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Segregation control is a challenging yet crucial aspect of bulk material handling 70
processes. The discrete element method (DEM) can offer useful insights into
segregation phenomena, provided that reliable models are developed. The main 60
challenge in this regard is finding a good balance between including particle-level
details and managing the computational load. This is especially true for industrial
applications, where multi-component flows consisting of particles with various
irregular shapes and wide size distributions are encountered in huge amounts. In this
work, we review the state of the art in DEM modelling of segregation in industrial
applications involving the gravity-driven flow of dry, cohesionless granular
materials. We start by introducing a novel scientific notation to distinguish between
different types of mixtures. Next, we review how parameters for mixture models are
determined in the current literature, and how segregation is affected by material,
geometric and operational parameters based on these models. Finally, we review
existing segregation indices and their applicability to multi-component segregation.
We conclude that systematic calibration procedures for segregation models are 10
currently missing in the literature, and realistic models representing multi-
component mixtures have not yet been developed. Filling these gaps will pave the ,
way for optimising industrial processes dealing with segregation. A
Keywords: segregation, granular materials, discrete element method, granular

flow, DEM calibration
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1. Introduction

Particulate materials are ubiquitous on Earth and are the
second-most common materials handled in the industry
(Richard et al., 2005). Nowadays, almost all commodities
are composed of, and/or derived from granular materials
through agriculture, mining, chemical, and/or mechanical
processing (Coulson, 2012). Particulate materials being
handled in the real world exhibit complex behaviour aris-
ing from the fact that almost all of them are either mixtures
of different sizes, shapes, densities, or combinations
thereof. Taking into account the market-driven demand for
increasing production, lowering costs and the development
of new sustainable products and systems, it is important to
study and unravel the complex behaviour of granular mate-
rials, as well as to advance the technologies related to pro-
ducing, processing, and transporting them (Rosato and
Windows-Yule, 2020).

Segregation, also referred to as reverse mixing or
de-mixing, is a phenomenon happening in moving granular
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materials in which particles with similar properties, e.g.,
size, density and shape, tend to collect in certain parts of a
mixture. Except for a few specific applications in mining
and agricultural engineering (Zhang et al., 2004), segrega-
tion is generally considered an undesirable occurrence af-
fecting product homogeneity in a negative way. A
well-known example is the blast furnace, where segrega-
tion adversely influences the distribution of materials at the
burden surface, which has a detrimental effect on the bed
permeability (Yu and Saxén, 2010). This negative effect on
permeability introduces an inconsistency in the pressure
drop which leads to the inefficient use of reductant gas and
resulting in both economic and environmental conse-
quences (Bhattacharya and McCarthy, 2014). This exam-
ple, along with several cases of other industries (e.g., food
processing and pharmaceuticals industries) highlights the
importance of increasing knowledge about the underlying
roots of segregation, as well as investigating how segrega-
tion is influenced by various factors.

According to de Silva et al. (2000), there are thirteen
segregation mechanisms in general. However, some of
these mechanisms are either rare or special cases of others.
Therefore, past researchers attempted to condense these
segregation roots in different ways (Carson et al., 1986;
Tang and Puri, 2004; Williams, 1991). Based on the size,
Williams mentioned the four main mechanisms as
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trajectory, percolation, the rise of coarse particles due to
vibration (or Brazil-nut effect) and elutriation (Rhodes,
2008; Williams, 1991). In addition to these size-based
mechanisms, the buoyancy mechanism in which the differ-
ence in density drives segregation should be considered for
multi-component mixtures (Ottino and Khakhar, 2000).
Having said that, multiple mechanisms might take place
simultaneously, making the prediction of the segregation
pattern extremely challenging. For instance, in the case of
the mixture of small light and large heavy particles, perco-
lation and buoyancy mechanisms oppose each other and
the overall segregation behaviour of such a mixture is not
known a priori (Jain et al., 2005). Furthermore, since segre-
gation only occurs for particles that are in motion—due to
either shearing, by means of moving walls (such as in a
shear cell or bladed mixer) or as a result of gravitational
force (as is the case in hoppers) or vibration—it can be de-
duced that the formation of segregation patterns depends
not only on the properties of the components relative to
each other, but also on the system configuration and the
degree and type of agitation imposed on the material. Al-
though having knowledge of the mentioned mechanisms
can shed light on the segregation behaviour of particulate
mixtures, it is necessary to investigate each case inde-
pendently to determine the dominant segregation mecha-
nism(s).

