Figure 2-8 The volume fraction of small and large particles in the static phase,
calculated by the numerical solution in a 2D cell. Reprinted from (Boutreux et al.,
1998), with permission from Springer Nature.

2.3.2.2 Geometrical models
Shinohara et al. (1970) studied the mechanisms of segregation and blending of binary
mixtures of particles flowing out of a mass-flow hopper mathematically based on the
screen model, where small particles pass through the interspaces of large particles
during flow out of a hopper. In the same way, mechanisms of size segregation of
particles were investigated using the same models and similar equations focusing on
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filling process into a hopper (Shinohara et al., 1972). At last, they validated the
calculated results with experimental results and found that they showed good agreement
which can elucidate the availability of screen model.

Figure 2-9 Illustration of screening layer model. Reprinted from (Shinohara et al.,
1972), with permission from Copyright (1972) American Chemical Society.

This model is illustrated in Figure 2-9. The process can ideally be described as follows:
particles mixtures flow along the solids heap. Small particles initiate to be separated
from the mixture by passing through the interspaces of large particles from the flowing
layer of the particle. Then the small particles which have passed through the flowing
layer reach the stationary heap surface. Then they flow down on the surface together
with the separated flowing large particles, then drop into the gaps formed by the
stationary layer of large particles under the flowing layer. This segregation process
continues during one cycle of the heaping process, and the stationary layer of large
particles is gradually packed to be full of small particles separated from the flowing
mixture. Then the same heaping is repeated while filling the hopper.
Over the next few years, mechanisms of segregation utilising this screen model in
different situations were investigated, for example, differently shaped particles
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(Shinohara, 1979), density segregation (Shinohara and Miyata, 1984), solids
segregation over a two-dimensional dead man in an ironmaking blast furnace
(Shinohara and Saitoh, 1993), multi-component mixtures (Shinohara et al., 2001),
multi-size mixtures (Shinohara and Golman, 2002).
2.3.2.3 Advection-diffusion-percolation model
Fan et al. (2014) extended a model considering all of advection, diffusion and
percolation and proposed the non-dimensional governing equation for the concentration
of species i is:

(2-10)

(2-11)
where 𝑢𝑢𝑖𝑖 is the velocity of species i and D is the collisional diffusion coefficient. 𝑤𝑤𝑝𝑝,𝑖𝑖

is a percolation velocity, for each species relative to the mean velocity 𝑤𝑤 . Two
dimensionless parameters Λ and Pe have physical meaning. Λ is the ratio of an
advection timescale to a segregation timescale. Pe, the Péclet number, is the ratio of a
diffusion timescale to the advection timescale.
This transport model could predict the final particle spatial distribution by a numerical
solution with appropriate initial and boundary conditions. When the boundary condition
is between the flowing layer and the static bed, particle deposition and erosion occur.
The model considers two dimensionless parameters, Λ and Pe describe how different
physical mechanisms determine the final particle distributions, as shown in Figure 210. It is divided into three regions, in each of which one mechanism dominates over the
other two mechanisms. Among these mechanisms, advection has the role of preserving

- 27 -

Chapter 2 Literature review

initial conditions, collisional diffusion acted to mix the two species and percolation
results in separation of the two species. At the boundaries between these regions, two
or more mechanisms interact with each other and play comparable roles in determining
particle spatial distributions.

Figure 2-10 Λ–Pe parameter space illustrating different segregation regimes. Black
lines indicate where pairs of time scales are equal and divide parameter space into
regions dominated by either advection, diffusion, or segregation. Reprinted from (Fan
et al., 2014), with permission from Cambridge University Press.

2.3.3 Numerical methods
Physical experiments examine the macroscopic behaviours of particulate. The particle
behaviour is controlled by the interaction forces between individual particles as well as
interactions with surrounding gas or liquid and wall. Therefore, understanding these
microscopic mechanisms regarding the interaction forces is very significant to obtain
the results that can be generally used and provide truly interdisciplinary research in the
particulate matter. This aim can be achieved by particle scale research based on the
detailed micro-dynamic information. In recent years, such particle scale research has
been rapidly developed worldwide, mainly because of the rapid development of discrete
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particle simulation technique and computer technology. Several discrete modelling
techniques have been developed, including Monte Carlo method, cellular automata and
discrete element method (DEM). DEM is a dynamic simulation method, which
considers not only the geometrical factors but also the forces involved. It can provide
some microscopic parameters, such as the trajectories of and transient forces acting on
individual particles, which is extremely difficult to obtain by physical experimentation
at this stage of development. These parameters are essential for mechanism
understanding and are readily obtained in the DEM simulation process. Consequently,
DEM has been increasingly used in the past two decades or so.
2.3.3.1 DEM
In a DEM simulation, an explicit numerical scheme is used to trace the motion of
individual particles in a considered system. A particle has two types of motions, which
are the translational and rotational motion (as shown in Figure 2-11). These are
described by Newton’s second law of motion (Cundall and Strack, 1979). During the
movement, the particles may have collisions with their neighbouring particles or the
hopper wall, through which the momentum is exchanged. At any time t, the governing
equations (Zhu et al., 2007) for translational and rotational motions of particle i in the
system are:
𝑚𝑚𝑖𝑖

𝑑𝑑𝐯𝐯𝑖𝑖
𝑑𝑑𝑑𝑑

= ∑𝑘𝑘𝑗𝑗=1�𝐟𝐟𝑐𝑐,𝑖𝑖𝑖𝑖 + 𝐟𝐟𝑑𝑑,𝑖𝑖𝑖𝑖 + 𝐟𝐟𝑐𝑐𝑐𝑐ℎ𝑒𝑒,𝑖𝑖𝑖𝑖 � + 𝑚𝑚𝑖𝑖 𝐠𝐠
𝐼𝐼𝑖𝑖

𝑑𝑑𝒘𝒘𝑖𝑖
𝑑𝑑𝑑𝑑

= ∑𝑘𝑘𝑗𝑗=1(𝑀𝑀𝑡𝑡,𝑖𝑖𝑖𝑖 + 𝑀𝑀𝑟𝑟,𝑖𝑖𝑖𝑖 )

(2-12)
(2-13)

where 𝐯𝐯𝑖𝑖 and 𝝎𝝎𝑖𝑖 are the translational and angular velocities respectively of particle i

with mass 𝑚𝑚𝑖𝑖 and moment of inertia 𝐼𝐼𝑖𝑖 . The forces considered are gravitational and

particle-particle interaction forces including elastic contact force 𝐟𝐟𝑐𝑐,𝑖𝑖𝑖𝑖 and viscous
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damping force 𝐟𝐟𝑑𝑑,𝑖𝑖𝑖𝑖 in both normal and tangential components at the contact point. The

capillary force between particles i and j is also considered for a system with wet
particles. The torque acting on particle i by particle j includes two components. One is
generated by tangential force and causes particle i to rotate, 𝐌𝐌𝑡𝑡,𝑖𝑖𝑖𝑖 , and rolling friction
torque 𝐌𝐌𝑟𝑟,𝑖𝑖𝑖𝑖 generated by normal force that acts to oppose the relative rotation between

the contacting particles. For a particle undergoing multiple interactions, the individual

interaction forces and torques are vectorially summed for the 𝑘𝑘𝑖𝑖 particles interacting

with particle i. Equations except for capillary force, which are used to calculate

difference forces and torques are referred in Zhou et al. (2005) and listed below in Table
2-1.

Figure 2-11 Schematic illustration of the forces acting on the particle from contacting
particle j and non-contacting particle k. Reprinted from (Zhu et al., 2007), with
permission from Elsevier.

On the other hand, in practice, particles are often not dry, water or moisture content
might have a significant effect on other packing properties, as demonstrated in literature
studies (Anand et al., 2010, Yang et al., 2007, Dong et al., 2012). The cohesive force
(or so-called capillary force) between particles formed by the liquid is caused by surface
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tension due to the liquid bridge between particles. Some experimental and theoretical
studies have been conducted by Samadani and his colleagues (Samadani and Kudrolli,
2001, Samadani, 2002). For example, the angle of repose and segregation degree was
analysed under different liquid types. Results presented that the angle of repose of the
granular matter was observed to increase sharply as the volume fraction of the fluid was
increased and then saturated. Meanwhile, a maximum angle of stability was proposed
by Mohr-Coulomb model for a wet granular pile (Nowak et al., 2005). Some attempts
have been made by some researchers on rotating drums (Liu et al., 2013) and the piling
process of mono-sized particles (Dong et al., 2013).
Table 2-1 Components of forces and torque acting on particle i
Forces and torques
Normal elastic force
Normal damping force
Tangential elastic force

Sym
bols
𝐟𝐟𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖

Equations

𝐟𝐟𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖

− µ s f cn ,ij (1 − (1 − δ t / δ t ,max

𝐟𝐟𝑑𝑑𝑑𝑑,𝑖𝑖𝑖𝑖

− 4 / 3E * R * δ n3 / 2 n

(

− c n 8mij E * R *δ n

12

Vn ,ij
32

)δ̂t

(δ t < δ t ,max )

(

Tangential damping
force

𝐟𝐟𝑑𝑑𝑑𝑑,𝑖𝑖𝑖𝑖

− ct 6 µ s mij f cn ,ij

Coulomb friction force

𝐟𝐟𝑡𝑡,𝑖𝑖𝑖𝑖

− µ s f cn ,ij δ̂t

Torque by tangential 𝐌𝐌𝑡𝑡,𝑖𝑖𝑖𝑖
forces
Rolling friction torque
𝐌𝐌𝑟𝑟,𝑖𝑖𝑖𝑖

)

1 − v t / δ t ,max / δ t ,max

,

)

12

Vt ,ij

(δ t < δ t ,max )
, (δ t ≥ δ t ,max )

R ij × (fcn ,ij + fdt ,ij )



µr ,ij fn ,ij ωtn,ij

where R* is the reduced radius of the particle i and j at the contact point.

*
2
ˆ =δ /δ ,
1 / mij = 1 / mi + 1 / m j , E = E / 2(1 − v ) , ω t ,ij = ω t ,ij / ω t ,ij , δ
t
t
t

δ t , max = µ s (2 − v) / 2(1 − v) ⋅ δ n ,

Vij = V j −V i +ω j × R c , ji − ω i × R c ,ij , Vn ,ij = (Vij ⋅ n) ⋅ n ,

Vt ,ij = (Vij × n) × n . Note that tangential forces (fct,ij+fdt,ij) should be replaced by
ft, ij when δ t ≥ δ t ,max .
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The calculation of the capillary force due to the formation of a liquid bridge between
two adjacent particles is a numerical solution of the Laplace-Young equation (Orr et al.,
1975, Lian et al., 1993, Chen et al., 2011, Lian and Seville, 2016). However, this kind
of analytical solution is complex based on different approximations. Several simple
expressions are proposed by using Derjaguin approximation. One equation for unequal
spheres is written as (Willett et al., 2000):

𝐹𝐹𝑐𝑐𝑐𝑐ℎ𝑒𝑒,𝑖𝑖𝑖𝑖 = 2𝜋𝜋𝑅𝑅𝑖𝑖𝑖𝑖 𝛾𝛾

𝑅𝑅𝑖𝑖𝑖𝑖 (1−cos 𝛽𝛽) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(2-14)

𝑅𝑅𝑖𝑖𝑖𝑖 (1−cos 𝛽𝛽)+2𝑆𝑆

𝑅𝑅 𝑅𝑅

𝑖𝑖 𝑗𝑗
where, 𝑅𝑅𝑖𝑖𝑖𝑖 is the harmonic mean radius of particles i and j, 𝑅𝑅𝑖𝑖𝑖𝑖 = 𝑅𝑅 +𝑅𝑅
. 2S is the
𝑖𝑖

𝑗𝑗

distance between two particles. 𝛾𝛾 is the surface tension. 𝜑𝜑 is the contact angle. 𝛽𝛽 is the
half-filling angle, which can be obtained by 𝑉𝑉 = 2𝜋𝜋𝜋𝜋𝑅𝑅 2 𝑠𝑠𝑠𝑠𝑠𝑠2 𝛽𝛽. 𝑉𝑉 is the volume of the
moisture between two particles. The relationship between 𝑉𝑉 and the normalized
3
moisture content 𝑉𝑉 ∗ is 𝑉𝑉 = 𝑉𝑉 ∗ × 𝑅𝑅𝑖𝑖𝑖𝑖
.. The effect of particle roughness on the capillary

force is complex. Once when the distance between two particles exceeds rupture

distance, the liquid bridge and capillary force be removed. This rupture distance 2𝑆𝑆𝑐𝑐 is

defined as (Willett et al., 2000):

𝜑𝜑 𝑅𝑅

𝑅𝑅

2

2𝑆𝑆𝑐𝑐 = �1 + 4 ( 𝑅𝑅𝑗𝑗 + 1)� [𝑉𝑉 ∗1/3 + ( 𝑅𝑅𝑗𝑗 − 5)𝑉𝑉 ∗2/3 ]𝑅𝑅𝑖𝑖𝑖𝑖
𝑖𝑖

𝑖𝑖

(2-15)

This method is approved relatively accurate for small bridge volumes and for separation
distances excluding those at close-contact and near-rupture.
To implement the capillary force in DEM simulation, liquid distribution among
particles has to be determined. Yang et al. (2003) assumed liquid being distributed
evenly and not transferable among particles. Once the particle gap is smaller than the
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rupture distance, a liquid bridge is formed and the liquid assigned to a particle will be
evenly distributed to its liquid bridges.
2.3.3.2 Piling process investigation by DEM
Angle of repose of a sandpile is one of the most important macroscopic properties in
characterizing granular materials. The investigations on the angle of repose by DEM
has been implemented on mono-sized spheres (Zhou et al., 2001), ellipsoid particles
(Zhou et al., 2014) and cohesive mono-sized particles (Dong et al., 2013) etc..
Zhou et al. (2001) studied the effects of particle characteristics, material properties, and
geometrical on the angle of repose of the piling. It was found that sliding and rolling
frictions were the primary reasons for the piling formation; the detailed trend could be
seen from Figure 2-12. The angle of repose was also influenced by the particle size and
container thickness and was not so sensitive to density, Poisson’s ratio, damping
coefficient, and Young’s modulus.

(b)

(a)

Figure 2-12 Angle of repose as a function of (a) sliding friction coefficient and (b)
rolling friction coefficient for sandpile formation process of mono-sided particles.
Reprinted from (Zhou et al. 2001), with permission from Springer Nature.

- 33 -

Chapter 2 Literature review

Dong et al. (2013) examined on the piling processes of mono-sized wet particles by
DEM. The effects of moisture content on the repose angle and structure of a pile were
studied by a series of controlled numerical experiments. It was confirmed that the
structure of a pile was similar to that of a packing for cohesive particles. Moreover, the
averaged local porosity and repose angle had similar changes with the moisture content
and can be linearly correlated. Therefore, the relationship between the repose angle and
the cohesive force can be established.
Zhou et al. (2014) explored the angle of repose of the mono-sized ellipsoid particles’
sandpile formation process. The ellipsoid particles were realized by a modified DEM
study and they were characterized by different aspect ratios. The relationship between
the angle of repose and aspect ratio revealed that spheres have the lowest angle of
repose compared with ellipsoids. The coordination number’s relationships with
different aspect ratio were examined.

Figure 2-13 Correlations of the angle of repose and porosity with force ratio.
Reprinted from (Dong et al. 2013), with permission from AIP Publishing.
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Figure 2-14 Angle of repose for different aspect ratios (the insets are sandpiles formed
by the discharging method. Reprinted from (Zhou et al. 2014), with permission from
Springer Nature.

2.4 Hopper filling
Particle mixtures with a wide range of sizes, shapes, and densities often experience
segregation during the handling and transport operations. Material hopper is one
important device in the processing of granular materials, where the fundamentals
governing particle size segregation during the hopper filling process have been
examined by several researchers using the three approaches.
2.4.1 Physical experiments
Aminaga et al. (1987) investigated size segregation and size variation of sinter in a bellless type distribution system. The experimental apparatuses used were the 1/10 scale
model, as shown in Figure 2-15. In their research, charging rate of burden into the
bunker could have a significant influence on size segregation in the bunker during
charging. Varied charging rate conditions, therefore, were examined the first time.
Results they obtained were as following. First one was that with the increase of the
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charging rate of sinter into the bunker, size segregation in the bunker would decelerate.
As a result, the size variation during discharging from the bunker decreased. The second
one was that in the aspect of restraint of the size variation from the bunker, the control
of size segregation during charging into a bunker was effective and one simple method
was to install a stone box.
Shinohara et al. (1972) examined size segregation of particles in filling a two-dimension
transparent hopper. The experimental apparatus is shown in Figure 2-16. Results
illustrated a V-shaped zone existing where smaller particles are contained as a result of
segregation. This zone expanded with a smaller fraction of large particles in the feed
process, longer distance of flow along the heap surface, and larger feed rate of particles.
Meanwhile, the pattern of distribution of mixing ratio of large particles within the zone
was derived in relation to the feed rate of particles, the initial mixing ratio of the solids
feed, hopper geometry, for instance, a hopper cone angle and the height of solids heap,
and material properties such as size and density.

Figure 2-15 Experimental apparatus of 1/10 scale model. Reprinted from (Aminaga et
al., 1987), with open access.

- 36 -

Chapter 2 Literature review

Figure 2-16 Experimental apparatus of the hopper. Reprinted from (Shinohara et al.,
1972), with permission from American Chemical Society.

After filling in a bin or hopper, a cone or heap forms to cause materials to segregation.
Garve (1925) noted that when grained materials were delivered from a chute into a
storage bin, a heap or cone always formed on top of the fill, which would deposit as a
screen and cause the material to segregate. Structure of the cone was smaller particles
near the heap centre and large particles rolling down to the base of the heap. The reason
for this phenomenon was that coarser and heavier particles, having the greater
momentum, would roll down and collect at the bottom of the cone. The finer and lighter
particles remained toward the centre or top of the cone. This theory was agreed by
Boutreux and deGennes (1996) and Smith et al. (2001).
Drahun and Bridgwater (1983) conducted three mechanisms for segregation during
heap formation: avalanching, percolation, and migration of large particles to the surface.
They studied the effects of several factors and concluded that the primary factor
affecting segregation was a size difference, then to some extent also particle shape,
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density and concentration, free-fall height and slight differences of the inlet structure
of the feed, e.g. slight segregation in a feed device or feed hopper. They also noted that
general effects when simulating the behaviour of on a conical heap were similar but the
avalanching frequency was reduced and the principal particles were turned down to the
surface.
However, Standish (1985) disagreed with some results on particle movement. He
thought that the conditions they used, for instance, binary mixtures of glass ballotini
and ideal conditions in a rectangular bed, were impossible to analytically model the key
features of free-surface segregation. For high-speed moves of heap formation had not
been detected avalanching or shimmering but only a tumbling motion which suggested
principal segregation mechanisms might not be same in different systems. It was
concluded that concentration of heap was correlated with feed concentration. It means
that the concentration of these particles in the hopper was essentially uniform and it
was related to the feed concentration. It could be depicted by an equation C=Cok, where
C and Co were the concentration of small particle and feed composition respectively, k
is an experimentally obtained segregation constant.
2.4.2 Simulation methods
The segregation of granular materials filling in and discharging from a hopper has been
the focus of several studies in recent years. Except for the physical experimental studies,
the mathematical methods, in particular, DEM by several researchers are outlined here.
Rahman et al. (2011) used DEM to validate the screening model proposed by Shinohara
et al. (1972) in forming a conical pile. The distribution of mixing ratio of a segregating
component of different sizes could be drawn along the pile surface and well correlated
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with each other for the first time (as shown in Figure 2-17). As a result, the zone, where
the segregating component of the smaller particle is contained around a central feed
point, was found to expand by an increment of the initial mixing ratio, the volumetric
feed rate and the flow length of the pile surface. Flowability parameters such as velocity
ratio, penetration rate and packing rate of the segregating component were the key
parameters.
Zhang et al. (2014) examined the behaviour of coke particles charged into the conical
weighing hopper. The size segregation could be seen in the charging process. When the
charging process was completed, it could be found that most of the small particles
located near the top of the heap and some near the conical bottom wall, whereas many
large particles are deposited at the surroundings of the heap. The reasons are because
the small particles with low kinetic energy are apt to percolate through the matrix of
large particles, whereas large particles can easily slide and bounce over the particle bed.

Figure 2-17 Variation of size segregation patterns with different ratios of particle
diameter by DEM simulation. Reprinted from (Rahman et al., 2011), with permission
from Elsevier.
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Figure 2-18 Snapshots of the particle behaviour in the weighing hopper during the
charging phase. Reprinted from (Zhang et al., 2014), with permission from Elsevier.

2.4.3 Methods to minimise heap formation during filling
Three primary mechanisms may occur during the filling process, i.e. trajectory, sieving
and fluidization (Mosby, 1996). The former two segregation mechanisms mainly
appear due to the formation of the heap. Therefore, the best way to reduce segregation
is to avoid the formation of a heap or cone during filling a silo or hopper (Clague and
Wright, 1973). Recently, techniques used to prevent heap formation include the use of
various types of distributors and inserts (Tang and Puri, 2004).
Two methods to prevent cone formation proposed by Garve (1925) were as follows.
First one is to design a flexible spout, such as a conical distributor, star-like cone,
branch pipe and conical sieve distributor. Their discharge end would always have to be
on top of the material and moved around continually, to keep the top of the bin into
several small heaps. Some of these tools are shown in Figure 2-19. Another way of
preventing cone formation would be to use a continually rotating levelling device with
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prongs or scrapers to level down the beginning of a cone before segregation sets in.
However, such a device would be complicated because of the complex design,
expensive fabrication, and costly operation.

Figure 2-19 Tools for minimizing segregation during filling. Reprinted from (Tang
and Puri, 2004), with permission from Taylor & Francis.

2.5 Hopper discharging
2.5.1 Discharging flow patterns
Segregation of particulate solids in silos or hoppers cannot be discussed without
reference to the discharge flow pattern that designates the order of withdrawal of the
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contents of a silo (Engblom et al., 2012a). Segregation may be induced at silo filling,
but the discharge flow pattern also affects the segregation observed at silo emptying,
which is of primary interest in the majority of cases. Two main types of discharge flow
patterns have been identified: mass flow and funnel flow. The concept of mass flow
and funnel flow is first developed by Jenike et al. (1964). A simple illustration of
different discharge flow patterns is shown in Figure 2-20.
Most of the previous and current research in the field of silo flow aimed at converting
the flow pattern from funnel to mass flow, and some interesting findings in this area are
discussed below.
(1) Mass flow
Figure 2-20 (a) gives a schematic illustration of mass flow. Mass flow is characterized
by the movement of the entire silo contents whenever emptying occurs. The materials
must be withdrawn from across the entire outlet area and can be achieved with steep
and low friction hopper walls. The outstanding feature of mass flow and funnel flow is
that no stagnant regions exist in the former one. Whereas the presence of dead materials
regions is the unifying characteristic for all funnel flow silos.
This discharge pattern of mass flow was considered as inducing “first-in-first-out”
withdrawal of the silo contents, however, this definition was not agreed by Bates et al.
(1997). The reason for Bates’ postulation lied in the velocity gradients present towards
the end of complete emptying in mass flow silos. Mass flow was usually associated
with little or no segregation because materials from different radial positions were
mixed at the outlet. Therefore, any horizontal or side-to-side segregation phenomena
during filling were reoccurred for during emptying. The benefits of mass flow are to
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avoid indefinite storage time, to allow materials flow through smaller outlets, to re-mix
contents on discharge, to reduce the prospect of ‘flushing’ and to predict storage time
and performance (Bates et al., 1997). But due to economic reasons or height limitation,
most hoppers are not so designed.
(2) Funnel flow
Funnel flow is characterized by the presence of stagnant regions in the silo during
discharge. There are several different forms. For instance, the flow can be restricted to
a narrow pipe extending from the upwards outlet to the surface layers (Figure 2-20 (b)).
Sometimes, the flow channel can be enlarged from the outlet and reached the silo walls
below the surface of the bulk solid (Figure 2-20 (c)).

Figure 2-20 Illustration of different discharge flow patterns in silos: (a) mass flow; (b
and c) funnel flow. Reprinted from (Engblom et al., 2012a), with permission from
Taylor & Francis.

Funnel flow is sometimes referred to as “first-in-last-out” in order to differentiate it
from the mass flow. But this is clearly an oversimplification. Compared with mass flow,
funnel flow is caused by rat-holing and subsequent flooding of fine powders near the
hole. With free-flowing particulate matter, the silo contents may segregate during
funnel flow discharging due to the different velocities of the bulk solids.
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(3) Conversion from funnel flow to mass flow
Several solutions have been proposed for achieving mass flow in silos with certain
hopper angles. In the majority of cases, this is accomplished with the installation of an
insert, a kind of flow obstruction, in the lower part of the silo, for examples, inverted
cones, double cones, cone-in-cones. In the experiments, the tracer or marker objects
have been utilized with success. These solutions reduce the requirement of headroom,
but it is not a trivial task to design the inserts correctly to give mass flow.
Standish et al. (1988) examined the degree of mixing in bins in quantify level. He used
the residence time distribution (RTD) to analysis mass-flow and funnel-flow patterns.
Through tracer response curves and in particular, by the mean and variance of these
curves, these flow patterns were readily characterised and quantified. In his experiment,
hoppers with and without a flow-corrective insert were analysed respectively, as shown
in Figure 2-21. From the figures, we can find that the flow pattern was completely
changed with the insert placed in the bin.

(a)

(b)

Figure 2-21 Photograph of materials flow in the bin (a) without an insert; (b) with an
insert. Reprinted from (Standish et al., 1988), with permission from Elsevier.

Aminaga et al. (1987) studied the effects of the flow pattern in the hopper with and
without an insert on the concentration of discharged particles (Figure 2-22). Through
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comparing the relative particle size to analyse the content of segregation. It was found
that stone box could reduce size segregation and attribute to the improvement of solid
flow during discharging.
At last, it was concluded that when aiming at the restraint of the size variation from the
bunker, it is difficult to change the solid flow into plug flow during discharging by the
installation of an insert in the bunker. For the restraint of the size variation from the
bunker, the control of the size segregation during charging into the bunker is effective
and one of the simple countermeasures is to install a stone box. The suitable size of the
stone box was determined such that all of the sinters can collide with the stone box. The
suitable position of the stone box was selected close to the upper surface of burden pile.

(a)

(b)

Figure 2-22 (a) Design method of the suitable cone type insert in the bunker; (b)
Effect of installation of the stone box on the discharge behaviour in the 1/10 scale
model experiment. Reprinted from (Aminaga et al., 1987), with open access.

2.5.2 Physical experiments
As shown above, there has been significant research studied on heap formation and
filling a bin or silo or hopper in last few decades. Recently, more researchers are
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considering segregation appearing during the discharge of a silo or hopper through
experimental methods and examine certain parameters inside.
Shinohara et al. (1970) investigated the mechanism of segregation and blending of
particles when out of mass flow hoppers through calculation and experiments. A twodimensional hopper was used for the flow test. This experiment was used to examine
the screen or hypothetical-hoppers model, where small particles pass through the
interspaces of large particles during flow. As a result, the patterns of segregation and
blending are depending on variations in the mass flow rate and the mixing ratio with
the elapse of discharge time (Figure 2-23). Mixing ratio changed with the initial mixing
ratio and showed a different trend in a various weight ratio of large and small particles
Wl/Ws, and diameter of small particles Ds.

Figure 2-23 Experimental and theoretical results of mixing ratio and flow rate during
discharging a two-dimensional hopper. Reprinted from (Shinohara et al., 1970), with
permission from American Chemical Society.
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Aminaga et al. (1987) and Kajiwara et al. (1984) investigated the particles handling
process in the top bunker of a bell-less type blast furnace, including filling and
discharging a hopper. Experimental apparatus is shown in Figure 2-15. In their study,
it was relative particle size (RPS) rather than mixing ratio used to quantify the
composition of the mixture and the content of segregation. Results showed that the
influence of a stone box was little during discharging. Tanaka et al. (1988) also
implemented a similar experiment with a stone box and the results were similar.
Most recently, Arteaga and Tuzun (1990, 1992) addressed a series of experiments to
investigate segregation during discharging from a hopper. One (Arteaga and Tuzun,
1990) was mainly focusing on binary mixtures discharging from a mass flow hopper
and funnel flow hopper. Materials they used were plastic granules, acrylic beads, turnip
seeds and radish seeds every time with variable size ratios ΦR and weight fractions Χf.
Cumulative mixture discharge W/Wb normalized by expressing it in terms of a fraction
of the original mass filling the hopper were used to express the discharging time. Then
every kind of particles fraction was recorded at any time at both of these two flow
patterns and Χi/Χf (change in the weight fraction of fines, measured concentration/
average concentration of the original fill) used to measure the extent of size segregation.
Results showed that in the mass flow hopper segregation was much minimized with
only a slight excess of fines during an initial transient. However, in the funnel flow
hopper, segregation was much significant, with an excess of fines initially and also at
the end of the discharge. Experimental results conform closely to the microstructural
changes that occur within the particle bed; a transition from a coarse continuous to a
fines continuous bed structure is made possible by the addition of more fines or by
increasing the size ratio. A model was also developed by Arteaga and Tuzun (1990)
based on the granular microstructure which delimits when segregation was feasible.
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This model assumed that segregation of a binary mixture of spheres should stop once
the surface area of the large spheres had been covered by small spheres, i.e. Χf was
quite large, or the system becomes fines-continuous. Thus, segregation via percolation
was said to only occur for fines fractions Χf less than a limiting value Χf,l , which is a
function of only the particle diameter ratio ΦD. It should be noted here that their
proposed model was only available when the feasibility of segregation of spherical,
free-flowing particles, and not the extent or rate at which segregation occur.
4

Χ𝑓𝑓,𝑙𝑙 = 4+Φ

𝐷𝐷

(2-16)

Ketterhagen et al. (2004, 2007) performed a small experimental system with the same
hopper dimensions and particle properties to validate their DEM model results. The
experimental plexiglass cylindrical hoppers were shown in Figure 2-24.

Figure 2-24 Schematic and dimensions of the experimental hoppers (a) 55 o and (b)
15o for measuring sifting segregation. Reprinted from (Ketterhagen et al., 2007), with
permission from Elsevier.

In this experiment, bidisperse glass spheres were utilized to test for sifting segregation.
Particles were discharged from either a ‘mass-flow’ or ‘funnel-flow’ hopper design and
collected transiently in equal volumes until the hopper was empty. Normalized fines
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fraction was analysed with the elapse of the discharging time at both hoppers and
various diameter ΦD and initial fines fraction xf. Last they found when filling in a hopper
uniformly with bidisperse, free-flowing materials such as glass beads, these materials
had an inherent tendency to segregate. For size segregation, several parameters had
been shown to significantly affect the segregation during discharge and/or the internal
flow pattern including the particle diameter ratio and fines mass fraction, the hopper
cross-sectional shape and hopper angle, as well as the fill method and characteristics of
the granular material. When investigating the regulation of normalised fines mass
fraction changed with fractional mass discharged, a ‘V’ shape result was found for
segregation.
2.5.3 Simulation methods
Ketterhagen et al. (2008) simulated the discharging process in a 2D model by DEM and
the variables include fines mass fraction xf and particle diameter ratio ΦD, density ratio
Φρ, the ratio of hopper outlet width to large particle size were investigated. Only change
one factor and fix others and then the trend of normalized fines mass fraction xi /xf with
the elapse of discharging time defined here as fractional mass discharged M/Mtotal.
Simply put, for various particle diameter ratios ΦD, the composition is relatively
uniform until the end of discharge where a slight excess of fines is discharged and
segregation becomes more prevalent with the increase of diameter ratio, as illustrated
in Figure 2-25 (a). For varying mass fraction of fines, the data shows that the extent of
segregation becomes significant as xf increases, and xi /xf varies in magnitude for the
fines-depleted and fines-rich regions (Figure 2-25 (b)). It is approved that though
percolation – a size dependent segregation mechanism – is dominant, there are no
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obvious differences due to the particle density ratio. Dusting mechanism may produce
a concentration profile with a large concentration of fines on the top surface.
Similarly, Yu and Saxén (2010) examined the mass fraction of fines mf and the diameter
ratio of coarse to fine. The concentration of fine particles in the system represent is low
(e.g., less than 5%) the size segregation phenomena are minor, as shown in Figure 226. They depicted the extent of segregation by describing the mass fraction of each kind
particle with the elapses of mass discharged.
The device or operational parameters that are mainly related to segregation are a shear
strain, shear rate (or energy input), fall height, feed rate (filling/discharging), heap size,
hopper size, hopper angle, and device surface finish. Some factors studied by DEM are
shown as follows.

(b)

(a)(c)

Figure 2-25 Effects of materials properties on segregation. Reprinted from
(Ketterhagen et al., 2008), with permission from Elsevier.
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(a)

(b)

Figure 2-26 Effects of mass fraction of fines on segregation. Reprinted from (Yu and
Saxén, 2010), with permission from Elsevier.

Ketterhagen et al. (2008) investigated the effects of hopper wall angle, and particle
diameter ratio ΦD, density ratio Φρ, the ratio of hopper outlet width to large particle size.
Here the results show that making the hopper angle steep enough so that mass flow can
be obtained, and therefore all the materials are induced to flow simultaneously and the
velocity gradient is minimized (Figure 2-27 (a)). Next, various hopper fill heights and
hopper weights are considered (Figure 2-27 (b)). The discharge is initially of uniform
composition followed by a period of fines depletion and finally fines rich. Figure 2-27
(c) and (d) are about the effects of friction parameters. Smaller values of the particlewall sliding friction tend to reduce the extent of segregation, although even with a small
friction coefficient, segregation may still occur. Likewise, results show that smaller
particle-particle sliding friction coefficients also reduce the extent of segregation.
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(a)

(c)

(b)

(d)

Figure 2-27 Effects of (a) hopper half angle, (b) hopper fill heights, (c) particle-wall
sliding friction, and (d) particle-particle sliding friction on segregation. Reprinted
from (Ketterhagen et al., 2008), with permission from Elsevier.

Yu and Saxén (2010) investigated experiment results and simulation results of three
sampling methods with (1) coarse pellets in the bottom, fine in the middle and
intermediate size in the top layer, (2) fine pellets in the bottom, coarse in the middle
and intermediate size in the top layer, and (3) fine pellets in the bottom, intermediate in
the middle and coarse pellets in the top layer. For layer-filling methods, the pellets in
the bottom layer of the hopper flows out in a pattern resembling a laying ‘S’, while the
fraction of the particles of the middle layer exhibit a W-like pattern during the discharge
process, regardless of the particle size in the layer, as illustrated in Figure 2-28 (a). The
outflow trend shown by the particles of the top layer is opposite that of the particles in
the bottom layer. Many particle properties affect the segregation results. The extent of
segregation was found to be affected mainly by wall-particles rolling and static friction
(Figure 2-28 (b)). Inter-particle rolling friction has only an effect on segregation of fine
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particles during the hopper discharging process. Reducing wall-particle rolling and
static friction can reduce the extent of size segregation during the discharging process.

(a)

(b)

Figure 2-28 (a) comparisons of experiment and simulation segregation results for
hopper with filling method three, (b) Effect of inter-particle rolling friction on size
segregation Reprinted from (Yu and Saxén, 2010), with permission from Elsevier.

The discharging sequence from the base hopper model is from bottom to top and from
centre to wall. The sequence changes as the slope of the lower part of the hopper vary.
The mass fraction of small particles in the feed and the burden apex has almost no effect
on the discharging sequence.

2.6 Paul-Wurth hopper
Segregation may occur at several different parts of furnace burden system. Figure 2-29
is a schematic of Paul-Wurth (PW) top elevation of burden system. This system
normally consists of parallel side by side PW hoppers discharging materials onto a
rotating chute which then distributes the materials in the furnace. Both hopper and
rotating chute are two primary positions where segregation occurs. In the past decades,
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segregation phenomenon was reviewed by many researchers, and then mechanisms of
segregation and models to predict segregation were studied. Meanwhile, some
experiments were conducted to observe segregation phenomenon in a PW hopper.
Recently, mathematical modelling by (DEM) was utilised to invest the essence of
segregation. In the following, these contents are introduced separately.

Figure 2-29 A blast furnace PW burden system. Reprinted from (Standish, 1985),
with permission from Elsevier.

2.6.1 Physical experiments
For the application of a blast furnace charging system, most of the investigations
focused on the effect of rotating chute (Xu et al., 2018, Xu et al., 2011, Gan et al., 2016)
or the whole system by simulation methods. Only few research were carried out to study
the segregation phenomenon in a PW type hopper. Standish (1985) carried out the
experiments to study the segregation in a PW hopper and examined the distribution of
particles in the hopper (Figure 2-30 (a)). But the filling positions were set as central and
fixed, and the studies on the effects of operating conditions were not involved. For
discharging process, segregation was observed with excess fines discharging initially
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and coarse particles discharging later. The data showed a sinusoidal trend in the
discharged fines fraction with total mass discharged, as shown in Figure 2-30 (b).

(b)

(a)

Figure 2-30 (a) In-bin segregation during filling, (b) concentration at discharging
process. Reprinted from (Standish, 1985), with permission from Elsevier.

Qiu et al. (2017) validated the simulation results with experimental results for monosized particles during the charging process of the PW hopper. When the orifice of the
feeder hopper was opened, the experimentally used particles (soybean) fall into the PW
hopper via the feed chute. The particles collide with the sloped wall of the hopper and
flow down the bottom of the hopper at the beginning of charging process. The height
of the heap increases with time until the heap with a peak is formed.
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(b)

(a)

Figure 2-31 Charging process in parallel PW hopper, (a) simulations; (b) experiments.
Reprinted from (Qiu et al., 2017), with permission from Elsevier.

2.6.2 Simulation methods
By simulation method, most of the application of a blast furnace charging system
focused on the effect of rotating chute (Xu et al., 2018, Xu et al., 2011, Gan et al., 2016)
or the whole system.
Mio et al. (2009, 2010, 2012, 2017) built a simulator for the whole charging system and
analysed the particle behaviour in a parallel hopper and the effect of chute angle (as
shown in Figure 2-32 and Figure 2-33). They approved that the nut coke moved to the
upward in the sintered ore particle layer during discharging because of the particle
segregation when moving to large bell from the quad-hopper. Because the speed was
large when the nut cokes began to discharge, their relative positions moved downward
when they were segregated at the top. Results illustrated that the relative radial
distribution of the nut coke particles was not affected by their positions in the large bell
and the total mass. Thus, keeping the surrounding balance of nut coke mass in the large
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bell was very important. The position of nut coke particle had a minor influence on the
segregation of sintered ore and the radial distributions of relative charged mass for all
conditions were similar.

(a)

(b)

Figure 2-32 (a) Snapshots of particle behaviour and (b) mapping of mass-based mean
particle size in the parallel hopper. Reprinted from (Mio et al., 2012), with permission
from Elsevier.

Wu et al. (2013) studied the size segregation phenomenon accompanied charging into
and discharging from a Paul-Wurth type hopper at a bell-less top blast furnace. Based
on the discrete element method (DEM), a three-dimensional model (Figure 2-34) is
established in this work to investigate the effects of various variables on particle size
segregation in and out of the hopper, as well as on the discharging sequence. Differently,
the mass fraction of small particles in the feed, the burden apex, and the slope of the
lower part of the hopper was the highpoint variables in this article. However, the
segregation along the radial direction was not significant which might be caused by
large size distribution and small particle numbers, and this was not agreed to the
practical production which bears serious segregation.
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(a)

(b)

Figure 2-33 (a) Snapshots of particle charging behaviour from the small bell to the
large bell; (b) Relation between the relative charged volume of nut coke and the
relative vertical position. Reprinted from (Mio et al., 2010), with open access.

(a)

(b)

Figure 2-34 (a) Schematic diagram for the simulated hopper; (b) Effect of burden
apex on RPS in the hopper. Reprinted from (Wu et al., 2013), with permission from
Elsevier.
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2.6.3 Wall pressure
In addition, wear of the hopper concerns on the lifetime and safety products in the
process. But the wall stress analysis has been studied for mono-sized particles by
experiments and DEM (Qiu et al., 2017), ellipsoid particles by DEM (Liu et al., 2014)
and mono-sized particles by finite element method (FEM) (Zheng and Yu, 2015, Wang
et al., 2014).
Qiu et al. (2017) investigated the influence of the particle-wall sliding friction
coefficient on the wall pressure. Results showed that with the increasing the particlewall friction coefficient, the transmission of particle stresses decreases for the right side
wall. A similar variation tendency of the normal and tangential forces can be observed
for the left wall. Moreover, it was found that with the increase of rolling friction
coefficient, the wall normal force increases.
Liu et al. (2014) calculated the wall stress as the normal contact force between particles
and vertical side wall for ellipsoid particles with different aspect ratio. It could be
observed (Figure 2-35 (b)) that for ellipsoids excluding the case of aspect ratio 3.0, wall
stress reached the first peak (e.g. 2800 Pa) at height 0.3 m, then decreased significantly
to 2100 Pa at height 0.15 m. Further, wall stress increased again sharply, they may reach
the second peak. Spheres experienced the largest wall stress, and this value decreased
for flat or elongated particles. This is because the ellipsoidal particles near the side wall
prefer a horizontal orientation, and tend to maintain the local ordered structure.
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(a)

(b)

(c)
Figure 2-35 (a) Normal forces acting on the left wall as compared to the right wall
during discharge for a certain sliding friction coefficient. Reprinted from (Qiu et al.,
2017), with permission from Elsevier; (b) wall stress distribution with hopper height
for various shapes. Reprinted from (Liu et al., 2014), with permission from Elsevier;
(c) Comparison of silo pressure between experiment, current FEM simulation at
discharge time of 0.5 s, and theoretical correlations. Reprinted from (Zheng and Yu,
2015), with permission from Elsevier.
It is not sure whether the wall pressure distribution is same for binary mixtures and
mono-sized particles. Therefore, for the binary mixture, the factors such as operating
conditions including filling positions and angles and wall stress which are related to the
practical application, still need to be taken in to account to predict the size distribution
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during charging and discharging a PW hopper and provide the corresponding methods
to reduce segregation.