Researchers have attempted to experimentally observe
segregation phenomena in common applications since the
early ’70s in order to first understand why and how granu-
lar mixture components tend to separate spatially during
different types of agitation (Gray, 2018) and subsequently
developed models capable of capturing the observed phe-
nomena. Given the complexity of the segregation problem,
the general approach was to scrutinize the effects of differ-
ent material properties separately by considering material
mixtures differing only in either size (Duffy and Puri, 2002)
or density (Shlnohara and Mlyata, 1984) and, ultimately,
the combined effect of size and density (Jain et al., 2005).
This allowed researchers to systematically observe and in-
corporate the effect of each material property in mathemat-
ical models. However, there are several limitations
associated with the experimental investigation of segrega-
tion. First, despite the recent advances in measurement
techniques (Asachi et al., 2018; Bowler et al., 2020), ex-
tracting data on the composition of a granular mixture is
still not a trivial task. Second, it is nearly impossible to
obtain all the information on a particle scale which can
shed light on the macro-scale granular behaviour. Finally, it
is expensive and time-consuming to systematically study
the effect of various factors on segregation in experiments.

As computational models gained popularity, the Discrete
Element Method (DEM) initially introduced by Cundall
and Strack (1979) became a widely used tool for simulating
granular phenomena. The main advantage of DEM is that

any mixture of materials—whether they have different
sizes, densities, shapes, or combinations thereof—can be
modelled to provide detailed, particle-level insight on seg-
regation patterns, which is both difficult and expensive to
achieve experimentally and is not yet possible with mathe-
matical models for segregation. This is highly relevant
since most materials encountered in industry are of this
complex nature. Hence, DEM has expedited researchers’
ability to predict segregation in multi-component mixtures,
irrespective of the application, and can therefore be consid-
ered a practical tool for modelling and optimising industrial
processes. However, until now it is unclear to what extent
the existing DEM models of segregation are representative
of the complex multi-component mixtures often encoun-
tered in real-world applications. Moreover, a DEM model
can accurately represent granular material behaviour only
if its parameters are reliably chosen, i.e., the model is cali-
brated and validated.

The objective of this paper is to provide an overview of
the state of the art in modelling the segregation behaviour
of complex multi-component mixtures using DEM. Specif-
ically, this review assesses to what extent the existing DEM
studies of segregation in cohesionless materials represent
actual mixtures encountered in industry. Furthermore, the
reliability of these existing studies in terms of their ap-
proach to calibration and validation is evaluated. The paper
is structured as follows. For the sake of consistency, a novel
way of defining and using consistent terminology for the
description of mixtures is proposed in Section 2. Then in
Section 3, we first evaluate different ways of analysing
segregation employed by past studies including their appli-
cability to multi-component mixtures. Next, the approach
of past DEM studies on segregation for determining DEM
parameters is critically reviewed. Thereafter, an overview
of the methods used for the validation of DEM models of
segregation is presented and evaluated. Finally, the results
of past DEM studies on the effect of several factors on
segregation in different systems are reviewed in Section 4.
Section 5 concludes the review and provides recommenda-
tions for future work.

The scope of this paper is limited to DEM-based studies
of gravity-driven segregation of dry and cohesionless gran-
ular materials. Cohesionless (or free-flowing) granular
materials are of interest because they are more susceptible
to segregation compared to cohesive particles (Schulze et
al., 2008). Studies on fluidised segregation are excluded
since investigating such a phenomenon is conducted using
the coupled CFD-DEM approach, which does not fit in this
review. Also, applications such as rotating drums and vari-
ous types of mixers in which gravity is not the only source
of energy causing segregation are beyond the scope of this
review.
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2. Terminology

For consistency and to make a clear distinction between
various terminologies used in this paper regarding mix-
tures, Fig. 1 is presented. In this figure, a component is
defined as a material with constant particle density. In case
a mixture is composed of more than one component, it is
generically referred to as a multi-component or more spe-
cifically, as two-component, three-component, etc. by
mentioning the exact number of components. Moreover,
the particles constituting each component can be mono- to
poly-sized and/or mono- to multi-shaped. In this regard,
referring to complex mixtures composed of several compo-
nents is not yet straightforward. To overcome this issue, we
present in Eqn. (1) a novel way to define multi-component
mixtures:

nC i @S/ jiSh)] (1)

where 7 is the number of components and the composition
of each component is specified in the corresponding paren-
thesis. That is, 7, is the number of sizes in kth component
which could be 1, 2, 3, M or P representing a mono-, bi-
nary-, ternary-, multi- or poly-sized component. Similarly
representing the shape, j, might take the value of 1, 2, 3 or
M denoting a mono-, binary-, ternary- or multi-shaped
component. For instance, 2C[(25/1Sh + (MS/1Sh)] repre-
sents a two-component (2C) mixture composed of a bina-
ry-sized (2S) mono-shaped (1S%) component mixed with a
multi-sized (MS) mono-shaped (1S%) one. This formula
will be consistently used in this review to refer to different
types of mixtures in a concise way.