2.7 Summary
From the review on segregation both from physical experiments and numerical
modelling, we can find that many factors, including materials properties, device and
operation parameters, and handling processes etc. are studied in different apparatuses
and various models. Although some experimental work has been investigated in last
decades, the ideal materials and small-scale devices are the limits for analysing the
basic mechanism of segregation, thereby numerical modelling, especially DEM, is a
primary method to study this phenomenon. However, only several articles are
considering segregation taking place during filling in and discharging from a hopper by
DEM as the key task. To systematically examine the effect of sliding and rolling friction
coefficients during filling process is still lacking. Flow of mixture with large size ratio
is limited due to the computational capacity. In addition, the application guideline of
DEM on filling and discharging from a PW hopper attracts our attention. Hence, extra
work on segregation should be studied.
This project applies DEM approach to investigate the segregation during sandpile,
hopper filling and discharging process to find the fundamental understanding of
segregation. The specific objectives are as followed:
(1) Study the effects of particle properties such as sliding and rolling friction
coefficients, and the moisture contents of water on piling process (chapter 3), and aim
to examine the basic mechanism of the piling process and investigate the relationship
of the structure and forces;
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(2) Study microscopic parameters and the effects of sliding and rolling friction
coefficients and volume fraction on segregation extent (chapter 4), and aim to explore
the segregation phenomenon by velocity, cluster size and particle mixing index during
the filling process and establish a contour plot and a correlation to illustrate of the filling
process;
(3) Study the effects of size ratio and hopper angles on hopper discharging process
(chapter 5), and aim to identify the percolation mechanism in the gravity system of
large size ratio and to explore the influence of the structure properties, such as porosity,
cluster size and the contact number ratio on particle distribution;
(4) Study the influence of different filling angles and positions on particle distribution
(chapter 6) in a Paul-Wurth hopper, and aim to provide a meaningful suggestion to the
industry on minimizing the segregation extent.
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Chapter 3 Numerical Analysis of Segregation of Granular Materials in Sandpile Formation

3.1 Introduction
When granular materials are poured onto a horizontal surface, a sandpile forms. It is
one of the typical systems widely encountered in many industries dealing with
particulate materials ranging from flours, coal and sinters to concretes and medicines.
Sandpile is a simple particulate system for theoretical studies and much attention has
been made to understand the different phenomena such as stress dip under the pile
(Zhou et al., 2003, Zhou et al., 2014, Luding, 1997), stratification (Makse, 1997, Makse
et al., 1997b), avalanching at the surface (Alexander et al., 2006) and selforganisation(Frette et al., 1990). In the past decades, sandpile formation process has
been studied thoroughly (Makse 1997) and simulations (Meakin and Jullien, 1992).
Among them, a granular dynamic simulation such as discrete element method (DEM)
considers not only the geometrical factors but also the forces involved in the formation
of a sandpile, and hence has been widely employed (Zhu et al., 2008). Microscopic
parameters such as forces and structures, which are essential for understanding the
fundamentals, can be readily obtained in the DEM simulation.
Angle of repose of a sandpile is one of the most important properties, and the
investigation on the angle of repose by DEM has been implemented on mono-sized
spheres (Zhou et al., 2001), ellipsoid particles (Zhou et al., 2014) and cohesive monosized particles (Dong et al., 2013) etc. It is generally believed that the angle of repose
has the close relations with particles surface properties such as sliding friction
coefficient (Lee and Herrmann, 1993, Liu et al., 2015) and rolling friction coefficient
(Zhou et al., 2001), and the particle size (Carstensen and Chan, 1976) and shape (Zhou
et al., 2014). However, for sandpiles composed of different species, the effect of particle
properties with two different angle of repose is still not fully examined. Among them,
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most of the study uses experiment and theoretical models (Shimokawa et al., 2015, Fan
et al., 2012). The investigation of the effects of particle properties on the angle of repose
by DEM is still lacking, particularly the piling process of particles with different sliding
friction coefficients and rolling friction coefficient
On the other hand, particles are often not dry, and water or moisture content might have
a significant effect on packing properties, as demonstrated in the literature (Anand et
al., 2010, Yang et al., 2007, Dong et al., 2012). The cohesive force (or so-called
capillary force) between particles formed by the liquid is caused by surface tension due
to the liquid bridge between particles. Some experimental and theoretical studies have
been conducted by Samadani and his colleagues (2001, 2002, 2005). For example, the
angle of repose and segregation degree was analysed under different liquid types.
Results presented that the angle of repose of the granular matter was observed to
increase sharply as the volume fraction of the fluid was increased and then saturated.
Meanwhile, a maximum angle of stability was proposed by Mohr-Coulomb model for
a wet granular pile. However, the structure, forces and their relationship inside the pile
of cohesive particles which are essential for a deep understanding of the segregation
mechanism are still needed. Some attempts have been made by some researchers on
rotating drums (Liu et al., 2013) and the piling process of mono-sized particles (Dong
et al., 2013). The structure and forces analysis of the binary cohesive mixture on a piling
process still need to be considered.
The aim of this work is to explore the changes of angle of repose in the piling process
for dry particles with different sizes firstly. Then the piling processes for dry particles
with different sliding and rolling friction coefficients are simulated and compared. At
last, the effect of volumetric moisture content on the structures of wet particles pile is
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explored. The relationship between the structure and forces is established by fitting
correlations.

3.2 Theoretical treatment
3.2.1 Discrete element modelling
In a discrete element method (DEM) simulation, an explicit numerical scheme is used
to trace the motion of individual particles in a considered system. A particle has two
types of motions, which are the translational and rotational motion. These are described
by Newton’s second law of motion (Cundall and Strack, 1979). During the movement,
the particles may have collisions with their neighbouring particles or the hopper wall,
through which the momentum is exchanged. At any time t, the governing equations
(Zhu et al., 2007) for translational and rotational motions of particle i in the system are:
𝑚𝑚𝑖𝑖

𝑑𝑑𝐯𝐯𝑖𝑖
𝑑𝑑𝑑𝑑

= ∑𝑘𝑘𝑗𝑗=1�𝐟𝐟𝑐𝑐,𝑖𝑖𝑖𝑖 + 𝐟𝐟𝑑𝑑,𝑖𝑖𝑖𝑖 + 𝐟𝐟𝑐𝑐𝑐𝑐ℎ𝑒𝑒,𝑖𝑖𝑖𝑖 � + 𝑚𝑚𝑖𝑖 𝐠𝐠
𝐼𝐼𝑖𝑖

𝑑𝑑𝒘𝒘𝑖𝑖
𝑑𝑑𝑑𝑑

= ∑𝑘𝑘𝑗𝑗=1(𝑀𝑀𝑡𝑡,𝑖𝑖𝑖𝑖 + 𝑀𝑀𝑟𝑟,𝑖𝑖𝑖𝑖 )

(3-1)
(3-2)

where 𝐯𝐯𝑖𝑖 and 𝝎𝝎𝑖𝑖 are the translational and angular velocities respectively of particle i

with mass 𝑚𝑚𝑖𝑖 and moment of inertia 𝐼𝐼𝑖𝑖 . The forces considered are gravitational and

particle-particle interaction forces including elastic contact force 𝐟𝐟𝑐𝑐,𝑖𝑖𝑗𝑗 and viscous

damping force 𝐟𝐟𝑑𝑑,𝑖𝑖𝑖𝑖 in both normal and tangential components at the contact point. The

capillary force between particles i and j is also considered for a system with wet

particles. The torque acting on particle i by particle j includes two components. One is
generated by tangential force and causes particle i to rotate, 𝐌𝐌𝑡𝑡,𝑖𝑖𝑖𝑖 , and rolling friction
torque 𝐌𝐌𝑟𝑟,𝑖𝑖𝑖𝑖 generated by normal force that acts to oppose the relative rotation between

the contacting particles. For a particle undergoing multiple interactions, the individual
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interaction forces and torques are vectorially summed for the 𝑘𝑘𝑖𝑖 particles interacting

with particle i. Equations except for capillary force, used to calculate difference forces
and torques are referred in Zhou et al. (2005)..

For wet particles, the capillary force due to the formation of a liquid bridge between
two adjacent particles can be calculated by numerical solution of the Laplace-Young
equation (Orr et al., 1975, Lian et al., 1993, Chen et al., 2011, Lian and Seville, 2016).
However, this kind of analytical solution is complex based on different approximations.
Several simple expressions are proposed by using Derjaguin approximation. One
equation for unequal spheres is written as (Willett et al., 2000):

𝐹𝐹𝑐𝑐𝑐𝑐ℎ𝑒𝑒,𝑖𝑖𝑖𝑖 = 2𝜋𝜋𝑅𝑅𝑖𝑖𝑖𝑖 𝛾𝛾

𝑅𝑅𝑖𝑖𝑖𝑖 (1−cos 𝛽𝛽) 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(3-3)

𝑅𝑅𝑖𝑖𝑖𝑖 (1−cos 𝛽𝛽)+2𝑆𝑆

𝑅𝑅 𝑅𝑅

𝑖𝑖 𝑗𝑗
where, 𝑅𝑅𝑖𝑖𝑖𝑖 is the harmonic mean radius of particles i and j, 𝑅𝑅𝑖𝑖𝑖𝑖 = 𝑅𝑅 +𝑅𝑅
. 2S is the
𝑖𝑖

𝑗𝑗

distance between two particles. 𝛾𝛾 is the surface tension. 𝜑𝜑 is the contact angle. 𝛽𝛽 is the

half-filling angle, which can be obtained by 𝑉𝑉 = 2𝜋𝜋𝜋𝜋𝑅𝑅 2 𝑠𝑠𝑠𝑠𝑠𝑠2 𝛽𝛽. 𝑉𝑉 is the volume of the
moisture between two particles. The relationship between 𝑉𝑉 and the normalized
3
moisture content 𝑉𝑉 ∗ is 𝑉𝑉 = 𝑉𝑉 ∗ × 𝑅𝑅𝑖𝑖𝑖𝑖
. The effect of particle roughness on the capillary

force is complex. To simplify this process, the liquid is assumed to be distributed evenly
among particles and not transferable among them. Therefore, the liquid content
between each pair particle contacts is only related to the input volumetric moisture
content, and by calculating a different distance, an half filling angle could be
determined. Once when the distance between two particles exceeds rupture distance,
the liquid bridge and capillary force be removed. This rupture distance is defined as
(Willett et al., 2000):
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𝜑𝜑 𝑅𝑅

𝑅𝑅

2

2𝑆𝑆𝑐𝑐 = �1 + 4 ( 𝑅𝑅𝑗𝑗 + 1)� [𝑉𝑉 ∗1/3 + ( 𝑅𝑅𝑗𝑗 − 5)𝑉𝑉 ∗2/3 ]𝑅𝑅𝑖𝑖𝑖𝑖
𝑖𝑖

𝑖𝑖

(3-4)

3.2.2 Simulation condition
The dimensions of the simulation domain are shown in Figure 3-1. It is a slot type
rectangular box with periodic boundary condition applied in the front-rear direction,
which has a thickness of 2 dp (where dp is the diameter of large particles). Particles are
first generated from the left top region at a certain number fraction of large and small
particles. Then they are packed under gravity. The particle properties used in the
simulation and the geometry parameters are listed in Table 3-1. The sliding friction
coefficient and rolling friction coefficients range from 0.1 to 0.9 and 0.001 dp to 0.1 dp,
respectively. The volumetric moisture content ranges from 0.1% to 10%, which is
normalized by total particle volume.

3.3 Results and discussion
3.3.1 Sandpile formation process
The sandpile flow pattern is first validated with the experimental results proposed by
Benito et al. (2013). In the experiments, glass beads with size 3 mm and 1mm were
poured into a bi-dimensional plexiglass cell and a pile is formed. Figure 3-2 shows the
comparison of physical experimental (a) and simulation results (b). The operation
conditions are similar, and the particle size ratio and the properties are same. It can be
found that the angle of the pile is similar. Meanwhile, both have several strips of large
particles between the junction of large and small particles, where stratification reveals.
The movement of large particles on the surface is also similar, which occupy most of
the surface. The slope angles are similar except for the bottom part of the pile; this
might be caused by the relatively small total particle number. It can be concluded that
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general good agreement confirms the validity of the present DEM model. On this basis,
the DEM model can be used to examine the mechanism and the effects of different
variables.

3 dp

100 dp

Figure 3-1 Schematic geometry of the simulation domain. Note that dp is the diameter
of large particles (3 mm).

Table 3-1 List of parameters used in DEM simulation
Parameter
Particle size, d
Particle density, ρ
Volume fraction
Total particle number
Young’s modulus, Y
Poisson’s ratio, σ
Sliding friction coefficient,
Rolling friction coefficient,
Surface tension, γ
Contact angle, φ
Volumetric moisture content, Vf

Value
3 mm, 1 mm
1050 kg/m3
Large particles 50%, Small particles 50%
10392
1×107 N/m
0.3
0.1, 0.3, 0.6, 0.9
0.001 dp, 0.01 dp, 0.025 dp, 0.05 dp, 0.10 dp
0.72 N/m
0o
0.1%, 1%, 3%, 10%
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(b)

Figure 3-2 Flow patterns of (a) physical experimental results, (b) simulation results.
Reprinted from (Benito et al., 2013), with permission from Elsevier.

The snapshots during the piling process are shown in Figure 3-3. Note that particles
(including large and small particles) are generated at a fixed rate and fixed volume
fraction in the tube (Figure 3-1), then fall by gravity and pack on the bottom surface.
From Figure 3-3, it can be found that segregation happens. At the beginning t =1.72 s,
some of the large particles roll far away and the remaining of them stay on the top of
the small particles. The angle of the slope is around 12o. With the increase of the pile
height, large particles cluster appears at the edge of the pile at t =3.44 s. From then on,
the slope angles keep increasing. At t =8.59 s, the surface of the pile is divided into two
parts, the upper pile is the surface with a series of small particles and the lower pile is
the other part with a series of large particles. Large particles cannot stay on the small
particles and roll down to the lower pile.
Note that during the process, the angles of the upper pile and lower pile are different.
The variation of both angles is traced during the process, and shown in Figure 3-4 (the
top figure). The upper pile is smooth and the angle of repose could be obtained easily.
While the lower pile full of large particles are non-smooth, with several small turning
points. An estimated angle is gained here. It can be found that there are four-time points
( t = 1.63 s, 6.80 s, 12.01 s, 17.80 s) where upper pile and lower pile have the same
angles. At these time points, large particles occupy more surface area than other times,
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showing a stratification here. It can be found that the intersection point between large
and small particles changes with time. To quantify this difference, a turning point (TP)
showing the distance between the left wall and the intersection point is marked and
illustrated in Figure 3-4 (the bottom figure). This TP shows a similar trend in each loop.
It increases at first and then decreases to a relatively small value in the adjacent area.
The increase of the TP corresponds to the platform in flow pattern (an arrow in Figure
3-3). This platform appears due to the friction between the large particles and the
surface and the packing of the bottom large particles. After the formation of these points,
the angle of upper pile always increases a little and keeps same. The angle of lower pile
always decreases a little and then increases to catch the angle of upper pile. From Figure
3-3 and Figure 3-4, it can be concluded that the whole process is a repeat of each loop.

t =1.63 s

t =3.44 s

t =8.59 s

t =12.01 s

T =13.73 s

t =17.80 s

Figure 3-3 Flow patterns of sandpile formation process for two types of particles with
different sizes.
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One loop from t =12.01 s to 17.80 s is chosen for a further analysis of segregation and
stratification occurrence in sandpile formation process. The particles packing could be
seen from the coloured particle ID number, as shown in Figure 3-5. The particles ID
number shows the sequential order of particles generated. It can be found that most of
the small particles are in the left part and the upper slope. Four layers of different
colours are regularly distributed. Different from small particles, large particles have
irregular distribution. Three-layer particles are like a base, supporting the last layer on
its top, where the large particles stripe appears. Large particles behaviour is the main

Slope angle/(degree)

reason for segregation and stratification.
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Figure 3-4 The slope angle of the upper pile and lower pile change with time (top) and
the distances to the left wall of turning points 1 and 2 (bottom).
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Particle ID

Figure 3-5 Coloured particles pattern showing the flowing sequence during t = 12.01 s
to 17.80 s.

To see how large particles travel and stop during the process, the trajectories of several
large particles and their clusters are drawn in Figure 3-6 and Figure 3-7. Note that the
cluster is defined as the group of particles in contact with the core particle at stopping
time. Two particles (ID=8532, and 8586) are randomly chosen as examples. From the
trajectories in Figure 3-6 (a) and (b), it can be found that both particles roll down the
upper slope at the initial stage (ta1 and tb1). When they first encounter a platform formed
by large particles, which is a suitable place with a deep turning curve to make particles
steady, particle 8532 stops (ta2 and ta3) due to a collision with another large particle on
the platform. On the contrary, particle 8586 climbs over the small hill and continue
rolling down until another platform to stop (tb2 and tb3). This is because of its initial
velocity. It means that it is not only the difference between slope angles and particle
angle of repose which determines the particles’ movement but also the initial status
such as its velocity. This is different from the theory proposed by Maske et al. (1997a)
and Boutreux et al. (1998), which mainly consider the effect of the angle difference. It
can be concluded that when the slope has a platform generated by steady particles, a
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moving large particle might stop depending on its velocity at that time. With small
velocity and suitable support, particles would stop (ta2 and ta3 , tb4 and tb5). On the
contrary, with large velocity, particles would bounce higher along the easiest movement
direction related to the geometrical mechanism proposed by Dasgupta et al. (2011).

tb1

ta1
ta2

tb3

tb2

tb1

ta3

tb5

Line of easiest movement

Line of easiest movement

ta1

tb4

(b) Particle 8586 trajectory

(a) Particle 8532 trajectory

ta2

tb2

ta3

tb4

tb3

tb5

(c) Demonstration of velocity vectors and slope structure at different time steps.
(Note that ta2 and ta3, tb4 and tb5, are the back view of XZ direction)

Figure 3-6 (a) and (b) the trajectory of two randomly chosen large particles; (c)
demonstration of velocity vectors and slope structure at different time steps.

When the particles stop, the structure of the clusters providing support is similar. A
turning curve shown as a platform can be found from both flow pattern and the force
chain (shown in Figure 3-7 (a) and (b)). It can be observed that most of the branches of
the force chains are leaking to left, the direction of the fill-in positions, illustrating how
particles are packed during piling process. The number of particles contacting with the
core one is three, and the shape of force network is a tetrahedron, as shown in Figure
3-7 (c) and (d). This is a 3D representation of stable position with necessary supports.
It can be found that only when the slope has a turning curve, where the moving particle
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could have a collision with the steady particle, and then the moving particles turn to the
steady particles. The other large particles have similar moving principles.

(a) Force chain in Figure 3-6 (a) square

(b) Force chain in Figure 3-6 (b) square area

(c) Core particle 8532 cluster and

(d) Core particle 8586 cluster and

force network when it stops (180o

force network when it stops (180o

Figure 3-7 (a) and (b) force chain of the marked area in Figure 3-6; (c) and (d) the 3D
representation of the cluster showing the contacts neighbour at stopping time.

3.3.2 Effect of particle property on segregation
The analysis above is based on the assumptions that particles have the same properties
such as sliding friction and rolling friction coefficients. Experimental results show that
mixtures with a different angle of repose depict various flow patterns, which might be
stratification. However, in DEM simulation, sliding and rolling friction coefficients are
two significant parameters for the formation of a sandpile, which significantly affects
the angle of repose. The contact between spheres results in a rolling resistance due to
elastic hysteresis losses or viscous dissipation, which are characterized by sliding and
rolling friction coefficients in the force calculation in the simulation. However, the
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effect of surface property for binary mixture on segregation phenomenon by DEM is
still lacking.
The relationship between the angle of repose and the sliding friction coefficient and
rolling friction coefficients is examined for mono-sized particles, as depicted in Figure
3-8. The result is consistent with Zhou et al. (2001) that with the increasing of rolling
friction coefficient, the angle of repose rises from 23o to 30o. Similarly, the angle of
repose also increases with sliding friction coefficient. The property of large particles
keeps same as μs, large = 0.6, μr, large = 0.05 dp and then the sliding friction coefficient of
small particles μs, small is changed from 0.1 to 0.9, the rolling friction coefficients μr, small
is from 0.001 dp to 0.1 dp, respectively. The results are shown in Figure 3-9. It can be
found that segregation is serious at a large sliding friction coefficient and large rolling
friction coefficient, where small particles have a large angle of repose. A more
quantitative comparison is achieved by cutting the research area into several grids (grid
size is 2 dp) and the concentration of large particles and small particles in each grid is
calculated. It can be found that the number ratio of grids full of large particles and small
particles to the total grid numbers, where the volume fraction of small particles and
large particles is above 0.9, are big for μs, small = 0.9, and these number ratio decreases
slightly with sliding friction decrease, as shown in Figure 3-10 (a). This is because when
the sliding friction of small particles is tiny, their energy lost is less, and then small
particles roll further. When these small particles have contacts with large particles, large
particles have more chance to stop earlier due to larger energy lost than small ones. On
the pattern snapshot, it seems that more large particles spread on the surface of small
particles. Due to small particles’ good flowability, there is little segregation at the
bottom. The distribution of different rolling friction coefficients is similar, but with a
slight decrease of large particle number ratio at 0.10. For small rolling friction of small
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particles, to balance the effects of both size and flowability, little segregation can be
found there.

Angle of repose/(degree)

28

26

24

22
0.0

Angle of repose/(degree)

30

Angle of repose/(degree)

Angle of repose/(degree)

30

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

28

26

24

22
0.00

0.02

Sliding friction coefficient

0.04

0.06

0.08

0.10

Rolling friction coefficient/ dp

(a)

(b)

Figure 3-8 Angle of repose for mono-sized particles at (a) different friction
coefficients, with same rolling friction coefficient 0.025 dp and (b) different rolling
friction coefficients, with same sliding friction coefficient 0.6.

(a) μs,small 0.1

(b) μs,small 0.3

(d) μr,small 0.001 dp

(e) μr,small 0.01 dp

(c) μs,small 0.9

(f) μr,small 0.1 dp

Figure 3-9 Flow patterns of sandpile under different sliding friction coefficients μs,
small and

rolling friction coefficients μr, small of small particles

- 77 -

Chapter 3 Numerical Analysis of Segregation of Granular Materials in Sandpile Formation
Grid number ratio full of large particles
Grid number ratio full of small particles

0.40

0.40

0.35

0.35

Grid number ratio

Grid number ratio

Grid number ratio full of large particles
Grid number ratio full of small particles

0.30

0.25

0.20

0.15

0.10
0.0

0.30

0.25

0.20

0.15

0.2

0.4

0.6

0.8

0.10
0.00

1.0

0.02

µs,small

0.04

0.06

µr,small/dp

0.08

0.10

0.12

(a)

(b)
Figure 3-10 The number ratios of grids full of large particles and small particles at (a)
different sliding friction coefficients μs, small and (b) rolling friction coefficients μr, small
of small particles.
Similarly, the properties of small particles keep same as μs, small = 0.6, μr, small = 0.05 dp,
and the sliding friction and rolling friction coefficient of large particles changes from
0.1 to 0.9 and 0.001 dp to 0.1 dp respectively. The grid number ratio and the flow
patterns are illustrated in Figure 3-11 and Figure 3-12. Different with Figure 3-10, the
trend of all the lines in Figure 3-11 is gentle, which means the segregation extent does
not differ much. This means that the effect of particle size is more significant than the
effects of sliding and rolling friction coefficients of large particles. The segregation is
distinct for all the cases, as shown in Figure 3-12. It is because if the small particles
have a relatively large angle of repose, the large particles roll down easily along the
upper slope formed by the small particles, and at that time, the surface properties of
large particles play a minor effect on packing patterns.
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Figure 3-11 Number ratios of grids full of large particles and small particles at (a)
different sliding friction coefficients μs, large and (b) rolling friction coefficients μr, large
of large particles.

(a) μs,large = 0.3

(b) μs,large = 0.9

(c) μr,large = 0.10

Figure 3-12 Flow patterns of sandpile under different sliding friction coefficients μs,
large

and rolling friction coefficients μr, large of large particles.

3.3.3 Effect of moisture content on segregation
A capillary force is considered as the cohesive force for the mixture. The added liquid
is water and the volumetric moisture content Vf ranging from 0.1% to 10% are examined.
Note that the moisture content is a volumetric fraction and is normalized by total
particle volume. The parameters and assumptions are listed in Section 3.2.1. The flow
patterns of different volumetric moisture contents are depicted in Figure 3-13. It can be
found that the segregation is serious for all the cases, but the angle of repose of upper
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pile formed by small particles and the lower pile angle formed by large particles differ
much under different Vf. For (c) and (d), when the volumetric moisture contents are
large, the newly-generated small particles have large capillary force with its neighbors,
which leading to steep slope in the flow pattern. More intuitive analysis is shown in
Figure 3-14, showing the slope angle change trend and the grid number ratio which is
full of large and small particles respectively. The slope angle is determined by the
straight part in the middle area. It can be found that the angle of repose of small particles
shows a sharp increase for small Vf from 0.1% to 1%, then it becomes steady for larger
Vf =3%. This angle change trend of the lower pile is different from that of the upper
pile, which shows a gentle drop with the increasing of Vf. The number ratios of grids
full of large particles and small particles show a drop first at small Vf, then a steady
increase at large Vf, meaning that segregation is more serious with the increasing of Vf,
and the interaction between large and small particles are less at a large Vf.

(a)
(b)
(c)
(d)
Figure 3-13 Flow patterns at different volumetric moisture contents (a) 0.001, (b)
0.01, (c) 0.03, (d) 0.1
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Figure 3-14 (a) Trend of slope angles change with Vf; (b) grid number ratio full of
large and small particles with Vf.

The behaviour of granular materials is the collective outcome of individual particles,
which is controlled by the forces between them. Therefore, the analysis of forces
clarifies the mechanism of the moisture content. Mono-sized particle behaviour under
different volumetric moisture contents is analyzed by Dong (Dong et al., 2013), but the
binary mixture behaviour is still lacking. Hence, the numbers of liquid bridges and
average capillary forces between large and large (L-L), small and small (S-S), and large
and small (L-S) is illustrated in Figure 3-15. It can be found that with the increase of
the moisture content, the ratio of average capillary force and gravity, which is Bond
number, is largest at small Vf for L-S contacts. For L-L and S-S contact, the ratio of
average capillary force and gravity are steady. Then, the average number of liquid
bridges are normalized by the same type of contact number. It can be found that the
average liquid bridge numbers of all three kinds of contacts have an increasing trend.
The number of L-L and S-S are smaller than L-S ones, same with the force ratio.
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(a)

(b)

Figure 3-15 (a) Average capillary force and (b) average liquid bridge numbers
between large and large (L-L) particles, large and small (L-S) particles and small and
small (S-S) particles.

The relationship between the angle of repose and porosity, which are two important
structural characterization properties shows a linear correlation for the mono-sized
cohesive system (Dong et al., 2013). The porosity is calculated by cutting the study area
into several small grids, and the volume of large and small particles are considered to
get the porosity by ε = (Vgrid-V(large+small))/Vgrid). The values at the pile surface are
abandoned due to blank parts in the grid. For a binary cohesive system, the relationship
of the angle of repose θ and porosity ε is also fitted by a linear correlation, where the
correlation is θ = 139.25 ε + 5.51 (R square is 0.74). It presents that a large porosity
leads to a large angle of repose, as shown in Figure 3-16. This correlation is based on
the data obtained at size ratio 3:1 and μs = 0.6, μr = 0.05 dp.
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Figure 3-16 Angle of repose as a function of porosity for different piles.
As a force characterization factor, a force ratio χi defined as the sum of the cohesive
forces on a particle to its effective gravity is chosen here, written as χi = ∑𝑗𝑗 |𝐹𝐹𝑖𝑖𝑖𝑖𝑐𝑐 |/𝑚𝑚𝑚𝑚 .
It can be affected by both the magnitude of a pair of force between each of two particles

as well as the number of force pairs, and also related to the porosity for the packing of
cohesive particles (Yang et al., 2007, Dong et al., 2012). Therefore, it includes local
structural information, hence it is more accurate compared with a Bond number, which
is the cohesive force between two particles to the weight of a particle, usually used to
characterize the packing density, maximum angle of stability and flow rate(Nowak et
al., 2005, Nase et al., 2001). As shown in Figure 3-17, this relationship between the
porosity and force ratio can be fitted as a correlation as:
𝜀𝜀 = 𝜀𝜀0 − 𝛼𝛼exp(𝛽𝛽𝜒𝜒𝑖𝑖 )

(3-5)

where εo=0.31847, α=0.23077 and β =- 0.56885 (R-square is 0.95). εo could be treated
as a mono-sized particles porosity, and α and β are related to particle properties.
Because of the different filling method and the boundary conditions, these fitting
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parameters might be different from those used in the packing of cohesive particles.
Then combined the correlation obtained from Figure 3-16, the relationship between the
angle of repose and the force ratio can be written as:
𝜃𝜃 = 𝑘𝑘(𝜀𝜀0 − 𝛼𝛼exp(𝛽𝛽𝜒𝜒𝑖𝑖 )) + 𝑚𝑚

(3-6)

where k=139.23, m=5.51, which are obtained in Figure 3-16. The fitting curves are also
illustrated in Figure 3-17. These results reveal the relationship between the sandpile
structure including its porosity, force ratio with the angle of repose and other properties.
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Figure 3-17 Angle of repose and porosity as a function of <χi>. Solid and dash lines
are predicted results.

3.4 Conclusion
Sandpile formation process with different particle sizes has been analysed by means of
DEM. The flow patterns simulated are validated by experimental results first, then the
flow process is demonstrated and the effects of particle surface properties and the water
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content are examined. The main conclusions drawn from the present work are listed
below.


The different slopes of the upper and lower piles are the main reason for
particles stratification. It means that the local structure determines the following
packing patterns and is the reason for the repeat loop of piling process. In terms
of a large particle, only when its force chain is like a tetrahedron, the supporting
particles form a cage to trap the moving particle and its velocity is tiny enough
at that time, it can reach a steady state.



The angle of repose of the pile is decided by the particles surface properties.
Small sliding coefficient and rolling friction coefficient decreases particles
flowability and leads to a small angle of repose. Mixtures with both different
surface properties and size show various mixing patterns. When particles with
a large size and smooth surface, segregation is most serious. A small particle
with little sliding friction and rolling friction has least grid number full of large
and small particles.



When particles are wet, the volumetric moisture content has a huge effect on
the packing structure. The relationships between porosity, force ratio and angle
of repose have been fitted by several correlations. It reveals the structural and
force characteristics of sandpile formation process. The angle of repose of large
particles increase with the moisture content and then saturate at Vf =3%. The
average capillary force decreases for all three types of particle contacts.
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Chapter 4 Size-Induced Segregation of Granular Materials during Filling a Quasi-ThreeDimensional Hopper

4.1 Introduction
Granular materials are prone to segregate spatially with different sizes, densities, shapes
or particle resilience (Williams, 1976). It is generally accepted that particle size
difference is by far the most important cause of segregation, and consequently,
extensive attention has been paid in the literature to size-induced segregation. This is
also a commonly encountered problem in a variety of industries, including
pharmaceuticals, food and agricultural processing, chemical and metallurgical
industries. Segregation might render undesirable blend quality and also induce flow
problems. For example, in an ironmaking blast furnace, multiple hoppers, conveyors
and transfer points are involved in the charging equipment. Particles in such processes
experience segregation, which directly affects the burden distribution and smooth
operation of the process.
A hopper is one of the most significant granular handling devices. Many researchers
have studied the size segregation experimentally during the hopper filling process over
the preceding decades (Bridgwater, 1976, Standish, 1985, Kajiwara et al., 1988, Hastie
and Wypych, 2000, Engblom et al., 2012b). Different materials and various vessel
shapes have been examined, and macroscopic results including flow and segregation
patterns have been described. Meanwhile, several models including the ‘minimal’
model (Samadani et al., 1999), ‘screening’ model (Boutreux and deGennes, 1996) and
‘void filling’ model (Shinohara et al., 1972) and other theoretical analyses using
continuous methods (Gray and Kokelaar, 2010, Fan et al., 2014) were proposed to
predict segregation. However, the models generally have assumptions to simplify the
initial conditions and complex flow processes. Therefore, they could predict the
concentration distribution under certain conditions only with approximate results. Most
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of the experimental and theoretical analyses could not capture the microscopic
information such as particle scale velocity and stress, which however are significant in
understanding the size-induced segregation.
More recently, computer simulation using discrete element method (DEM) has become
a popular tool to examine hopper charging processes. Many articles (Tanaka et al., 1988,
Langston et al., 1997, Cleary and Sawley, 2002, Zhu and Yu, 2004, Balevičius et al.,
2008, Ketterhagen et al., 2008, Ketterhagen et al., 2009) have been published on the
flow of mono-sized particles in hoppers. However, only a few researchers focused on
binary and ternary mixture charging. For example, Rahman et al. (2011) used DEM to
validate the screening model proposed by Shinohara et al. (1972) in forming a conical
pile. They examined the mixing ratio at different distances from the centre along the
pile line at different initial size ratios and feed rates. Wu et al. (2013) utilised relative
particle size to examine the effects of the small particle mass fraction, the burden apex
and the lower hopper slope on segregation. Mio et al. (2012) built a DEM model for
blast furnace bell-less type charging process, showing that large particles are located in
the wall boundary during the hopper filling process. Although the efforts made, as
shown above, microscopic properties such as velocity, cluster size and particle mixing
index are not fully analysed to develop a further understanding of segregation
mechanism. The effects of some key variables including sliding friction and rolling
friction are not well addressed in the literature, which however is important as they are
closely related to particle properties such as particle shape and particle surface
roughness.
Therefore, the objective of this paper is to analyse the segregation details of binary
mixtures during the hopper filling process. The model is validated first, and then a
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particle scale mixing index which is related to coordination number (CN) is used to
quantify the segregation degree. The velocities and trajectories of large and small
particles in binary mixtures are traced for understanding the segregation. In addition,
effects of parameters used in DEM including sliding friction coefficient and rolling
friction coefficients are examined and shown by a contour plot. Finally, a correlation is
also proposed to quantify the segregation extent for the various volume fraction of small
particles.

4.2 Model description
4.2.1 Discrete element modelling
In DEM, granular materials are modelled based on a finite number of discrete, semirigid particles interacting by contact or non-contact forces. The translational and
rotational motion of every particle in a system is described by Newton’s law of motion.
For simplicity, we only consider spherical particles and the most dominant forces and
torques. Therefore, the governing equations for the translational and rotational motion
of a particle i interacting with another particle j can be written as (Zhou et al., 2008):
𝑚𝑚𝑖𝑖

𝑑𝑑𝐯𝐯𝑖𝑖
𝑑𝑑𝑑𝑑

𝐼𝐼𝑖𝑖

= ∑𝑘𝑘𝑗𝑗=1�𝐟𝐟𝑐𝑐,𝑖𝑖𝑖𝑖 + 𝐟𝐟𝑑𝑑,𝑖𝑖𝑖𝑖 � + 𝑚𝑚𝑖𝑖 𝐠𝐠

𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= ∑𝑘𝑘𝑗𝑗=1(𝑀𝑀𝑡𝑡,𝑖𝑖𝑖𝑖 + 𝑀𝑀𝑟𝑟,𝑖𝑖𝑖𝑖 )

(4-1)

(4-2)

where 𝐯𝐯𝑖𝑖 and 𝝎𝝎𝑖𝑖 are the translational and angular velocities respectively of particle i

with mass 𝑚𝑚𝑖𝑖 and moment of inertia 𝐼𝐼𝑖𝑖 . The forces considered are gravitational and

particle-particle interaction forces including elastic contact force 𝐟𝐟𝑐𝑐,𝑖𝑖𝑖𝑖 and viscous

damping force 𝐟𝐟𝑑𝑑,𝑖𝑖𝑖𝑖 in both normal and tangential components at the contact point. The

torque acting on particle i by particle j includes two components. One is generated by
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tangential force and causes particle i to rotate, 𝐌𝐌𝑡𝑡,𝑖𝑖𝑖𝑖 , and rolling friction torque 𝐌𝐌𝑟𝑟,𝑖𝑖𝑖𝑖

generated by normal force that acts to hinder the relative rotation between the
contacting particles. For a particle undergoing multiple interactions, the individual
interaction forces and torques are summed for the 𝑘𝑘𝑖𝑖 particles interacting with particle
i. Equations used to calculate difference forces and torques are summarized in Table 41, and detailed description can be referred in Zhou et al. (2005).
Table 4-1 Components of forces and torque acting on particle i
Forces and torques
Normal elastic force
Normal damping force
Tangential elastic force

Symbol
s
𝐟𝐟𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖
𝐟𝐟𝑑𝑑𝑑𝑑,𝑖𝑖𝑖𝑖
𝐟𝐟𝑐𝑐𝑐𝑐,𝑖𝑖𝑖𝑖

Equations
− 4 / 3E * R * δ n3 / 2 n

(

− c n 8mij E * R *δ n

Vn ,ij
32

)δ̂t

(δ t < δ t ,max )

(

𝐟𝐟𝑑𝑑𝑑𝑑,𝑖𝑖𝑖𝑖

Coulomb friction force

𝐟𝐟𝑡𝑡,𝑖𝑖𝑖𝑖

− µ s f cn ,ij δ̂t

𝐌𝐌𝑟𝑟,𝑖𝑖𝑖𝑖

µr ,ij fn ,ij ωtn,ij

𝐌𝐌𝑡𝑡,𝑖𝑖𝑖𝑖

12

− µ s f cn ,ij (1 − (1 − δ t / δ t ,max

Tangential damping
force

Torque by tangential
forces
Rolling friction torque

)

− ct 6 µ s mij f cn ,ij

1 − v t / δ t ,max / δ t ,max

,

)

12

Vt ,ij ,

(δ t < δ t ,max )

, (δ t ≥ δ t ,max )

R ij × (fcn ,ij + fdt ,ij )



where R* is the reduced radius of the particle i and j at the contact point.

2
*
ˆ =δ /δ ,
1 / mij = 1 / mi + 1 / m j , E = E / 2(1 − v ) , ω t ,ij = ω t ,ij / ω t ,ij , δ
t
t
t

δ t , max = µ s (2 − v) / 2(1 − v) ⋅ δ n , Vij = V j −V i +ω j × R c, ji − ω i × R c,ij , Vn,ij = (Vij ⋅ n) ⋅ n ,
Vt ,ij = (Vij × n) × n . Note that tangential forces (fct,ij+fdt,ij) should be replaced by ft, ij
when

δ t ≥ δ t ,max .