Complex mixture composition

Binary-sized

Ternary-sized

Multi-sized

Particle density = constant

Particle size

Mono-sized o

3. Discrete element method (DEM) for
segregation
3.1 Overview of DEM

A DEM model calculates the forces and moments of in-
ertia acting on all particles and subsequently uses Newton’s
second law to compute their positions at each time step
through numerical integration. The interaction forces be-
tween particles and their surroundings are determined us-
ing contact models such as the Linear spring-dashpot
(Luding, 2008) and Hertz-Mindlin model (Zhu et al.,
2007), which are the most widely used for cohesionless
granular materials. The model inputs can generally be di-
vided into three categories: (i) morphological parameters
such as particle size and shape distributions; (ii) material
parameters such as particle density (p), shear modulus (G)
and Poisson ratio (9); and (iii) interaction parameters such
as sliding and rolling friction coefficients (u, and u,, respec-
tively) and the restitution coefficient (CoR).

The first step in developing a DEM model is generally
measuring morphological parameters, and determining
how they will be included in the model. In industrial appli-
cations, millions of particles with many irregular shapes
and wide size distributions are typically handled. From a
computational standpoint, modelling the true size and
shape distributions for such applications can be very chal-
lenging for several reasons (Marigo and Stitt, 2015;
Roessler and Katterfeld, 2018; Sakai, 2016). First of all,
tracking a large number of particles and their mutual inter-
actions demands huge amounts of computational power,
even for simulating a few seconds of a simple process.
Secondly, modelling the actual size distribution can pro-
long simulation times significantly since the numerical
time step is determined by the smallest particle in the flow.
Finally, realistic (non-spherical) particle shapes can be

Particle shape

Mono-shaped o
Binary-shaped o + Q
Ternary-shaped o + Q - Q

1 2 N
Multi-shaped o + Q+ +o

aaaaaaaaaaaaaaaa

Fig. 1 Terminology to describe various types of mixtures.

80


https://doi.org/10.14356/kona.2024017

o

)
<

(m‘

M

4

",

Ahmed Hadi et al. / KONA Powder and Particle Journal No. 41 (2024) 78—107

modelled using multi-spheres or superquadrics which re-
quire computationally expensive algorithms (Soltanbeigi et
al., 2018). Several solutions have been proposed to reduce
computational effort such as downscaling the full three-
dimensional system to a 2D representation or simulating a
portion using periodic boundaries (Yang et al., 2014; 2015)
using larger, so-called “coarse-grained” or “upscaled” par-
ticles (Coetzee, 2019; Lommen et al., 2019; Roessler and
Katterfeld, 2018), ignoring small sizes of the full particle
size distribution (PSD—also referred to as “scalping” or
“cut-off”” (Cleary and Sawley, 2002)—and reducing the
shear modulus (G), although the latter should be carried out
with caution as it might cause serious errors (Lommen et
al., 2014). Besides all these techniques, DEM code devel-
opment in conjunction with parallel computing techniques
using high-performance clusters (HPC) look promising to
overcome the high computational time in due course
(Marigo and Stitt, 2015).

The next step is determining the remaining model pa-
rameters such that the simulated flow behaviour matches
the real behaviour to an acceptable degree (Marigo and
Stitt, 2015). When it comes to modelling segregation, the
parameters should be determined in a way that not only the

Table 1

global behaviour (e.g., angle of repose, mass flow rate, etc.)
but also the local behaviour, i.e., spatial concentration of
components, are captured. The reliability of DEM predic-
tions depends on the proper selection of a contact model for
a specific application and the values assigned to the model
parameters, given the simplifications which have been
made for computational reasons. Model validation is there-
fore an important final step for both verifying and demon-
strating the model’s credibility.

We encountered 63 papers on the segregation of the
gravity-driven flow of cohesionless granular materials in
the literature. These studies are mostly focused on segrega-
tion during hopper filling and discharge, chute flow and
heap formation and are summarised in Table 1. These
studies have been categorised into four groups based on
their approach to obtaining DEM parameters. In the re-
mainder of this section, we will review the studies from
Table 1 with respect to the methods used to quantify segre-
gation (Section 3.2) and model development practices
(Sections 3.3 and 3.4).