4.2.2 Simulation condition
The filling process of granular materials into a conical hopper is the research target in
this work. To reduce the computational time, periodic boundaries and a GPU-based
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simulation code are used. Periodic boundaries permit simulation of a section of the full
physical domain by treating particles moving out of the simulation domain across one
boundary as moving back into the simulation across the other parallel boundary (Yang
et al., 2014). In the simulation, particles are generated randomly in the upper hopper
and then flow through a steep angle cone. Followed by a gravitational setting process,
the particles are discharged at a relatively stable rate from the upper hopper’s outlet into
the lower hopper under gravity. The materials properties and DEM parameters used are
listed in Table 4-2.
Table 4-2 Materials properties and DEM parameters used in the present simulations
Variables

Base value

Particle properties
Particle shape
Particle number
Particle diameter, dp

Parameters
range

Size ratio, φ
Small volume fractions, χ
Particle density, ρp
Young’s modulus, E
Poisson ratio, ν
Time step, ∆t

Spherical
81,283
5 mm (large)
2 mm (small)
2.5
50%
900 kg/m3
1.0×107 Pa
0.3
2.25×10-5 s

Interaction parameters
Particle-particle sliding friction, µr,pp
Particle-wall sliding friction, µs,pw
Rolling friction coefficient, µr
Damping coefficient

0.6
0.6
0.025 dp
0.3

(0.1-0.8)
(0.1-0.8)
(0.001-0.2 dp)
(0.1-0.4)

Dimensionless hopper geometry
Width, W
Depth, Z
Upper hopper outlet orifice, W0

40 dp
4 dp
2 dp

(1.0-4.0)
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4.3 Results and discussion
4.3.1 Model validation
To verify the DEM model, simulations corresponding to physical experiments by
Hastie and Wypych (2000) were conducted. The experiments were carried out in a twodimensional bin using rape seeds (1.0 to 2.0 mm) and white plastic pellets (3.8 to 5.6
mm). The width and height of the bin is 1000 mm and 1500 mm respectively. The
hopper is 30o inclined with vertical direction and has a 150 mm outlet. 20 litres of wellmixed mixtures were discharged from a feed bin under fixed opening size. After filling
process was completed, the granular distribution pattern in the lower hopper was
captured by a camera, and the proportion of rapeseed in each sampling grid square was
determined to assess the segregation. In the simulation, particle sizes are set as 5 mm
for large particles and 2 mm for small particles giving a size ratio of 2.5. Because of
the limitation of computational capacity, a one-fifth scale size hopper is used. The total
particle number used is 81,238, and the volume fraction of small particles is 50%.
Figure 4-1 shows a comparison of size segregation between the physical experiments
and the DEM simulation, indicating macroscopically consistent results. The shape of
the heap formed in the central top and the distribution of large particles are similar, with
a thick layer of large particles gathering near the side walls. The volume fraction of
small particles in the radial direction (dimensionless x) at different heights (z) is
calculated, (the centre of the hopper bottom is (0,0)), and quantitative comparisons with
experiments are shown in Figure 4-2. It can be observed that at each height, both
experimental results and DEM data show a minimum value near the hopper boundary
and a large difference between the hopper centre and the boundary. This difference of

- 93 -

Chapter 4 Size-Induced Segregation of Granular Materials during Filling a Quasi-ThreeDimensional Hopper

simulation result is larger than that of experimental results at the low height of 16.65
dp. This is caused by the relative small scale of simulation condition. In the same lateral
direction, especially in the lower part of the hopper, the number of particle is rather
small, and the particle distribution is more easily effected by the wall boundary than
that under experimental conditions. Particles mixed well in a larger equipment. But this
difference between simulation and experimental results is weaken at higher heights.
The volume fraction of small particles has a peak at dimensionless x = 10.0 dp, at high
dimensionless heightsfor both experimental results and simulation results. The
magnitude of this difference is largest at the low height of 16.65 dp. The volume fraction
of small particles has a peak at x = 10.0 dp, especially at high heights, but not obvious
at a lower height. The generally good agreement between the simulation and the
measurement shown in Figure 4-1, either qualitative or quantitative, confirms the
validity of the present DEM model. On this basis, the DEM model is used to examine
the effects of different variables and investigate size segregation during the hopper
filling process.
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(a)

(b)

Figure 4-1 Flow patterns obtained from (a) physical experiments. Reprinted from
Hastie and Wypych (2000), with permission from Springer Nature. (b) DEM
simulation in this work
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Figure 4-2 Volume fraction distribution of small particles at different heights: (a) z =
16.65 dp; (b) z = 37.14 dp; and (c) z = 46.62 dp (Note that the experiment results are
from Hastie and Wypych (2000)).

4.3.2 Hopper filling process analysis
4.3.2.1 Flow regimes
The solid flow patterns are examined first to generate a visual understanding of the
segregation process (Figure 4-3). Here, different particle sizes are represented by
different colours (red for large particles, and blue for small particles). After particles
start to be discharged from the upper hopper, the whole filling process can be divided
into three stages. The first stage is the formation of an initial well-mixed region at the
bottom of the conical hopper, and the heap has not been formed yet (t = 1.81 s).
Segregation at this stage is not obvious and particles are well-mixed. After that, the
mixing degree declines gradually, and segregation emerges. This is ‘pile-up stage’
ranging from t = 8.13 s to 14.45 s as shown in Figure 4-3. Then the ‘steady filling
process’ starts. At this stage, the heap increases steadily and large particles are able to
roll down the heap surface to the bin boundary due to the size difference. At t = 27.09
s, the filling process finishes. Clearly, a thick layer of large particles is formed near the
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side walls. The concentration of small particles in the central region does not change
much.

Steady-filling
stage
Pile-up stage
Initial wellmixed stage
Figure 4-3 Snapshots of solid flow patterns at different times during the hopper filling
process.

To visualise the motions of particles, trajectories of a number of large and small
particles are traced and shown in Figure 4-4 (a). It can be observed that both large and
small particles at the initial stage fall straight down regardless of particle size. However,
during the steady-filling stage, the trajectories are quite different. Most of the large
particles, represented by solid lines in Figure 4-4 (a), can travel long distances in the
radial direction and stop near the side walls. Small particles, represented by dashed
lines, however, come to rest quickly around the central region. Figure 4-4 (b) presents
the concentration of small particles along the radial direction at various heights (z). The
height of z = 4 dp is within the initial stage, with a slight concentration difference along
the radial direction. The height of z = 12 dp is in the area corresponding to the pile-up
stage. Concentration differences become more obvious between the hopper centre and
side wall. The distributions in other heights of 34 dp, 42 dp and 50 dp are quite similar,
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which is the characteristic of bin steady-filling stage. The concentration of small
particles near the side walls is very low, almost 0, indicating that most of the particles
near the wall are large ones. The concentration of small particles in the range of x < 10
dp is almost constant at 65% which is much larger than the initial fraction of 50%.
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Figure 4-4 (a) Trajectories of 20 large and small particles (note that solid lines are for
large particles, and dash lines are for small particles); (b) concentration of small
particles in the radial direction at different heights.

Mixing index is commonly used to quantify the segregation degree. Here, the particlescale mixing index (PSMI) proposed by Chandratilleke et al. (2012)is used. PSMI is
determined based on coordination number (CN) which can be obtained from DEM
simulation. Briefly, PSMI is defined by analogy to Lacey’s mixing index (Lacey, 1954)
and given by M = ( S02 − St2 ) ( S02 − Sr2 ) , where S 02 is a fully segregated state at time t0, S r2 is
2
a fully mixed state, and S t is the standard deviation of the fraction of the largest
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quantity of particles in samples at time t. PSMI = 0 means that mixtures are fully
segregated, and PSMI = 1 represents well-mixed mixtures.
The PSMI distribution as a function of height from the hopper bottom and distance
from the hopper centre Dc are obtained and shown in Figure 4-5. It can be seen that
PSMI shows a downward trend with the increase of the height from 0 to 30 dp. This
illustrates that the segregation increases with the height of the lower hopper. At heights
larger than 30 dp, PSMI remains approximately constant within the range of 0.5 ~ 0.6,
indicating that segregation extent does not vary significantly with height in the upper
bin. PSMI variation with Dc in the radial direction is also examined at the heights of 35
dp to 50 dp, and shown in this figure. It can be seen that PSMI is high near the centre,
and starts to drop sharply at Dc = 10 dp until almost zero at Dc = 18 dp. This indicates
that at the side wall region, significant segregation exists, and in the hopper centre, large
and small particles are well mixed.
4.3.2.2 Segregation analysis at bin steady-filling stage
In the three stages identified during the whole hopper filling process, size segregation
is the most stable at the bin steady-filling stage. Therefore, an assembly of particles at
this stage is tracked to investigate how segregation occurs, and the results are shown in
Figure 4-6. Here, 2829 small particles (in blue) and 187 large particles (in yellow) are
marked and tracked from the time t = 11.74 s (Figure 4-6 (a)). The tracked particles fall
and hit the heap, with most of the large particles moving towards the heap edge, and
only a few remaining in the centre. Correspondingly, most of small particles are
enclosed by large particles. Whereas several small particles bounce to the side walls.
Finally, the tracked particles come to rest at the time of 14.56 s (Figure 4-6 (e)).
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Figure 4-5 PSMI variation with height and distance to the hopper centre.

(b) 12.30 s

(a) 11.74 s

(d) 13.43 s

(c) 12.78 s

(e) 14.56 s

Figure 4-6 Flow patterns of traced particles at different times showing size
segregation process.
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The stopping position of moving particles is determined by the neighbour particles in
contact and their respective rolling and sliding interactions. To further address this issue,
eight particles are chosen with various distances (Dc) to the hopper centre and different
sizes to examine their velocity variation with time. For example, Figure 4-7 shows the
velocity variation with time for one particle (marked in red, and its contacting
neighbours marked in blue) at Dc = 17.5 dp. Note that here one parameter called cluster
size, defined as the current neighbour particles in contact is used to analyse its effect
on trajectory, as shown by blue particles in Figure 4-7. It can be observed that after
contacting the heap at t = 12.64 s, the red particle has no neighbours and its velocity is
large. It travels a long distance and then has the first contact at t = 12.76 s. Its velocity
decreases as the cluster size increases at t = 13.09 s. Finally, the cluster size reaches 7,
meaning that the red particle is surrounded by the seven particles, and comes to rest.
Figure 4-8 and Figure 4-9 show the variations of velocity and cluster size of four large
and four small particles during the filling process. These particles are chosen from
different final radial positions at Dc = 17.5 dp, 12.5 dp, 7.5 dp and 2.5 dp, respectively.
As shown in Figure 4-8, the particle movement history can be divided into three stages
by the horizontal velocity vx or the vertical velocity vz. The first stage is the period
before the initial contact with the heap (in the free fall) where vz reaches the maximum
in magnitude. After that, the particles hit the heap with vz decreasing to near zero and
then fluctuate, illustrating repeated collisions during its motion down the heap surface.
During this stage, the particles roll along the heap surface before becoming embedded.
Once particles come to rest, they become part of the heap. The second stage is critical
in affecting particle trajectory and distribution. The horizontal velocity vx variation
indicates that the maximum value occurs when the particles just hit the heap, and this
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value varies with Dc, being slightly smaller for small Dc. The travelling time from the
initial impact to fully embed is also shorter for small Dc due to the short travelling path.

t = 12.64 s

t = 12.76 s

t = 13.09 s

t = 12.88 s

t = 13.21 s

t = 14.11 s

(a)

t = 12.76 s

t = 12.88 s

t = 13.09 s

t = 13.21 s

t = 14.11 s

(b)
Figure 4-7 Demonstration of velocity vectors for one large particle located in the
position of Dc =17.5 dp, (a) schematic illustration; (b) rendering of the particles in the
hopper.
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Figure 4-8 also shows the variation of cluster size with time and particle position.
During the rolling period, the cluster size increases rapidly. For example, particles at
Dc = 17.5 dp and 12.5 dp have cluster size below 10, while cluster size for particles at
Dc = 7.5 dp and 2.5 dp is above 10. This reveals the local segregation pattern that for
large Dc, large particles have more contacts with other large particles, hence smaller
cluster size. Correspondingly, the large particle cluster size in the centre is larger than
that at the side wall region. Particles, which have larger initial vx and smaller cluster
size, bounce more easily due to their large potential energy and low energy loss through
neighbour interactions. Particles, which have smaller vx and larger cluster size, become
embedded due to their small initial potential energy and cluster interactions. Small
particles show a similar trend as large particles for vx, travelling time and cluster size,
as shown in Figure 4-9. The absolute value of vx at Dc = 17.5 dp and 12.5 dp are larger
than that at other positions and large particles, reaching almost 0.05 m/s. The travelling
time is shorter than large particles. This is due to small particles spending less time in
bouncing to the wall boundary with large velocities.
Note that Figure 4-8 and Figure 4-9 only show the flow properties of individual
particles chosen from different radial positions. To give a more general analysis, the
average flow properties including travelling time, maximum velocity in the radial
direction vx, max, and cluster size for different Dc at both the second and the third stages
are shown in Figure 4-10. Results are similar with those shown in Figure 4-8 and Figure
4-9. It can be observed that with the distance from the centre (Dc) increasing, the particle
travelling time increases first then decreases at Dc = 17.5dp. It illustrates that both large
and small particles near the side walls have small travelling time and large vx, max (Figure
4-10 (a)). Meanwhile, cluster size at initial stages is small compared to other radial
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positions (Figure 4-10 (b)). Therefore, it can be concluded that bouncing is the main
mechanism for small particles, and rolling for large particles.
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Figure 4-8 Variation of velocities (vx and vz) and cluster size of four large particles at
different radial positions with time, (a) Dc = 17.5 dp; (b) Dc = 12.5 dp; (c) Dc = 7.5 dp;
and (d) Dc = 2.5 dp. Note that: stage 1 - before hitting the heap; stage 2 - rolling or
embedding process; and stage 3 - steady state.

Particles in the radial positions less than 12.5 dp have large vx, max and small initial cluster
size, and travel further and need a longer travelling time. This is because they are
embedded into the heap after hitting, then pushed by the flowing particles. This can
also be verified by the force network shown in Figure 4-11. Both the stick thickness
and colours represent the contact normal force magnitude between particles. Large
forces are observed at the location of initial impacts. The green network under the filling
point is the embedding area. Compared large and small particles, it can be found that
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regardless of radial positions, all small particles have shorter travelling time and larger
vx, max compared with large ones. Small particles also have small cluster size.
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Figure 4-9 Variation of velocities (vx and vz) and cluster size of four small particles at
different radial positions with time, (a) Dc = 17.5 dp; (b) Dc = 12.5 dp; (c) Dc = 7.5 dp;
and (d) Dc = 2.5 dp.
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Figure 4-10 (a) Average travelling time and average velocity vx, max; (b) average initial
cluster size for all large and small particles stopping at a certain Dc.
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Figure 4-11 Normal force network of traced particles at (a) initial hitting process and
(b) the next embedding process in the central top part.
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4.3.3 Effect of friction coefficients on segregation
Sliding friction and rolling friction coefficients are two important variables related to
materials properties such as particle surface roughness and particle deformation. In
practice, different materials such as rape seeds and plastic pellets used in experiments,
or coke and ore used in the ironmaking process, have different properties which may
affect the segregation. Simulation results show that PSMI at different particle-wall
sliding friction coefficients does not change much compared with particle-particle
sliding friction coefficient ( µ s, pp ) and particle-particle rolling friction coefficient ( µ r, pp )
as shown in Figure 4-12. Hence, only results of µ s, pp and µ r, pp are examined and used
to obtain a contour plot.
Rolling friction coefficient
0.00
0.52

0.02

0.04

0.06

0.08

0.10

Particle-wall sliding friction coefficient
Particle-particle sliding friction coefficient
Particle-particle rolling friction coefficient
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0.42
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0.9

1.0

Sliding friction coefficient

Figure 4-12 PSMI at different particle-wall and particle-particle sliding friction
coefficients, µ s, pp , (with χ =50%, φ =2.5 and µ r, pp =0.025) and particle-particle rolling
friction coefficients, µ r, pp , (with χ =50%, φ =2.5 and µ s, pp =0.6).
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A matrix of rolling and sliding friction coefficients are examined and several typical
flow patterns are depicted in Figure 4-13. The base case is the one used in Sections 3.1
and 3.2 with the sliding friction coefficient 0.6 and rolling friction coefficient 0.025 dp.
Figure 4-13 (a) shows the flow patterns of different particle-particle sliding friction
coefficients, increasing from 0.1 to 1.0. It can be observed that the segregation degree
varies significantly with µ s, pp . With the increase of µ s, pp , the slope of the heap becomes
steeper and the differences between the centre and side walls are distinct. The
segregation is more serious and more large particles gather at the side wall region.
Figure 4-13 (b) shows the flow patterns of various rolling friction coefficients µ r, pp ,
ranging from 0.001 dp to 0.2 dp. It can be found that large particles gather at the side
wall region with increasing µ r, pp from 0.001 dp to 0.025 dp. After this, segregation
becomes less pronounced at µ r, pp = 0.2 dp.

The angular difference between large and small particles and a contour plot of
segregation degree (quantified by PSMI) for a series of combinations of various sliding
and rolling friction coefficients is shown in Figure 4-14. Smaller PSMI means more
significant segregation in the hopper, and larger PSMI means more uniform mixtures.
The PSMI contours are approximately parabolic with the minimum value at µ r , pp =
0.025dp -0.05dp, in which the angular velocity difference is larger than other rolling
friction coefficient (Figure 4-14 (a)). At fixed rolling friction coefficient, PSMI drops
with the increasing of sliding friction coefficient. When sliding friction coefficient µ s, pp
is large, the mixing index is affected by rolling friction coefficient significantly. As
shown in Figure 4-14 (a), the angular difference between large and small particles is
more significant of sliding friction coefficient 0.8 than that of 0.3, leading to serious
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segregation. The smallest PSMI appears when µ s, pp is 1.0 and µ r, pp is 0.025 dp. This
effect decreases at the small sliding friction coefficient µ s, pp , meaning that PSMI keeps
steady at around 0.7 when µ s, pp is 0.1.

μs,pp = 0.1

μs,pp = 0.3

μs,pp = 1.0

(a)

μr,pp = 0.001 dp

μr,pp = 0.005 dp

μr,pp = 0.2 dp

(b)
Figure 4-13 Flow patterns under different conditions: (a) different particle-particle
sliding friction coefficients µ s, pp , and (b) different rolling friction coefficients µ r , pp .
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(a)

(b)
Figure 4-14 (a) Angular velocity difference between large and small particles under
different µ s, pp , and µ r , pp , (b) Contour plot illustrating particle scale mixing index at
various sliding and rolling friction coefficients when size ratio is 2.5 and the mass
fraction of small particles is 50%.
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4.3.4 Effect of the volume fraction of small particles on segregation
The small particle volume fraction χ of the mixture is another important factor which
influences the segregation degree, as shown in Figure 4-15, where the volume fractions
of small particles are 25%, 50%, 75% and 90%, respectively. At 25%, large particles
are dominant (Figure 4-15 (a)), and small particles fill the voids among the large ones
and mostly gather in the middle part. When the small particle volume fraction
dominates at 75% and 90% (Figure 4-15 (c) and (d)), large particles are dispersed inside
the hopper but still show a tendency to gather at the side walls. To further quantify the
segregation, the distribution of small particle concentration at various radial positions
is compared under different χ. In each half hopper, three sections are divided by their
distance to the centre: the side wall section, the mid-radius section and the centre (see
the inset in Figure 4-16).

(a)

(b)

(c)

(d)

Figure 4-15 Flow patterns of different small particle volume fraction χ: (a) 25%, (b)
50%, (c) 75%, and (d) 90%.

The volume fraction of small particles in each section is obtained and plotted in Figure
4-16. The x-axis is the initial concentration (C0) of small particles in the feed, and the
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y-axis is the concentration of small particles (C) at different radial positions of the
hopper. Connecting the points of the concentration of small particles at the same
sections but different initial concentration χ, it can be found that each curve can be fitted
by a polynomial correlation,
C = (1-A) Co + ACo2

(4-3)

The fitting parameter A is 1.119, -0.495 and -0.636 for the side wall, the mid-radius and
the centre, respectively. The parameter A can present the segregation extent. When A >
0, it means that C > C0. The concentration of small particles is larger than the initial
concentration, which can be called positive segregation (Standish 1985). For the
concentration at the mid-radius section and the centre, A < 0 hence C < C0. The
concentration of small particles is smaller than the initial concentration, named as
negative segregation. Different values of A indicate different segregation extents. The
larger the absolute value, the stronger the segregation extent.
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Figure 4-16 Concentration of small particles as a function of feeding concentration in
three sections of side wall, mid-radius and centre.

4.4 Conclusion
Particle size-induced segregation during filling a hopper is investigated by DEM in this
work. The simulation results are firstly confirmed by the physical experiments, which
verifies the feasibility of DEM. The detailed conclusions are listed below.
•

The simulation results confirm that during the hopper filling process, large
particles tend to travel further along the slope surface and stop at the side walls
while small particles tend to remain in the central region. The analysis of particle
velocities, travelling time, cluster size and force networks is made in detail to
obtain an understanding of particle segregation mechanisms. Both large and
small particles at the side walls (e.g., Dc = 17.5 dp) have short travelling time,
high velocity and small cluster size, which verifies the bouncing mechanism for
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small particles and rolling mechanism for large particles. Some particles are
embedded into the bed due to cluster interactions and smaller initial potential
energy with low velocity and large cluster size, then stay in the central region.
Some particles with relatively large velocity and small cluster size travel further
to Dc = 12.5 dp. But they spend more time because the mechanism here is being
pushed by the embedded particle layer.
•

A contour plot is drawn by particle scale mixing index to quantify the effects of
particle sliding and rolling friction coefficients. The PSMI contours are
approximately hyperbola reaching the minimum value when µ r , pp = 0.025 dp.
Larger sliding friction leads to serious segregation. The smallest PSMI appears
when sliding friction coefficient is 1.0 and rolling friction coefficient is 0.025
dp.

•

A correlation is fitted for the concentration of small particles at the side wall,
the mid-radius and the centre. Results show that the parameter A is positive and
has large absolute value in the side wall region, meaning that segregation is
positive and significant. The segregation in the mid-radius section and the centre
is negative (A < 0) and weak.
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Chapter 5 Quantification of Size Segregation of Granular Materials during Discharging a
Hopper

5.1 Introduction
Granular materials with different particle properties may segregate. Segregation is a
common phenomenon and can occur during handling and transport process of granular
materials, such as particle flow in a hopper which is widely used as a storage container
to dispense or collect granular materials in engineering. However, industries are often
troubled with the problem of non-uniform mixtures and hence products when particles
with different sizes are discharged from a hopper. It can impact the effectiveness of
medicine in pharmaceutics, and poor long-term durability for the concrete structure and
uneven coke or ore distribution in an ironmaking blast furnace. Therefore, the
understanding the segregation during the discharging process is important and should
be paid more attention to.
Particle flow in a hopper is a long-standing research topic due to its practical application
across a wide range of real-world problems. For example, the discharging rate from a
hopper was firstly investigated by Beverloo et al. (1961) and improved later by others
(Anand et al., 2008, Nedderman et al., 1982, Arteaga and Tuzun, 1990, Langston et al.,
1995, Unac et al., 2012, Liu et al., 2014). The arching phenomenon near the orifice was
also extensively examined (Reisner, 1968, Luding, 1997, Matuttis et al., 2000, Zhou et
al., 2004). Most of these studies are based on mono-sized particles and focused on the
flow dynamics. For mixtures with different sizes in a hopper, only limited studies have
been conducted (Arteaga and Tuzun, 1990, Samadani et al., 1999, Ketterhagen et al.,
2007, Anand et al., 2008, Engblom et al., 2012b, Wu et al., 2013, Yu and Saxen, 2014,
Shinohara et al., 1970). By physical experiments, Arteaga and Tuzun (1990)
investigated the microstructure of binary mixtures which were related to particle size
ratio in mixtures and fraction ratio and modified the Beverloo et al. (1961) discharge
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rate correlation to incorporate particle size ratio and mass fraction. Shinohara et al.
(1970) analysed the mechanism of segregation and blending of binary mixtures for
particles flowing from a mass-flow hopper based on the screen or hypothetical-hoppers
model, where small particles pass through the interspaces of large particles during flow
to predict the mass flow rate and the mixing ratio during the discharge. Samadani et al.
(1999) explained that segregation occurs mainly on the surface of the hopper such as
inclined surface flow and then large particles gather at the core area. Standish (1985)
experimentally showed the concentration of small particles when discharged from a
parallel bin ironmaking blast furnace hopper. Engblom et al. (2012b) proposed a
correlation by sum of least squares on the basis of a large number of experiments to
describe the concentration of fine particles at the walls. Recently, the simulation method
such as discrete element method (DEM) has been a popular approach to analyse the
microscopic parameters and visualize the internal flow properties. Ketterhagen et al.
(2008, 2007) studied the changes of the mass fraction of fine particles with time during
discharging process by a quasi-3D and a 3D model and validated with their
experimental results under various particle properties and hopper geometries. Yu and
Saxen (2010, 2014) investigated the concentration of particles in a ternary mixture
during the discharging process and validated with experiments. Wu et al. (2013) also
examined the segregation in a Paul-Wurth hopper for mixtures with particle size
distributions.
However, most of the studies above focus on the mixtures with size ratios ranging from
1.5 to 5.0. Study of segregation during hopper discharge for mixtures with large size
ratios during hopper discharging process is still lacking. Generally, percolation is the
main segregation mechanism for large size ratio mixtures. But note that if two particles
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have very different sizes, small particles drain through the voids of large particles
simply due to the influence of gravity. This is normally termed spontaneous interparticle percolation. Such percolation is a common phenomenon in nature and industry.
Scott and Bridgwater (1976) and Cooke et al. (1978) investigated such percolation in a
shear box. Jha and Puri (2010) explored the percolation under different strain rates.
Zhu et al. (2009) and Rahman et al. (2008) examined the percolation velocity, residence
time distribution and radial dispersion under various restitution coefficients and particle
size ratios for the case with a layer of 171 small particles percolating through a packed
bed. However, it is not clear how the moving of large particles, e.g. during the hopper
discharging process, affects the segregation of different size ratios, particularly when
the size ratio is very large.
Therefore, in the present work, the simulation is first validated by the experimental
results referred in Shinohara et al. (1970) for a large size ratio. Then the microscopic
parameters, including the velocity of small particles, the porosity of large particle and
force structure are analysed for understanding the percolation and segregation during
the hopper discharging process. Finally, the effects of size ratio and hopper geometry
on segregation are also investigated.

5.2 Theoretical treatment
5.2.1 Simulation method
Please refer to Section 4.2 in Chapter 4.
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5.2.2 Simulation condition
A two-dimensional hopper (Figure 5-1) is used in our simulation, which is the same as
the geometry used in the experiment (Shinohara et al., 1970). It has an apex angle of
30°, which is small enough for each particle size to flow through in mass flow. The
thickness, T used in the simulation is 2 dp where dp is the diameter of large particles.
Because the width used in experiment is 17 dp, therefore, periodic boundary conditions
are also applied to reduce the effect of front and rear walls (Yang et al., 2015). The slit
outlet width of the hopper is D = 0.52 cm, which is 3 dp in our simulation, same as the
value used in the experiment. This width increases to 4 dp for small size ratio case,
because arching happens at when particles have small size difference. Different cone
apex angles ranging from 60° to 180° are also used to examine the effect on the
percolation.

Side view:
θ
2
H

Top view:

T
D

Figure 5-1 Geometry of the two-dimensional hopper in experiments and simulation.

The particles are generated at random location above the hopper at a higher height. To
avoid the percolation segregation, the outlet is opened soon when some of particles
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have settled, not all the particles, and packed at a height of H and then are discharged
through the slit outlet. The detailed mixture properties and parameters used in DEM
simulation are listed in Table 5-1. Mixtures with different size ratios are examined in
our study. Due to the large size ratio, multigrid contact detection method (He et al.,
2007) and GPU-besed code (Gan et al., 2016) are used in DEM simulation. Note that
the number of large particles and hence their volume is the same in all simulation cases,
and the number of small particles varies with the size ratio for each simulation.
Table 5-1 Materials properties and parameters range used in DEM simulation
Variables
Particle properties
Particle shape
Particle number

Particle diameter, dp
Size ratio, φ
Volume fractions of small
particles, χ
Particle density, ρp
Young’s modulus, E
Poisson ratio, ν
Interaction parameters
Particle-particle sliding
friction, µr,pp
Particle-wall sliding friction,
µs,pw
Rolling friction coefficient, µr
Damping coefficient
Dimensionless hopper
geometry
Outlet slit, D
Thickness, T
Apex cone angle θ

Base value

Parameters range

Spherical
97,768 (large:
2,394 - 67,174 (large particle
299, small:
number and size are fixed.)
97469)
17.05 mm (large);
1.19 mm (small)
14.3:1
10:1, 8:1, 6:1, 4:1, 3:1
10%
2520 kg/m3
1.0×107 Pa
0.3
0.6
0.6
0.025 dp
0.3

3 dp
2 dp
30o

4 dp (when arching happens)
60o, 120o, 180o
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5.3 Results and discussion
5.3.1 Model validation & size segregation analysis
In the simulations, mixtures of large and small particles are discharged from the hopper
by gravity. The discharging time is normalized by the fully discharged time, giving the
normalized discharging time (NDT), which is defined as NDT = instantaneous
discharge time/fully discharged time. The snapshot of flow patterns during the
discharging process is shown in Figure 5-2. It can be clearly seen that small particles
are discharged out first due to the percolation through the voids formed by large
particles and the small particles near the side wall region are discharged slower than
that at the centre.

(a) NDT=0.13

(b) NDT= 0.22

(c) NDT=0.48

(d) NDT= 0.60

Figure 5-2 Snapshots of particle flow patterns at different NDT

During the discharging, the concentration of large particles discharged at the outlet in
a fixed running time by considering the particles remaining in the hopper is recorded,
and the results are compared with experimental values, and shown in Figure 5-3. It
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illustrates that at the initial stage, both results show that an initial discharge
concentration of large particles at outlet is around 0.85, indicating the small-particlesdominated flow compared with the initial overall large particles concentration of 0.9.
Then from NDT= 0.5, the concentration of discharged mixture changes from a smallparticles-concentrated value to a large-particles-concentrated value, a concentration of
large particles at around 1.0. Afterwards, small particles are fully discharged first and
only large particles are left at NDT= 0.7. Hence, the Small particle Fully Discharged
Time (SFDT) is 0.7 in the simulation. In experiments, after NDT= 0.7, the volume
concentration of large particles are bigger than 0.98, which is very close to 1.0.

Small particle fully discharged time
(SFDT)

Concentration of large particles

1.05
1.00
0.95
0.90

DEM
Experiment

0.85
0.80
0.75
0.70
0.0

0.2

0.4

0.6

0.8

1.0

Normalized discharging time (NDT)

Figure 5-3 Concentration of large particles during the discharging process (The
experiment data are from (Shinohara et al., 1970)),

To quantify the different behaviour of large and small particles in the hopper, the
velocity of both large and small particles from different positions are analysed. Four
regions, marked by different colours, are shown in Figure 5-4 (a): the right sidewall

- 122 -

Chapter 5 Quantification of Size Segregation of Granular Materials during Discharging a
Hopper

(RW), the left sidewall (LW), the central higher positon (CH) and the central lower
position (CL). The average resultant velocities of large and small particles in these
regions are calculated during discharge, and shown in Figure 5-4 (b). It can be found
that the particles from both RW and LW discharged over a longer period compared
with the particles in the CH, indicating that the sidewall has a significant effect on the
flow of granular materials in the hopper. Meanwhile, large particles have longer
discharging time than small particles in all four regions. It shows that small particles
have a larger relative velocity in order to pass through the voids formed by large
particles. This observation provides a quantitative insight into the gravitational
percolation mechanism. Particles at CL have the largest absolute average velocity
among these eight curves, meaning that they have the largest potential trend for
discharging. This is because they are above the outlet, there is no obstacle reaching the
outlet under gravity.
It can be found that the particles from both RW and LW discharged over a long period
compared with the particles in the CH, indicating that the side wall has a significant
effect on the flow of granular materials in the hopper. Meanwhile, large particles have
longer discharging time than small particles in all four regions. It shows that small
particles have a larger relative velocity in order to pass through the voids formed by
large particles. This observation provides a quantitative insight into the gravitational
percolation mechanism. Small particles marked as red have the largest absolute average
velocity among these eight curves, meaning that they have the largest potential trend
for discharging. This is because they are near the outlet, the effect of the side wall is
tiny compared with other regions. Both large and small particles have relatively large
velocity. The particles here have loose packing which leads to large porosity at CL.
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(a)
(b)
Figure 5-4 (a) Coloured four regions (yellow – the centre higher position (CH), red –
the centre lower position (CL), green – the left side wall (LW), and light blue – the
right wall (RW)), and (b) the average velocity of both large and small particles in the
four regions.

At NDT = 0.2, the flow pattern snapshot showing the movement of particles in four
regions and the velocity probability density distribution of small particles in each region
is shown in Figure 5-5. The particles in the red region have formed a narrow elongated
shape compared with other three regions. The probability density distribution of CL is
a linear trend which is different from other three regions, which are Gaussian
distribution. Half of the particles in CL have large absolute velocities, at around -0.85
mm/s, and this leads to the slim shape. On the contrary, particles at the same height of
RW, LW and CH show similar probability density function. Most of the particles have
velocities varying from -0.15 mm/s to -0.35 mm/s and their density distributions are
analogous to a Gaussian distribution. Comparing the probability density of small
particles with a large absolute velocity above 0.5 mm/s, it can be found that this density
of RW and CH is larger than that of LW. It agrees with the coloured particles
- 124 -

Chapter 5 Quantification of Size Segregation of Granular Materials during Discharging a
Hopper

distribution from Figure 5-5 (a), where small particles drop faster. It might be caused
by the jamming at the outlet, leading to the unsymmetrical distribution of RW and LW.

LW
RW
CH
CL

1400

Probability density

1200
1000
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0
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-0.4

-0.2

0.0

Velocity of small particle/(mm/s)

(a)
(b)
Figure 5-5 (a) flow pattern snapshot of four coloured regions at NDT = 0.2; and (b)
the velocity probability density distribution of small particles in each region at NDT =
0.2

This distribution is closely related to the voids distribution which is presented by
porosity. To decrease the effect of boundary and segmentation of large particles when
computing porosity on rectilinear grids, a 3D Voronoi tessellation is used to segment
the domain based on the large particles, ignoring the small particles inside the voids
between the large particles. The porosity of large particles (only considering large
particles by ignoring the small particles inside) in these four regions at NDT= 0.2 is
obtained and shown in Figure 5-6. It can be found that large particles at the centre
regions CH and CL have large porosity than particles from the side wall RW and LW.
It means that more voids exist in the centre and therefore, small particles have more
opportunities to percolate through the voids among large particles. Information about
the distribution of small particles can be derived from the number of small particles in
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each large particle Voronoi cell Ns and the number of small particles in contact with
each cell’s core large particles Nsc is also illustrated in Figure 5-6. It shows that in the
voids among large particles, the distribution of small particles is different in the four
coloured regions. The CH region has the lowest number of small particles in each
Voronoi cell. For small particles in contact with the core large particles, the CH also
has the smallest number, which implies that small particles may flow through the large
voids without interaction with the adjacent large particles. This can also explain why
velocity difference between large and small particles are large in the centre. Due to the
congestion of small particles at the hopper outlet, the number of small particles and the
contacts number with the core large particles is largest in the CL among these four
regions. The number ratio Nsc/Ns is larger than other regions, meaning more interactions
between large and small particles. The number of small particles and the contact
number are similar in RW and LW and have a relatively large value. It means that small
particles aggregate at the side wall. After their percolation through the voids, small
particles cannot find a direct way to the outlet because of the effect of inclined wall,
leading to the high concentration of small particles around the side wall.

(a)
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core large particles Nscore
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(b)
Figure 5-6 (a) Voronoi diagram; (b) porosity of large particles, number of small
particles in Voronoi cell, number of small particles in contact with core large particles
and their ratio in different positions at NDT=0.2.
The distribution of large and small particles can be further understood in terms of
particle-particle interaction forces, mainly the contact force. Figure 5-7 shows spatial
distribution of the normal contact forces in the hopper. The cylinder length represents
the contact type, for example, the small-small contact (the contact of small particles to
small particles) has the shortest length, large-large contact the longest, and small-large
contact medium length. The diameter represents the force magnitude. It can be found
that the force chains have various patterns at different regions. In the CH, most of the
samples show umbrella frames, where the core is occupied by large particles and the
frames are the forces caused by small particles falling and contacting with the core large
particle, as shown in Figure 5-7 (b). Note that most of the small particles in CH do not
produce a contact of sufficient magnitude to be seen here because their interaction with
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large particles is limited to flow collisions and they do not transmit sustained contact
forces through the bulk packing. This explains that why percolation is easy for small
particles in this area. Then at the side wall, most of the chains are small, indicating that
small particles accumulate here. The umbrella frame at CL is denser compared with
CH, meaning that small particles are blocked to some extent, but the block is not serious
and most of them still percolate or are discharged from the hopper with a high speed.

(b)

(c)

(a)

Figure 5-7 (a) Contact force network in the hopper; (b) an umbrella frame and pattern
in CH, and (c) the pattern of small particles at the side wall.

5.3.2 Effect of size ratio on discharging process
For the large size ratios, the results show that percolation is the main flow mechanism
for small particles and their fully discharged time is primary related to the voids
concentration. The voids concentration might differ significantly with a size ratio of
particles in mixtures. To understand the effect of size ratio on the void concentration
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and the spatial distribution of small particles, mixtures with different size ratios from
4.0 to 14.0 are examined.
The concentration of large particles discharged from the hopper at different times is
shown in Figure 5-8. The small particles fully discharged time (SFDT) can also be seen
for different size ratios. These results show that for all size ratios, at the initial stage, it
is a small-particle-concentrated period where the concentration of large particles is
around 0.88. Then at NDT= 0.5, it becomes a large-particles-concentrated period,
where almost all values are larger than 0.9. However, for small size ratios such as 4.0
and 6.0, the large particles concentrated period is longer than large size ratio until small
particles are fully discharged. The SFDT is similar for size ratios of 10 and 14, which
is the smallest due to the significant difference of size ratio. Percolation is the main
mechanism in these cases, and small particles have fewer interactions with large
particles and drop quicker in the voids. For smaller size ratios, the mechanism might be
different which leads to a late SFDT.
It is known that large particles and small particles have different velocities in the
hopper, as shown in Figure 5-4 and Figure 5-5. The difference between these two kinds
of particles determines the SFDT. It can be seen from Figure 5-9 that the velocity
difference increases with size ratio increasing. The velocity difference is larger for
particles from the central region (CH and CL) than particles from the side wall region
(RW and LW). For size ratios of 4 and 6, the difference between various regions is
almost same and very small, which means that particles in the hopper move in a similar
pace, and percolation is not serious in these situations. Mixtures with size ratio larger
than 8, the velocity difference at CH is significant, showing that small particles
percolate through the voids formed by large particles. It can be concluded that when
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the velocity difference is smaller than 0.07 mm/s, where size ratio is lower than 6.0,
percolation does not play a dominant role in segregation. Considering the particle size,
this turning velocity difference could be written as 0.041 dp/s.

SFDT

Concentration of large particles

1.05
1.00
0.95
0.90
0.85

Size ratio 4
Size ratio 6
Size ratio 8
Size ratio 10
Size ratio 14

0.80
0.75
0.70
0.0

0.2

0.4

0.6

0.8

1.0

Normalized discharging time (NDT)

Figure 5-8 Concentration of large particles during the discharging process at different
size ratios
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Figure 5-9 The velocity difference between large and small particle at various
positions under different size ratios

Further comparison on the porosity of large particles, the volume of small particles, and
the ratio of number of small particles in contact with core large particles Ncs to the
number of small particles in this grid Ns are obtained from a 7 dp × 7 dp grid chosen
from the hopper centre at NDT= 0.45 and shown in Figure 5-10. It can be found that
porosity of large particles decreases with the increase of size ratio, and is largest at
smallest size ratio of 3. This is because for large size ratio, small particles spread in the
voids formed by large particles. But for small size ratio, small particles push the large
ones and makes the porosity of large particles small. In the meantime, the volume of
small particles is large at this time. However, if most of the small particles are in contact
with large ones, they cannot percolate smoothly. Therefore, the ratio Ncs/Ns is a
significant value, which can reflect the small particle distribution in the discharging
process. This ratio decreases with size ratio increasing. Interestingly, when size ratio is
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3, the outlet size is 3 dp, and an arch forms at the outlet. Thus, for the case with a size
ratio of 3, the outlet size is set as 4 dp and the arch disappears. The concentration of
large particles and the porosity are checked for this case. Compared with other size
ratios at the same outlet size, it can be found that a large number of small particle in the
mixture can decrease the possibility of the arch formation.

Porosity of large particle
Volume of small particle
Ratio of Ncs/Ns
0.50
0.48
0.46
0.44
0.42
6.0
5.5
5.0
4.5
4.0
3.5
0.25
0.20
0.15
0.10
0.05
0.00

2

4

6

8

10

12

14

Size ratio

Figure 5-10 Porosity of large particles, the volume of small particles in the chosen
grid and the number ratio Ncs/Ns (from top to bottom) in the centre hopper for
different size ratios.

The difference caused by size ratio can be further seen from the flow patterns and the
normal contact force, as shown in Figure 5-11 and Figure 5-12. For large size ratios
such as 10 and 14, the number of small particles is huge, therefore, the umbrella frame
in normal contact force has more branches. The force networks formed by large
particles at different size ratios are similar. However, for the same voids, smaller size
particles are free to fall through. Hence, besides the particles which are in contacts with
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core large particles, the number of free ones are still large. This is the reason for the
velocity difference between large and small particles and the main cause of percolation
occurrence.

(a) Size ratio 3

(b) Size ratio 4

(c) Size ratio 6

(d) Size ratio 8
(e) Size ratio 10
(f) Size ratio 14
Figure 5-11 Flow patterns of different size ratios in chosen 7 dp × 7 dp grid at the unit
discharging time of 0.45.