3.2 Methods for assessing segregation
Since DEM allows tracking the position of each

Overview of DEM studies for segregation (LSD = Linear spring dashpot, HM = Hertz-Mindlin, n.s. = not specified, N/A = not

applicable, *for the definition and notation of the mixture type see Eqn. (1) in Section 2). (continued on next page)

Group  Source Software Contact Mixture type* Material Particle shape
model (in experiments)
(Tripathi and Khakhar, 2011; 2013) n.s. LSD 1C[(28/1Sh)] N/A Sphere
2C[(18/18h) + (18/1Sh)]
(Ketterhagen et al., 2008) n.s. LSD 1C[(28/1Sh)] Sphere
2 2C[(15/18h) + (15/1Sh)]
E (Pereira and Cleary, 2013) ns. LSD 2C[(18/18h) + (15/18h)] Sphere
:? (Panda and Tan, 2020a; 2020b) LIGGGHTS HM 1C[(2S/1Sh)] Sphere
= 2C[(18/18h) + (18/1Sh)]
=
[}
; (Huang et al., 2022) n.s. n.s. 1C[(28/1Sh)] Sphere
g (Yu and Saxén, 2014) EDEM HM 1C[(35/1Sh)] Sphere
<
;:‘E (Xu et al., 2019) n.s. HM 3C[(MS/1Sh) + (MS/1Sh) + (MS/1Sh)] Sphere
(Lietal., 2022) ns. HM 2C[(25/18h) + (25/18h)] Sphere
(Vuilloz et al., 2021) LMGC90 n.s. 1C[(25/1Sh)] Sphere
(Zhao et al., 2022) PFC3D LSD 1C[(35/1Sh)] Sphere
(Tao etal., 2013) n.s. n.s. 1C[(28/28h)] Soybean Ellipsoidal,
corn-shaped,
cylinder, spherical
(Shirsath et al., 2015) n.s. LSD 2C[(1S8/1Sh) + (1S/1Sh)] Glass beads Sphere
é (Xuetal., 2017) n.s. n.s. 1C[(25/18h)] Alumina spheres Sphere
e,
g (Zhang et al., 2018) n.s. HM 1C[(25/18h)] Plastic pellets, rape seeds ~ Sphere
1 %]
; (Mantravadi and Tan, 2020) LIGGGHTS HM 1C[(25/1Sh)] Glass beads Sphere
% (Mio et al., 2020) n.s. Voigt 1C[(MS/1Sh)] Sintered ore, coke Sphere
—
"?. (Zhang et al., 2014) n.s. HM 1C[(MS/1Sh)] Coke, iron ore Sphere
(Zhao et al., 2018) LIGGGHTS HM 1C[(PS/1Sh)] Glass beads Sphere
(Zhao and Chew, 2020b) LIGGGHTS HM 1C[(PS/1Sh)] Glass particles Sphere, ellipsoid,
cylinder, cuboid
(Kumar et al., 2020) LIGGGHTS HM 1C[(PS/1Sh)] Glass beads Sphere
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Table 1 Overview of DEM studies for segregation (LSD = Linear spring dashpot, HM = Hertz-Mindlin, n.s. = not specified, N/A = not
applicable, *for the definition and notation of the mixture type see Eqn. (1) in Section 2). (continued from previous page)