(a) Size ratio 3

(b) Size ratio 4
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(d) Size ratio 8

(e) Size ratio 10

(f) Size ratio 14
/N

Figure 5-12 Contact force network in the chosen grid for different size ratios

5.3.3 Effect of cone angle on discharging process
The hopper shape is also a significant factor influencing the discharging process. In this
section, the hopper cone angle varies and its effect on segregation is examined based
on mixture properties used in Table 5-1. The discharge snapshots of flow patterns for
different cone angles at the initial stage and the mass discharged at 40% are shown in
Figure 5-13. The concentration of large particles in the mixture discharged is shown in
Figure 5-14. Because of the hopper shape difference, the flow rate differs significantly,
therefore, the mass discharged fraction is used here to show the discharging process
time.
From Figure 5-13 (b), it can be observed that the distribution of small particles varies
significantly for different cone angles. Due to the same large size ratio, all small
particles at different cone angles percolate through the voids formed by large particles
and discharge from the hopper quickly. Therefore, a region of only large particles
remains in the upper part of the hopper for all the cone angles. However, small particles
are distributed uniformly and discharged together with large particles evenly for θ =30o
and 60o, which are flat and smooth curves shown in Figure 5-14. On the other hand, for
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θ =120o and 180o, small particles are percolated in large cross section, but most of them
are gathered at the side wall hence cannot be discharged smoothly. Therefore, the
concentration of large particles reaches 0.9 at θ =120o and 180o faster than that at θ =30o
and 60o. But the concentration at θ =120o spends more time in reaching 1.0, where the
slope of the turning point line is small, compared with that at θ =30o and 60o. For θ
=180o, almost half of the mixtures are blocked at the corner, and small particles near
the side wall have small chance to fall out.

θ =30o

θ = 60o

θ =120o
(a) Initial stage

θ =30o

θ = 180o

θ = 60o
θ =120o
θ = 180o
(b) Mass discharged fraction 40%
Figure 5-13 Snapshots of the flow patterns at different discharging angles
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Figure 5-14 Variation of the concentration of large particles with discharged fraction
at different hopper angles.

When small particles are gathered at the side wall, their movement is determined by the
adjacent large particles. This can be found from the normal contact force network in
Figure 5-15. The force chains between small particles are among the network of large
particles, then the small particles wait for the chance to percolate and drop down. For
example, the kink points at 60 o and 120 o are when small particles at the side wall are
pushed out. Therefore, for large cone angle hopper, which is commonly used in
industry, to control the movement of large particles around the bottom of the hopper is
meaningful. In addition, when the cone angle is 180 o, arching is formed at the outlet
even the outlet size is same as other cone angles. Similar with small size ratio, the
movement of small particles between the large particles can decrease the chance of arch
formation.
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/N

Figure 5-15 Contact force network at different discharging angles

5.4 Conclusion
The mixture with large size ratio (14.3:1) is discharged from a hopper and the
concentration of large particles discharged is validated by physical experiment from
literature data. The results show a quantitative agreement. The following conclusions
can be drawn from the present work.
•

The velocity difference, (an indicator of percolation mechanism), between large
and small particles is significant in the centre at the upper hopper. In addition,
particles in the centre travel faster than that at the side wall. This difference is
related to the porosity of large particles and the number ratio of small particles
which indicates the fraction of free drop particles. Results show that mixtures
with large porosity and a large amount of fraction of free small particles (1 Ncs/Ns) easily segregate and has a large small particle fully discharged time.

•

Mixtures with different size ratios also have various SFDT. For small ratio size,
the velocity difference between large and small particles are small. This is
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caused by a small fraction of free small particles. In the present study, when the
velocity difference is below 0.07 mm/s and the number ratio Ncs/Ns is above
0.10, percolation is not the dominant mechanism, and the segregation is not
obvious.

•

For different hopper geometries, the SFDT is related to the cross-section of the
hopper. When the cone angle is large, the wide cross-section leads to fast
percolation of small particles. But because of the wall and the relatively small
outlet slit width, small particles are gathered at the side wall and are taken along
by the movement of large particles.
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Chapter 6 Effect of Operation Conditions on Size Segregation of Particles during Charging
and Discharging a Paul-Wurth Hopper

6.1 Introduction
In an ironmaking blast furnace, burden materials (coke, sinter, pellets and fluxes) are
weighed from bins in the stock-house and delivered to the furnace top bins before
discharged into the furnace by the burden distribution system. Several bell-less top
charging systems have been developed by Paul Wurth, including the serial-hopper type
and parallel hopper type. The latter one is innovative which can achieve flexible burden
distribution and control segregation to some extent, therefore, named as Paul-Wurth
(PW) type hopper, and has been widely used in practice. The ferrous batch with sinter,
lump ore, pellets, limestone and a small coke, representing a very wide range of sizes,
shapes, and densities, is likely to segregate. Further, the batches pass through the
rotating chute and deposit on the stock-line. Hence, understanding how size segregation
happens during charging into or discharging from the PW hopper is significant for the
smooth operation of a blast furnace.
Most of the segregation studies in a hopper by experiments (Shinohara et al., 1972,
Arteaga and Tuzun, 1990, Jha and Puri, 2009, Engblom et al., 2012b) and simulation
(Ketterhagen et al., 2007, Yu and Saxén, 2010, Zhu et al., 2009) in the past decades
focused on conical shape, which is more symmetrical and fundamental. However, for
the application of a blast furnace charging system, most of the investigations focused
on the effect of rotating chute (Gan et al., 2016, Xu et al., 2011, Xu et al., 2018)or the
whole system. For example, Zhang, et al. (2014) studied the flow behaviour in a conical
hopper and effect of the chute inclined angle. Mio, et al. (2009, 2010, 2017) built a
simulator for the whole charging system and analysed the effect of chute angle. Only
few research were carried out to study the segregation phenomenon in a PW type
hopper. Standish (1985) carried out the experiments to study the segregation in a PW
- 140 -

Chapter 6 Effect of Operation Conditions on Size Segregation of Particles during Charging
and Discharging a Paul-Wurth Hopper

hopper and examined the distribution of particles in the hopper. But the filling positions
were set as central and fixed, and the studies on the effects of operating conditions were
not involved. Yu et al. (2014) found that the effect of particle shape on segregation was
insignificant. Wu, et al. (2013) found that the segregation along the radial direction did
not significantly affect by burden apex which might be caused by large size distribution
and small particle numbers, and this was not consistent with the practical production
which bears serious segregation. Qiu, et al. (2017) investigated the velocity, force chain
for mono-sized particles when discharging a PW hopper. In addition, wear of the hopper
concerns the lifetime and safety products in the process. But the wall stress has been
studied for mono-sized particles by experiments and simulations such as DEM for
spheres (Qiu et al., 2017) and ellipsoid particles (Liu et al., 2014) and finite element
method (Zheng and Yu, 2015, Wang et al., 2014). Results show that the largest wall
pressure happens in the upper part of the conical hopper. The wall stress analysis has
been studied for mono-sized particles by experiments and DEM (Qiu et al., 2017),
ellipsoid particles by DEM (Liu et al., 2014) and mono-sized particles by finite element
method (FEM) (Zheng and Yu, 2015, Wang et al., 2014). However, It is not sure
whether the wall pressure distribution is same for binary mixtures and mono-sized
particles. Therefore, for the binary mixture, the factors such as operating conditions
including filling positions and angles and wall stress which are related to the practical
application, still need to be taken in to account to predict the size distribution. What’s
more, in order to predict the size distribution during charging and discharging a PW
hopper and provide the corresponding methods to reduce segregation, the operation
conditions including filling positions and angles, and wall stress which are related to
the practical application, still need to be taken into account.
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To address this, in present work, a quasi-three-dimensional PW model based on a No.5
blast furnace in BlueScope is built by DEM to study the effects of filling operation and
filling angles on the size segregation during charging and discharging a PW hopper.
Then the degree of segregation is used to quantify the segregation extent during
charging and discharging. Further, the contours during discharging and the wall stress
distribution are drawn to further discuss the segregation mechanisms.
6.2 Theoretical treatment
6.2.1 Discrete element modelling
Please refer to Section 4.2 in Chapter 4.
6.2.2 Simulation condition
The geometry of the quasi-3D rectangular cross-sectioned PW hopper used in this work
is shown in Figure 6-1 (a), which is one critical part of the parallel Paul Wurth hopper
in the burden charging system (as shown in Figure 6-1 (b)). In the charging system,
particles fill through a tilting chute and then are charged into a PW hopper. After this,
particles are discharged out and fall into the furnace. Therefore, as a transition vessel
in the system, the segregation during filling and discharging out the hopper is
significant to the distribution of particles in the blast furnace. In our simulation,
particles are generated randomly in a feeder hopper and then discharged out through an
inclined surface, which replaces the moving of particles from the belt in a real system.
The angle and the endpoint of this inclined surface can be adjusted for parameter study.
The feeder hopper is set conical to make particles flow as close as mass flow pattern,
and then particles are more uniform when filling into the PW hopper. Then particles
stack in the PW hopper and pile up. Here, periodic boundaries are used to reduce the
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effect of front and rear walls (Yang et al., 2014). Particle properties used in this work
are listed in Table 6-1.

Tilting chute

Parallel Paul
Wurth hopper
Discharge funnel

Furnace throat

(a)

(b)

Figure 6-1 Schematic illustration of (a) the geometry of a quasi-3D hopper used in
current work; (b) burden charging system above a blast furnace.

Table 6-1 Materials properties and parameters used in the simulation
Parameter

Value

Particle size, d

80 mm, 20 mm

Particle density, ρ

900 kg/m3

Volume fraction

Large particles 50%,
Small particles 50%

Total particle number

148968

Young’s modulus, Y

1×107 N/m

Poisson’s ratio, σ

0.3

Sliding friction coefficient,

0.6

Rolling friction coefficient,

0.025 dp
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6.3 Results and discussion
6.3.1 Charging in a Paul-Wurth hopper
6.3.1.1 Segregation flow patterns for different filling positions
The filling positions affect the particle distributions in a hopper significantly. Different
filling positions including the left side wall (P1), ¼ of hopper width from the left side
wall (P2), the centre (P3), ¾ of hopper width from the left side wall (P4) and the right
side wall (P5) are studied. The flow patterns and the spatial distribution of the
concentration of small particles after charging in a PW hopper at corresponding filling
positions are shown in Figure 6-2. It can be found that the filling positions of P1 and
P5 gather most of the large particles compared with the filling positions of P2 and P3
(Figure 2 (b) and (c), respectively), which is marked as light blue colour in Figure 6-2
(i). It can be found that when the filling positions of P1 and P5 gathers most of the large
particles compared with positions of P2 and P3 (Figure 6-2 (i) (b) and (c), respectively),
which is marked as light blue colour in Figure 6-2 (ii). Meanwhile, the area at the left
side wall is filled with small particles. It is similar with the right filling position P5,
regardless the shape of PW hopper. Large particles gather at the side wall which is
opposite to the filling position. This might be because the left and right filling positions
(P1 and P5) allow a longer slope for particles to roll down. Therefore, segregation
happens in this rolling process and is more distinct under these filling positions. The
area of the concentration of small particles below 0.1 decreases from P1 to P3, the same
with the red region, where the concentration of small particles is above 0.9. This is
attributed to the different distances of filling positions to the side wall. For P1, the centre
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of the slope is at the left part of the hopper, then particles roll down from the filling
point. Therefore, the slope where particles rolling down is longer than other two
situations P2 and P3. It is known that mixtures are distributed due to the competition of
large particles rolling down and mixtures embedding in when filling in the hopper.
When the slope is longer, large particles have more time to roll down rather than
pushing away. The left side wall also influences the small particles gathering. (b) and
(d), (a) and (e) are axisymmetric. The only difference is the directions of large particles
gathering area, therefore, it determines what kind of particles are first discharged out at
the discharging process. Then consider the small particle gathering area, which is the
place under the filling place. The concentration of small particles in P1 at x = 20 dp is
almost 1.0, and this number keeps high and above 0.9 until dimensionless x = 15. dp It
means that the small particle gathering area of P1 occupies 5/45 of the whole hopper
width. This number decreases for the 1/4 filling (P2) and central filling (P3) cases. This
also gives a quantitative value evaluating the particle distribution in the hopper. More
quantitative data on the concentration of small particles can be found in Figure 6-3. It
shows the distribution along the radial position of the average concentration of small
particles at dimensionless z at 35-45 dp and 15 dp.

(i)
(a)

(b)

(c)
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(ii)
(a)

(b)

(c)

(d)

(e)

Figure 6-2 (i) Flow patterns of hopper filling at different positions (outlet size is 3 dp);
(ii) Spatial distribution of concentration of small particles in the hopper (the grid is
2.0 dp, V3 is a concentration of small particles) (a): P1 – left side wall; (b) P2 – ¼ of
hopper width from the left side wall; (c) P3 – the centre; (d)P4 – ¾ of hopper width
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Figure 6-3 Concentration distribution of small particles in the hopper at dimensionless
z (a) 35-45 dp and (b) 15 dp
There are many mixing indexes to characterise the mixing extent. For charging in a
hopper, the degree of segregation (Ds) proposed by Shinohara et al. (1972) which is
defined by the following equation is a good way to illustrate the segregation degree in
a bounded heap flow.
𝐿𝐿

𝐷𝐷𝑠𝑠 = 1 − 𝐿𝐿 𝑠𝑠

ℎ
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where Ls is the farthest distance along the heap line from the heap top to the point that
small particles can reach. Lh is the distance from the heap top of height to the hopper
wall along the heap surface. This method considers the effect of the difference of heap
length due to various filling positions. Here the horizontal cross-section is used to
replace the heap line, and the filling point is used to replace the heap top. Hence, Ls is
the farthest distance along the horizontal cross section from the filling point to the point
where small particles concentration is less than 0.025. Therefore, from Figure 6-3, it is
33 dp, 29.25 dp, 22.5 dp, 30.25 dp, and 34.5 dp for P1, P2, P3, P4 and P5 respectively.
Then Lh is the distance from the filling point to the hopper wall along the horizontal
cross-section, which is 43.5 dp, 33.75 dp and 22.5 dp, for P1, P2, P3 respectively. The
P1, P2, P3, P4 and P5 are the same with P1 and P2. Similarly, from the concentration
distribution of small particle at height 15 dp, Ls is 16 dp, 22 dp, 14 dp, 22 dp and 18 dp.
Lh is chosen as the distance from the wall due to the narrow cross-section, which is 24
dp, 24 dp, 14 dp, 24 dp and 24 dp, respectively.
Compared with Figure 4-4(b), the concentration distribution of small particles of P3
and the simple geometry hopper is similar because the targeting height is in the upper
part, ignoring the special shape of PW hopper in the lower part.
The segregation degree Ds as defined in Eq. (6-1) is calculated and shown in Figure 64. It can be found that segregation degree shows the same trend at both dimensionless
z and decreases with the filling position moving right and reaches a minimum value at
the central filling position. It can be found that Eq. (6-1) takes the effect of heap length,
the left filling and right filling positions into account.

- 147 -

Chapter 6 Effect of Operation Conditions on Size Segregation of Particles during Charging
and Discharging a Paul-Wurth Hopper

0.35

Dimensionless z 35-45 dp
Dimensionless z 15 dp

Degree of segregation

0.30
0.25
0.20
0.15
0.10
0.05
0.00
P1

P2

P3

P4

P5

Filling positions

Figure 6-4 Degree of segregation at different filling positions at various z

Wear of the hopper wall can influence the operation of the hopper and is detrimental to
the industry. Therefore, after particles are fully charged into the hopper, the wall stress
on the unsymmetrical PW hopper is investigated and demonstrated in Figure 6-5. It can
be found that the wall pressure focuses on the inclined slope which supports the
particles. The pressure is large for P5 on the left wall and P1 for the right wall. This is
understandable because the wall in the opposite direction of the filling position
undertakes more pressure. Furthermore, the maximum wall stress for a certain filling
position is the higher part of the slope for both left and right side walls. Interestingly,
there is a turning point for P3 P4 and P5 at the lower left side wall. This is caused by
the impact of high packing height at the right of the wall. To conclude, attention needs
to be paid on the wear of the wall which is opposite to the filling point and the maximum
part of the slope.
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(a)

(b)
Figure 6-5 Wall stress on (a) the left side and (b) the right side wall in a PW hopper
under various filling positions.

6.3.1.2 Effect of filling angle in a Paul-Wurth hopper
To examine the effect of filling angle on flow pattern in the hopper, seven different
filling angles ranging from 0o-150o are studied here. The dropping points of the feeder
hopper are guaranteed the same and in the centre by using various chute lengths.
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Particles fall under gravity in the path of different chute angles, the same function of
the tilting chute as shown in Figure 6-1 (b). The flow patterns are obtained in Figure 66. It can be observed that the patterns are similar for filling angles between 30o and 60o,
with large particles gathering at the right-bottom and left-top parts. Likewise, when
filling angles are 120o to 150o, the distribution of large particles is at right-top and leftbottom. The reason for this distribution can be further explored from an example of the
chute angle of 30o, as shown in Figure 6-7. It can be observed that particles which hit
the side wall of feeder hopper first along the angled chute and then fall along the side
wall (Figure 6-7 (a)). After the time of 1661 s, as shown in Figure 6-7 (b), particles
fulfil the bottom area below the hitting point of the left side wall. Here for these particles
under the hitting point, they are similar with the left filling case. Small particles gather
at the opposite direction of hitting-place, which is the right lower hopper. Then the left
edge of the surface slope exceeds the filling point, the situation changes (Figure 6-7
(c)). Large particles begin to gather at the left side wall. It is similar with P2 in Figure
6-3 (b). From Figure 6-7 (d), it can be found that there are less large particles on the
right side wall compared with P2. This is because the trajectory has a significant effect
on the inclined chute compared with straight line filling. The trajectory mechanism was
reviewed by Williams (Williams, 1976), saying that large particles travel longer
horizontal distance than small ones when they are jetting out along an inclined surface
together.
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(a) 30o

(b) 45o

(c) 60o

(d) 90o

(e) 120o

(f) 135o

(g) 150o

Figure 6-6 Flow patterns of hopper filling at same dropping positions but different
filling angles

Angle 30 o: Real-time (a) 996s (b) 1661s

(c) 2989s

(d) 4318s

Figure 6-7 Flow patterns at a different time step of hopper filling at angle 30 o

This quantitative concentration distribution of small particles along the radial position
at dimensionless z is shown in Figure 6-8 to determine the degree of segregation by Eq.
(3). At the height of 15 dp, the filling points do not have a huge difference between
various angles due to the bounce on the wall, therefore, Lh is 24 dp. Ls varies at 20 dp,
17 dp and 17 dp for filling angle 30o, 45o and 60o, respectively. Thus, the segregation
degree Ds is 0.17, 0.29 and 0.29 respectively. It is a little different at height 35-45 dp.
Due to the trajectory, the effect of filling angle on flow patterns is totally different from
filling positions. Large particles gather at the left side of filling positions rather than
segregating to the right side wall. Instead, small particles gather in the right side wall.
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Consequently, Ds which use the farthest distance of small particles concentration cannot
be used to show segregation degree here. However, from the concentration line, it can
be found that the areas where concentration is below 0.025 and above 0.65 are different
because of filling angles. But the difference is not significant. This is because trajectory
mechanism plays a key role in terms of filling angles and makes segregation serious in
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Figure 6-8 Concentration distribution of small particles in the hopper at dimensionless
z: (a) 15 dp, and (b) 35-45 dp
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Wall stress on the left side and right wall of PW hopper for different filling angles are
shown in Figure 6-9. The same with the wall stress under different filling positions, the
stress focus on the inclined wall which supports the particles’ weight in the lower
hopper. It can be observed that most of the maximum stress for a certain filling angle
also appears at the higher part of the slope, except for 120°, 135° and 150°, which have
a large pressure at the left lower slope due to the tall packing on the right, and 30°, 45°
and 60°, which have a flat pressure distribution at the right middle slope.