Group  Source Software Contact Mixture type* Material Particle shape
model (in experiments)
(Ketterhagen et al., 2007; 2009) n.s. LSD 1C[(28/1Sh)] Glass beads, cast steel Sphere
2C[(18/18h) + (15/1Sh)] shot
(Ketterhagen and Hancock, 2010) n.s. LSD 1C[(285/18h)] Glass beads Sphere
(Kou et al., 2015; 2018) n.s. HM 4C[(18/1Sh) + (1S/1Sh) + (15/1Sh) Pellet, ore, coke, flux Sphere
+ (18/18h)]
(Cliff et al., 2021) MFiX LSD 1C[(28/1Sh)] Mustard seed Sphere
(Yu and Saxén, 2013) EDEM HM 1C[(25/18h)] Pellet Sphere
(Liao et al., 2023) n.s. n.s. 2C[(18/1Sh) + (1S/1Sh)] Lump ore, pellet Sphere, clumped
spheres
(Asachi et al., 2021) EDEM HM 3C[(18/1Sh) + (15/1Sh) + (15/1Sh)] TAED, BP, EPG Sphere, clumped
(detergent powder) spheres
o (Tian et al., 2022) n.s. HM 1C[(35/1Sh)] Coke Sphere, clumped
= spheres
2
é’ (Yuetal., 2018) EDEM HM 1C[(25/18h)] Pellet Sphere
g
& (Xu et al., 2018b) n.s. HM 1C[(25/1Sh)] Mung bean Sphere
% (Mandal and Khakhar, 2019) n.s. LSD 1C[(25/18h)] N/A Spheres, dumbbells
g (Zhao and Chew, 2020a) LIGGGHTS HM 1C[(15/28h)] N/A Ellipsoids,
A cylinders, cuboids
- (Zhang et al., 2021) n.s. HM 1C[(28/1Sh)] Coke Sphere
(Yu and Saxén, 2010) EDEM HM 1C[(35/18h)] Pellets Sphere
(Yu and Saxén, 2012) EDEM HM 1C[(35/1Sh)] Pellets, coke, steel ball Sphere, clumped
spheres
(Kou et al., 2013) n.s. Voigt 1C[(3S/1Sh)] Coke Sphere
(Wuetal., 2013) n.s. HM 1C[(3S/1Sh)] Sinter Sphere
(You et al., 2016) n.s. HM 1C[(35/1Sh)] Coal Sphere
(Xu et al., 2021) n.s. n.s. 1C[(MS/1Sh)] Coke Sphere
(Kou et al., 2019) n.s. HM 3C[(1S/18Sh) + (1S/1Sh) + (1S/1Sh)] Sinter, pellet, lump ore Sphere
(Chibwe et al., 2020) LIGGGHTS HM 2C[(MS/1Sh) + (1S/1Sh)] Sinter, pellet Sphere
(Hong et al., 2021) n.s. HM 3C[(1S/1Sh) + (1S/1Sh) + (LS/1Sh)] Sinter, pellet, ore Sphere
(Z. Zhang et al., 2020) EDEM HM 1C[(28/1Sh)] Acrylic spheres Sphere
(Izard et al., 2021) EDEM HM 1C[(25/18h)] Sinter Clumped spheres
(Alizadeh et al., 2017) EDEM HM 2C[(18/18h) + (15/18h)] TAED, BP (detergent Clumped spheres
powder)
(Kim et al., 2020) EDEM HM 2C[(3S5/18h) + (35/1Sh)] Sinter, briquette Sphere, clumped
sphere
E (Qiu and Pabst, 2022) PFC3D LSD 1C[(MS/1Sh)] Waste rock Sphere
&
g (Wang et al., 2023) LIGGGHTS HM 2C[(18/18h) + (15/18h)] Steel and aluminium Sphere
3 spheres
£
= (Barik et al., 2023) LIGGGHTS HM 1C[(3S5/18h)] Microcrystalline cellulose ~ Sphere
=]
£ (MCC)
S
e (Mio et al., 2008a; 2009; 2010; 2012)  n.s. Voigt 1C[(35/1Sh)] Sintered ore Sphere
% (Nakano et al., 2012) n.s. Voigt 1C[(35/18h)] Sinter Sphere
g (Bhattacharya and McCarthy, 2014) n.s. HM 1C[(35/1Sh)] Polystyrene spheres Sphere
~
> (Li et al., 2017) n.s. HM 1C[(MS/1Sh)] Iron ore Sphere
(Lietal., 2019) LIGGGHTS HM 1C[(MS/1Sh)] Iron ore Sphere
(Shimosaka et al., 2013) n.s. LSD 1C[(MS/1Sh)] Glass bead, sand, alumina  Sphere
(Combarros et al., 2014) LIGGGHTS HM 1C[(25/18h)] Aluminium oxide Sphere, cylinders
2C[(18/18h) + (18/1Sh)]
(Combarros et al., 2016) LIGGGHTS HM 1C[(25/18h)] Sand Sphere
(Terui et al., 2017) n.s. Voigt 2C[(18/1Sh) + (15/1Sh)] Coke, sinter Sphere
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individual particle, it becomes relatively simple to assess
the degree of segregation within a system. This can be done
in different ways. One approach is to divide the system into
subdomains and subsequently determine how different
mixture components are distributed in the subdomains by
means of plots. Gradient plots are useful for visualising the
distribution of a single mixture component in a system. For
example, a gradient plot as in Fig. 2(a) has been used to
visualise how small particles within a binary mixture were
distributed after filling a hopper (Xu et al., 2017). Since
they were dealing with a binary mixture, showing the dis-
tribution of one component was sufficient to demonstrate
how well the material was mixed in the hopper. When
dealing with multi-component mixtures, monitoring only
one component’s distribution is no longer sufficient, and
other types of plots can be used. Fig. 2(b) shows an exam-
ple of line plots for monitoring the radial distribution of
four different particle sizes in a blast furnace. The method
of plots is beneficial as it provides two important insights:
(1) whether or not different mixture components are evenly
distributed and (2) where the different components are
concentrated in the case of uneven distribution.

Another method is to use an index which reflects the
degree of segregation based on its value. There are gener-
ally two types of segregation indices: grid-dependent and
grid-independent (Bhalode and Ierapetritou, 2020). In the
first type, the system is divided into subdomains, similar to
the method of plots. The distribution of one mixture com-
ponent (referred to as the tracer) is evaluated, and the seg-
regation index is then determined through statistical

(a) (b)

analysis of the tracer distribution. If the tracer is distributed
evenly, then the material is considered to be well-mixed,
and this is reflected by the value of the segregation index.
In the second type, the value of the segregation index is
determined by considering how the tracer particle is dis-
tributed within the system as a whole, rather than in subdo-
mains. The tracer’s distribution is generally evaluated on a
distance or contact basis, as described by Bhalode and
Ierapetritou (2020). The index value reflects how spread
out the tracer particles are in the whole system.

The benefit of using an index is that it allows for a quan-
titative comparison of segregation for different scenarios
by means of a single value. This might be more difficult to
do with the method of plots, which provides a more quali-
tative comparison. However, it is generally known that
grid-dependent indices depend on the chosen size of the
subdomains (Cho et al., 2017; Jin et al., 2022; Rosato and
Windows-Yule, 2020), which makes it difficult to judge the
degree of segregation based on the index value. For this
reason, researchers often investigate how sensitive their
segregation predictions are to the grid size. While the
grid-independent indices do not have this shortcoming,
they are often computationally intensive, especially for in-
dustrial applications where millions of particles are in-
volved.

The majority of literature from Table 1 used the plot
method to quantify segregation, with only a few used seg-
regation indices. These indices are presented in Table 2
and are grouped by the calculation method (grid dependent/
independent). The equations for calculating the indices are

—&—60 mm —0—80 mm —4—100 mm ——120 mm

1.6
~ 1.2

Q0.8 i
0.4

-

MM, (

1.6

1.2

0.8 |
0.4

1.6
1.2

0.8
0.4

1.6
1.2

Normalized mass fraction of coke,

0.8
0.4 f

0.2 0.4 0.6 0.8 1.0

Normalized radial distance, #R(-)

Fig. 2 (a) Gradient plot for demonstrating how a single component is spatially distributed inside a system, where white colour represents a well-
mixed status and red and blue colours denote segregated areas. Reproduced with permission from Ref. (Xu et al., 2017). Copyright 2017, Elsevier. and
(b) line plots for different coke sizes, showing how they are distributed inside a blast furnace after being charged using various chute angles Repro-
duced with permission from Ref. (Zhang et al., 2014). Copyright 2014, Elsevier.
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Table 2 Common segregation indices used in DEM studies of Table 1. Legend: refer to the Appendix for symbol definitions. Subscripts: “t” refers to
“tracer” when a single tracer is used; t, refers to the i-th tracer when multiple tracers are used).

Values Classification

(mixed—segregated)

No.  Source Segregation index

Grid-dependent
1 (Panda and Tan, 2020a; 2020b) m [ 2 0—(**) Variance-based / single tracer
i (Ct - Ct)
SI = |—————
m
2 Liet al., 2022 m | N7 2 0-1 Variance-based / single tracer
( ) Z'j:l‘:T(y{ —yt) :| £
SI =
yil=y)
3 (Mantravadi and Tan, 2020) ; ; 2 0-(*%) Variance-based / single tracer
L P
zj_ll:xt [x‘ )av :|
ST g E
=
4 (Mantravadi and Tan, 2020) e of—o? 1-0C" Variance-based / single tracer
o¢ —o?
5 (Zhang et al., 2014), (Ketterhagen ] ] 2 0-(**%) Variance-based / single tracer
and Hancock, 2010) s I[th _[xt]j }
J=
Sl = 2% % avg.
m
6 (Zhao et al., 2018) Z?zl[xtj; . h/] | 0-1 Distance-based / two tracers
o Tl ]
2xtz +x, 1
Xy,
7 (Combarros et al., 2014) 5= logag —loga? 1-0 Variance-based / single tracer
loga} —logo?
Grid-independent
8 (Zhang et al., 2018) = 02 —-02 1-0 Contact-based
o¢ —o?
9 (Mandal and Khakhar, 2019) S/ COM g1 —COM ;i 0-0.5 Distance-based / single tracer
1)
10 (Chibwe et al., 2020) - - 1-0 Distance-based / single tracer
- lud - lmin

() The readers are referred to Table A1 in the Appendix for detailed equations on calculating component concentrations of indices 1-8.
() For these indices, the maximum value of S7 depends on the mixture composition, as the equations contain the variables c,, y, and x,
which represent the concentration of the tracer in the entire mixture.
**) In these equgtions, 0%, o¢ and o? are calculated by
o= 2 (y: 7y‘*) ) ag =M (l _yl)7 O-rz = 2= r) (1 _,y‘)

n-1 Ni

given along with the range of values that can be assigned to
each index. Additionally, the type of segregation index
based on the classification according to Bhalode and Iera-
petritou (2020) is indicated. It is important to note that,
similar to the method of plots, the single-tracer approach is
only useful when considering a binary mixture. We have
therefore also indicated whether the segregation indices are
based on the distribution of a single tracer. The common
symbols used in index no. 1-8 from Table 2 are defined in
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the Appendix, and for index no. 9-10, the reader is re-
ferred to the respective references.