(a)

(b)
Figure 6-9 Wall stress on (a) the left side and (b) the right side wall in a Paul-Wurth
hopper under various filling angles.
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To conclude, different with the straight filling method, particles filling at various angles
show different flow patterns. The large particles gathering area exists not only under
the filling point but also appears in the left-lower side wall and right-upper side wall.
From the analysis of travel distance at certain timestep, it can be found that in the lower
hopper part, particles bouncing after hitting the wall leads to segregation. Differently,
in the feeder bin, except for embedding and rolling down, the trajectory also influences
particles distribution. For various filling angles, the area with a large concentration of
small particles and the area with a large concentration of large particles are much larger
with increasing filling angles, which shows that segregation is much serious in large
filling angles. Furthermore, the flowing layer is smallest at large chute angle of 60o.
This is because, under a large filling angle, particles flow rate and momentum are
smaller. Embedding is not as significant as other filling angles.
6.3.1.3 Effect of outlet size in a Paul-Wurth hopper
The case of P2 and angle 30o is used to study the effect of flow rate, which is represented
by various orifice sizes of 3 dp, 6 dp and 10 dp, respectively. From the flow pattern
shown in Figure 6-10, it can be found that segregation happens in all situations, and the
extent decreases with the increasing of orifice size. At 10 dp, large particle Gathering
area is smallest at the right side wall for P2 (Figure 6-11 (a)) and the upper left side
wall for 30o (Figure 6-11 (b)), and disappears in the lower hopper.
Eq. (6-1) is also utilised to present the degree of segregation for different outlets. The
concentration distribution of small particles in the hopper at dimensionless z = 35-45 dp
and the height of 15 dp for P2 filling can be obtained from Figure 6-11. The area where
the concentration of small particles above 0.025 is treated as the farthest distance where
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small particles can reach along the horizontal cross-section. The distance between it to
the filling point is defined as Ls, which is 28.75 dp, 31.25 dp and 33.25 dp for orifice size
3 dp, 6 dp and 10 dp, respectively at dimensionless z 35-45 dp. Lh is 33.75 dp for the same
filling position, which is the distance from the filling point to the side wall. Therefore,
the segregation degree Ds is 0.148, 0.074 and 0.015 respectively. For height 15 dp
(Figure 6-11 (b)), Ls is 33 dp, 37.5 dp and 37.5 dp for orifice size 3 dp, 6 dp and 10 dp,
respectively. Lh is 43.5 dp, 42 dp and 40 dp. So the degree of segregation Ds is 0.241,
0.107 and 0.063 respectively, as shown in Figure 6-12, which can clearly show that the
segregation degree decreases with the increase of the outlet size quantitatively.

(a) P2, 3 dp

P2, 6 dp

P2, 10 dp

(b) 30°, 3 dp

30°, 6 dp

30°, 10 dp

Figure 6-10 Flow patterns of P2 filling position and filling angle 30o at various flow
rates (orifice size)
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Figure 6-11 Concentration distribution of small particles in the hopper at
dimensionless z (a) 35-45 dp and (b) 15 dp for P2 at various outlet sizes.
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Figure 6-12 Degree of segregation for different outlet sizes at various height z.

6.3.2 Discharging from a Paul-Wurth hopper
Charging into a Paul Wurth hopper at the different positions leads to different packing
states in the hopper as shown in Section 3.1. Then when the outlet of the Paul-Wurth
hopper is opened, particles will discharge from the hopper. The distribution of the
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discharged particles is a significant parameter because this affects the mixtures packing
in the next process. Therefore, to study the concentration of particles discharging from
the hoppers with different initial status is the aim of this section.
6.3.2.1 Effect of filling position on discharging from PW hopper
Due to various filling positions when charging into PW hopper, the initial status before
discharging is different as shown in Figure 6-2. This leads to the different particle
distributions during the discharging. Figure 6-13 illustrates the concentration of small
particles changing with the fraction of particles which have been discharged from the
hopper for case P1 to P5. It can be found that before 20% particles discharged (t2 as
marked in Figure 6-13), P1 and P2 are similar with a sharp concentration drop from 0.8
to around 0.4, then it turns to 0.5, the initial concentration of small particles. On the
contrary, P4 and P5 show a consistent increase from 0.2 to 0.6 without a turning point
in this stage. This can be explained by the discharged contour from Figure 6-14.
Figure 6-14 shows the different time needed for certain particles to discharge out the
hopper. At time t1, the different contours from P1 to P5 are shown in Figure 6-14 (a).
For the particles below the black line marked in the figure, the contours are almost the
same. When connecting the maximum points, it points to the outlet. It means that this
area is not affected by the above pattern and only relates to the outlet size and positions.
Therefore, it is the initial concentration at that position which determines the discharged
concentration of particles. It is full of small particles for P1 and P2 and full of large
particles for P4 and P5. For the particles above the black line, when connecting the
maximum points, their directions are different. Taking P1 for example, this means that
particles in the left side discharge quicker than those in the right side. This altitude
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difference decreases with time and becomes zero at around t2 (Figure 6-14 (b)). From
t2, a depression appears in the middle of the surface, and since then, large particles on
the surface gather into this depression. Until t3 (Figure 6-14 (c)), 50% of particles
discharged, many large particles have gathered in the depression and are deep in depth.
As can be seen from Figure 6-13, for P1 and P5, their concentrations decline earlier
than P2, P3 and P4. This is because P1 and P5 have a deeper depression (orange colour)
in the centre than others, as shown in Figure 6-14 (d) and (e). Therefore, the low
concentration of small particles appears earlier. For P2, P3 and P4, more large particles
distribute on the surface uniformly. They will be discharged at the last stage, a drop in
the mass discharged 90%. At last, due to the small outlet, there is a corner in the right
bottom of the hopper, where particles stay. Interestingly, at last, for P1 and P5, the
particles distribute half large and half small particles.
The wall stress during the discharging process is captured and illustrated in Figure 615. Figure 6-15 (a) is the pressure at different times, which are 30% mass discharged,
50% mass discharged and 70% mass discharged. It can be found that with time elapses,
the wall stress on the right side wall does not change much. Therefore, the following
wall stress analysis focus on 50% mass discharged from the left side wall (Figure 6-15
(b)) and the right side wall (Figure 6-15 (c)). Because of the leftwards shape near the
outlet, the trend of wall stress on the left side wall is gentle while that of the right side
wall is sharp. Similarly, P5 has the highest left side wall stress due to the tall packing
height and large flowing speed at the right side hopper. On the contrary, the pressure
on the right side wall is largest for P1. The upper part of the hopper bears more pressure
than other places, therefore, attention needs to be paid on the upper part of the slope.
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Figure 6-13 Concentration of small particles when discharging from the hopper with
different positions initial statuses at the same outlet 6 dp.
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(d) t4: P1
P3
P5
(e) t5: P1
P5
Figure 6-14 Contours showing the discharged time for particles and flow patterns at a
different discharging time.

(a)

(b)
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(c)
Figure 6-15 Wall stress distribution at (a) different discharging time and (b) the left
side and (c) the right side wall when 50% mass discharged under various filling
positions.

6.3.2.2 Effect of filling angle in a Paul-Wurth hopper
After charging into a hopper at various filling angles, the outlet of this hopper is turned
on to discharge. The concentration of small particle during this discharging process
change with discharged particles mass percentage is marked in Figure 6-16. It can be
found that before 20% mass discharged, the concentration of small particles for 30°,
45° and 60° start from 0.8 and drops to 0.4. Then they go back to around 0.6, which is
similar with that of P1 and P2. This is because the distribution of particles at the lower
part hopper is the same. On the other hand, the concentration of small particles for 120°,
135° and 150° start from 0.2 and increase to maximum value 0.7, similar with P4 and
P5. By connect the maximum points in the contour of discharged time for particles as
shown in Figure 6-17 (a), the lines are same in the lower hopper and different in the
feeder hopper. It bends significantly for the case of 60° in the feeder hopper, which
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might be caused by percolation and different initial patterns. Percolation can be found
from the left large particles gathering area, where small particles discharge faster than
large ones (yellow small particles in Figure 6-17 (e)). Similarly, with P1 to P5, the
surface of the patterns tends to be flat until t2 (40% particles discharged) no matter what
the altitude difference is at the beginning. At t2, the particles in contour 3, 4 and 5
(Figure 6-17 (b)) are well-mixed which leads to a steady discharge from t2 to t3 at 0.5
concentration of small particles. After that, a depression also appears on the surface.
However, not many large particles roll into this area. This is because large particles are
in the first discharging area. Taking 30° as an example, large particles at the left upper
hopper discharge earlier than the small particles in the right upper hopper, which is
different from P1. Therefore, a distinct drop of low small particles concentration before
the end of discharging disappears compared with P1 to P5. After t3, the small particle
concentration of 120° and 30° cases have a rise and a drop respectively. The reason can
be found from the flow pattern in Figure 6-17 (c). The particles in areas marked 6 and
7 are with low or high small particle concentration, which is an accumulation of
concentration differences between left and right part of the hopper. For the case of 60°,
the concentration of discharged mixture does not fluctuate much with half large
particles at the left and half small particles at the right until the last moment, when only
small particles exist in area 10. The discharging process of 45°is similar with 60°. While
the concentration of small particles of 135°and 150°also does not fluctuate much, as
illustrated in Figure 6-16, but adversely with 45°and 60°, with large particles gathering
in area 10 at the last moment, same with 120°. In all, the discharging process from a
PW hopper with various filling angles have better mixture quality than that with various
filling positions.
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The wall stress on left side wall does not have a significant difference, as shown in
Figure 6-18. Then the right-side wall bears the largest pressure at the upper slope, the
same with the effect of filling position.

t3

t2
t4

t1

Figure 6-16 Concentration of small particles when discharging from the hopper with
different angle initial statuses at same outlet 6 dp.

(a) t1: 30°

45°

60°

(b) t2: 30°

60°

120°

(c) t3:
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(d) t4: 30°
60°
120°
(e) small particles’ percolation
Figure 6-17 (a)-(d) Contour showing the discharged time for mixtures and the flow
patterns at different discharging time; (e) percolation of small particles in orange area.

(a)

(b)
Figure 6-18 Wall stress distribution at (a) the left side and (b) the right side wall when
50% mass are discharged under various filling angles
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6.3.2.3 Effect of outlet size when discharging from a Paul-Wurth hopper
When the outlet size of the hopper changes, the trends of concentration of small
particles shown in Figure 6-19 are similar, which means that the outlet size does not
have a significant effect on segregation when discharging. While the contour of
different outlets depicts various flow pattern. From Figure 6-20 (a), it can be found that
in the lower hopper, the contour at large outlet is more roundish, on the contrary, the
contour at the small outlet is more parabolic, which makes the maximum point
connection line along the discharging points. In the upper part, the maximum point
connection line also shows different shapes, caused by different discharging time. The
same with the contour shape, the depression on the surface exists in different places.
For example, the depression is near the left side wall for 4 dp. But the effect related to
flow rate on the discharging particles concentration diminishes when the discharging
time is normalized by total discharging time.

Concentration of small particles

1.0

P1-outlet 13dp
P1-outlet 4dp
P1-outlet 6 dp

0.8

0.6

0.4

0.2

0.0
0.0

0.2

0.4

0.6

0.8

1.0

Mass discharged

Figure 6-19 Concentration of small particles during discharging from the hopper at
different outlets
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Outlet 13 dp

Outlet 4 dp

Outlet 4 dp

(a)

Outlet 13 dp
(b)

Figure 6-20 (a) Contour showing the discharged time for particles at different outlets
and (b) flow patterns at a certain discharging time.

6.4 Conclusions
Based on the quasi-3D DEM slot model, variables related to operation conditions
including filling positions, filling angles and the discharging outlet size relating to the
industry are investigated here. The conclusions are given below.
•

Different filling methods have a huge difference in heap contour, concentration
distribution and force. Embedding is the main mechanism at various filling
positions. For the left filling, due to the effect of the right side wall, the length
of the heap slope is longer than other situations, which gives particles more time
to segregation. Therefore, longer heap makes segregation more distinct, which
should be avoided in the industry.

•

The trajectory is another main mechanism related to different filling angles
besides embedding. Small filling angle leads to the distinctive trajectory, where
large particles are injected further due to large size in size and weight. This
results in large particles gathering at the left side wall rather than the end of the
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slope. Comparing the different filling angles, it can be found that if the filling
angle is more vertical (30o and 150o), the segregation is not so serious.
Therefore, in industry, particles can be mixed better when the discharged chute
into a hopper is more vertical.
•

The flow rate has a huge effect on segregation extent both at various filling
positions and angles. Large flow rate leads to high velocity and makes the
moving layer thicker. Embedding mechanism is not distinct here due to small
velocity difference between the filling points and the area near it. In addition,
large velocity causes less packing time. It also makes particles have less time to
segregate before they reach the side wall. Therefore, the relatively large flow
rate could reduce the segregation extent.

•

For discharging process, the component of the discharged mixture at the initial
discharging process is only related to the already accumulated particles near the
outlet, which is hard to control. Then in the middle of discharging process, a
depression appears and leads to large particles gather in the centre. This is the
main cause for the large fluctuation at the last stage of discharging, which is
more significant for various filling positions than the filling angles. Therefore,
attention needs to be paid to the prevention of the depression formation.

•

The wall in the opposite direction of the filling point bears large pressure, and
the upper slope of the right side wall is an easy-worn point which requires a
protection.
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Chapter 7 Conclusions and further works

7.1 Conclusions
This thesis focuses on the microscopic and macroscopic analysis on the topics of
sandpile, hopper filling and discharging and the application in a Paul-Wurth hopper.
DEM simulation method provides the microscopic properties, such as velocity, porosity
and forces. Based on these data, the effects of materials properties, including sliding
and rolling friction coefficients are examined. Moreover, the segregation phenomenon
of mixtures with different size ratios and volume fractions is further investigated. In
addition, the effects of moisture content and hopper geometry are also considered. The
detailed conclusions of each chapter are divided into four main parts and are listed
below separately.
(1) Sliding and rolling friction coefficients and the moisture contents are essential to
the segregation of sandpile process. To study their effect on the particles flow is of great
importance. The flow pattern is qualitatively validated with experimental results. Then
the flow process is demonstrated and the effects of particle surface properties and the
water content are examined. It can be found that the angle difference between the upper
and lower piles is the primary reason for particles stratification. It means that the
following packing patterns are determined by the local structure, which is also the
reason for the four repeated loop of piling process. Regarding a large particle, only
when the shape of its force chain is a tetrahedron and its velocity is tiny enough at that
time, it can reach a steady state. Furthermore, the angle of repose of the pile is decided
by the particles surface properties. Small sliding coefficient and rolling friction
coefficient decrease particles flowability and lead to a small angle of repose. Mixture
with both different surface properties and sizes show various mixing patterns. When
particles with a large size and smooth surface, segregation is most serious. A small
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particle with a small sliding friction and rolling friction has least grid number full of
large and small particles. At last, when particles are wet, the volumetric moisture
content has a significant effect on the packing structure. The angle of repose and the
segregation extent increase with the moisture content and then saturate. The average
capillary force decreases for all three particle contacts. The relationships between
porosity, force ratio and angle of repose have been fitted by several correlations. It
reveals the structural and force characteristics of sandpile formation process.
(2) In terms of a hopper filling process, it is a heap formation process with boundaries.
A systematic investigation on effect of sliding and rolling friction coefficients is first
implemented and a contour plot is given and is helpful to practice use. In detail, the
simulation results are confirmed by the physical experiments to verify the feasibility of
DEM. Then the simulation results confirm that large particles tend to travel further
along the slope surface and stop at the side walls, whereas small particles tend to remain
in the central region during the hopper filling process. The analysis of particle velocity,
travelling time, cluster size and force networks is conducted in detail to obtain an
understanding of particle segregation mechanisms. Both large and small particles at the
side walls (e.g., Dc = 17.5 dp) have short travelling time, high velocity and small cluster
size, which verifies the bouncing mechanism for small particles and rolling mechanism
for large particles. Some particles are embedded into the bed then stay in the central
region, due to cluster interactions and smaller initial potential energy with low velocity
and large cluster size. Some particles with relatively large velocity and small cluster
size travel further to Dc = 12.5 dp. But they spend more time because the particles here
are pushed in an embedded particle layer. In addition, a contour plot is drawn by particle
scale mixing index to quantify the effects of particle sliding and rolling friction
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coefficients. The PSMI contours are approximately parabolic with the minimum value
at µ r , pp = 0.025dp. Larger sliding friction leads to serious segregation. The smallest
PSMI appears when sliding friction coefficient is 1.0 and rolling friction coefficient is
0.025 dp. At last, a correlation is proposed for the concentration of small particles at
side wall, mid-radius and centre. Results show that the parameter A is positive and has
large absolute value in the side wall region, meaning that segregation is positive and
significant. The segregation in the mid-radius section and the centre are negative (A <
0) and weak.
(3) Multigrid contact detection and GPU-based DEM are innovated combined to
calculate particles flow in huge size ratio, which is more than 10.0. Specifically, mixture
with large size ratio is discharged out a hopper and the concentration of large particles
of the discharged particles has been validated with a physical experiment. The results
show quantitative agreements, which certify the validity of the present DEM model.
Based on this validation, further results are obtained. The velocity difference, which is
an indicator marking the percolation mechanisms, between large and small particles is
significant in the centre at the upper hopper. In addition, particles in the centre travel
faster than that in the side wall. This difference is related to the porosity of large particle
and the fraction of small particles in contact with large ones (Ncs/Ns). Results show that
mixture with large porosity and small Ncs/Ns segregates seriously and has a large fully
discharged time of small particles (SFDT). In addition, with the decrease of the size
ratio, SFDT drops. For mixture with small size ratio, the velocity difference between
large and small particles is tiny and Ncs/Ns is large. In our study, when the velocity
difference is below 0.07 mm/s, and the number ratio Ncs/Ns is above 0.10, percolation
is not the dominant mechanism, and segregation is not obvious. Under different hopper
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geometry, the SFDT is related to the cross-section of the hopper. When the cone angle
is large, the wide cross-section leads to fast small particles percolation. But because of
the wall and the relatively small outlet slit width, small particles are gathered at the side
wall and are impacted by the movement of large particles.
(4) Finally, based on a quasi-3D slot model by DEM, the study extends to the
application in a PW hopper. The influences of parameters related to operation
conditions including filling positions, filling angles and the flow rate related to the
industry are investigated here. It can be observed that different filling methods have a
huge difference in heap contour, concentration distribution, porosity, velocity and force.
Embedding is the main mechanism at various filling positions. For left filling, because
of the right-side wall, the length of the heap slope is longer than other situations, which
gives particles more time to segregation. Therefore, a longer heap makes segregation
more distinct, which should be avoided in the industry. Meanwhile, the trajectory is
another main mechanism related to different filling angles besides embedding
mechanism. Small filling angle leads to the serious segregation, where large particles
travel further due to large size in size and weight. This makes large particles gathering
at the left side wall rather than stopping at the end of the slope. Comparing the different
filling angles, it can be found that if the filling angle is more vertical (30o and 150o),
the segregation is not so serious. Therefore, in the industry, the particles can be mixed
better when the discharged chute into a hopper is more vertical. Finally, the effect of
flow rate on segregation extent both at various filling positions and angles has been
considered. Large flow rate leads to big velocity and makes the moving layer thicker.
Embedding mechanism is not distinct here due to small velocity difference between the
filling points and the area near it. In addition, large velocity means less packing time,
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making particles have less time to segregate before they reach the wall boundary.
Therefore, the relatively large flow rate could make segregation decreased. For
discharging process, the component of the discharged mixture at the initial discharging
process is only related to the already accumulated particles near the outlet, which is
related to charging process. Then in the middle of discharging process, a depression
appears and leads to large particles gather in the centre. This is the main cause for the
huge fluctuation at the last stage of discharging. It is more significant at various filling
positions than that at various filling angles. Therefore, attention needs to be paid on the
prevention of the depression formation. In terms of wall wear, results show that the wall
on the opposite direction of the filling point bears large pressure, and the upper slope
of the right-side wall is an easy-worn point needing protection.

7.2 future work
Several knowledge gaps have been solved in this thesis, while there are also some
problems remaining. The following work can be future research targets.
(1) Piling studies show that the angle of repose of particles has an influence on
segregation. Moreover, the angle of repose is also affected by the shape of particles.
Therefore, the combined effects of size and shape of binary or ternary mixture on the
piling, hopper filling and discharging processes can be explained further. The
relationship between the structural properties and the force could be explored then to
find the potential mechanism.
(2) Most of current studies focus on dry particles. It is known that the water content in
the system has a significant effect on the distribution of particles. Using the capillary
force in the DEM for binary or ternary mixture is still not fully explained. More physical
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experiments need to be implemented combined with more simulation work on the
effects of moisture content, the surface tension and contact angles.
(3) The mixtures in the real industry are always with different size distributions, which
might range from ternary to multiple sizes. This mixture also has various size ratios or
volume fractions. The studies on the effect of size ratio and volume fraction of the
multi-sized mixture on segregation of hopper filling and discharging processes can be
further examined.
(4) Segregation occurs in many industrial fields, including pharmaceutical, chemical
engineering and mining, etc. Systems with complex geometries and complicated
material properties are common. Based on the understanding of the mechanisms
obtained from the simple systems, the segregation in more complex systems needs to
be studied further.
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