We conclude that all grid-dependent indices in Table 2
are based on a statistical analysis of a single tracer, which is
not surprising since they were applied to studies of binary
mixtures. In studies of three or more particle types
(Bhalode and Ierapetritou, 2020), the plot method was used
to visualize the degree of segregation. For indices which
can be applied to multi-component segregation, the reader
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is referred to the work of Cho et al. (2017), who studied
segregation in a mixer.

3.3 Determination of DEM parameters for
segregation

The literature mentioned in Table 1 has been categorized
based on the way in which the authors dealt with model
parameters. We identified the following four categories:

L. Parametric sensitivity studies. This group of studies
carried out parametric sensitivity studies to identify the
critical factors (i.e., model, material, geometric and opera-
tional parameters) affecting the segregation behaviour of
mixtures in different systems. Hence, parameter values in
these studies are systematically varied. Since they are not
aimed at modelling a specific material, calibration and
validation are not performed in these studies.

1. Parameter assumption. The second group contains
studies in which the authors assumed parameters without
any justification or referring to related resources (for in-
stance chosen by experience). Although these studies at-
tempted to justify the parameter values by comparing the
DEM results with physical tests, this is insufficient because
more than one parameter set can yield the same bulk be-
haviour (Roessler et al., 2019). Furthermore, major errors
were reported in some cases (Tao et al., 2013), which could
be the consequence of not calibrating the parameters.

III. Parameters from literature. Many DEM studies on
segregation have taken either all or merely a selection of
the parameters from the literature (Asachi et al., 2021;
Chibwe et al., 2020; Cliff et al., 2021; Hong et al., 2021;
Ketterhagen et al., 2007, 2009; Ketterhagen and Hancock,
2010; Kou et al., 2013, 2015, 2018, 2019; Liao et al., 2023;
Mandal and Khakhar, 2019; Tian et al., 2022; Wu et al.,
2013; Xu et al., 2018b, 2021; You et al., 2016; Yu et al.,
2018; Yu and Saxén, 2010, 2012, 2013; Zhang et al., 2021,
Zhao and Chew, 2020a). This approach has the same short-
coming as the previous group, since the parameters are
obtained from resources that have not conducted calibra-
tion. Furthermore, it is unclear if the material under study is
similar or exactly the same as in the literature (Zhang et al.,
2021).

IV. Parameter calibration/ measurement. Several past

studies have established DEM parameters through either
direct measurements or bulk calibration (Alizadeh et al.,
2017; Barik et al., 2023; Bhattacharya and McCarthy,
2014; Combarros et al., 2014; Combarros Garcia et al.,
2016; Izard et al., 2021; Kim et al., 2020; Li et al., 2019,
2017; Mio et al., 2010, 2009, 2008a, 2012; Nakano et al.,
2012; Qiu and Pabst, 2022; Shimosaka et al., 2013; Terui et
al., 2017; Wang et al., 2023; Z. Zhang et al., 2020). Each of
these approaches comes with a set of advantages and disad-
vantages as summarized in Table 3. The calibration ap-
proaches of the studies in this group are summarized in
Table 4. All calibration tests presented in this table capture
only the global behaviour of granular materials (e.g., angle
of repose) and none of them has calibrated the DEM model
for local behaviour using a segregation test.

Calibration of DEM models against experimental data
ensures that the model captures the material behaviour and
therefore provides credibility (Coetzee, 2017). However,
calibration can be very time-consuming. This is especially
true for multi-component mixtures since the number of
model parameters increases with the number of compo-
nents in the mixture. Sensitivity studies enable us to ex-
plore the importance of the model parameters for inclusion
in the calibration step. Table 5 presents a summary of the
results of the existing DEM sensitivity studies on segrega-
tion. As can be seen, the significance of DEM parameters
depends on the system and the granular flow regime being
studied.

Fig. 3 visually presents deeper insight into studies listed
in Table 1 to highlight the percentage of studies with re-
spect to the approach for determining DEM parameters,
reproducibility and the types of the mixtures being studied.

According to Table 1, not all past DEM studies have
determined the parameters in a proper way. To highlight
this with respect to segregation, Fig. 3(a) shows the per-
centage of studies in groups II to IV, where only studies in
group 1V include calibration. It should be noted that group
I is excluded since calibration is not necessary for paramet-
ric sensitivity analysis. As can be seen, 66 % of the existing
studies have omitted the calibration of the DEM model.
This is relevant since calibrated DEM models are required
if they are intended to be used as predictive tools that yield

Table 3 Pros and cons of two main approaches to determining DEM parameters (Coetzee, 2017; Marigo and Stitt, 2015; Wang et al., 2022).

Advantage

Disadvantage

Direct measurement + Independent of the contact model
+ Independent of the DEM code
+ Maintaining physical meaning

Bulk Calibration +F
the parameters
+ Obtaining values for all parameters

Compensating for the inaccuracy of

— Mostly limited to mm-sized particles

— Not practical for irregular particles

— Not practical for all parameters

— Not considering the stochastic nature of the parameters

Probability of losing physical meaning on particle level
— DEM code dependency

— Probability of not resulting in a unique parameter set

— Challenging in the case of a high number of parameters
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Table 4 Detailed calibration approach of studies in group IV of Table 1.

Source Direct measurement Bulk calibration test

(Z. Zhang et al., 2020) s o Hs pr COR —

(Izard et al., 2021) K Ps Hs pp (angle of repose)

(Alizadeh et al., 2017) CoR, g, particle shape The number of spheres in clumped approach, u (angle of
repose), P (sliding process),

(Kim et al., 2020) PSD, p,, CoR, u, E 1, (angle of repose)

(Qiu and Pabst, 2022) PSD U, 1, (angle of repose, both at lab and field scales)

(Wang et al., 2023) P, CoR —

(Barik et al., 2023) — U (silo discharging)

(Mio et al., 2008a; 2009; 2010; 2012) PSD, p, U (shear test), u_ (particle rolling test)

(Nakano et al., 2012) — 4, (angle of movement)

(Bhattacharya and McCarthy, 2014)  PSD, p, Tuning the contact model

(Lietal., 2017) PSD, p,, G U 1, (angle of repose)

(Lietal., 2019) PSD, p,, G, u, 11, —

(Shimosaka et al., 2013) — 4, (inclined plate test)

(Combarros et al., 2014) PSD, p, U i, (sensitivity analysis + dynamic and static angle of repose)

(Combarros Garcia et al., 2016) Pe Dy U, CoR (sensitivity analysis + shear test, angle of repose and
drop fall test)

(Terui et al., 2017) — U, (stationary bed angle), 4, (angle of repose)

Table 5 A summary of the results of DEM sensitivity studies on the significance of model parameters for segregation.

DEM parameter Range (source) System Significance
Particle-particle sliding friction (,us’p_p) (0.0-0.5) (Ketterhagen et al., 2008) Hopper discharge High
(0.01-0.9) (Yu and Saxén, 2010) Low
(0.15-0.95) (Z. Zhang et al., 2020) High
(0.1-1.0) (Zhang et al., 2018) Hopper filling High
(0.3-0.9) (Li et al., 2022) Blast furnace throat Low
Particle-wall sliding friction (u, ,.) (0.0-0.5) (Ketterhagen et al., 2008) Hopper discharge High
(0.01-0.9) (Yu and Saxén, 2010) High
(0.05-0.85) (Z. Zhang et al., 2020) High
Particle-particle rolling friction (x,, ) (0.0-0.045d,) (Ketterhagen et al., 2008) Hopper discharge Low
(0.05-0.9) (Yu and Saxén, 2010) Low
(0.00Idp—O.de) (Zhang et al., 2018) Hopper filling High
Particle-wall rolling friction (/‘r,p-w) (0.0-0.045d,) (Ketterhagen et al., 2008) Hopper discharge Low
(0.01-0.9) (Yu and Saxén, 2010) High
Particle-particle coefficient of restitution (e, ,) (0.2-0.94) (Ketterhagen et al., 2008) Hopper filling High
Particle-wall coefficient of restitution (ep) (0.2-0.9) (Ketterhagen et al., 2008) Hopper filling High
Local damp (0.2-0.8) (Qiu and Pabst, 2022) Pile formation Low
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(a)

(b)

u [I. Parameter assumption
m [II. Parameters from literature

IV. Parameter calibration/
measurement

m Not specified ® Specified

m Single-component

= Two-component

Three-component and more

Fig.3 Distribution of past DEM-based studies of segregation by (a) approach of calibration, (b) DEM software and (c) types of mixtures.

reliable results (Coetzee, 2017). Even though the studies in
group IV have applied calibration to some extent, not all of
them have carried it out in a systematic way (cf. Table 4).
In several studies, only a portion of the parameters has been
calibrated (Nakano et al., 2012; Shimosaka et al., 2013).
Also, in several cases, a single experiment is used to deter-
mine the values of more than one parameter (Izard et al.,
2021; Lietal., 2017). As shown by Wensrich and Katterfeld
(2012), this approach leads to ambiguity since an infinite
combination of parameter values might lead to the same
bulk behaviour.

There are good examples of systematic calibration of
DEM models with respect to bulk material behaviour for
various operational conditions in the literature (Coetzee,
2016; Do et al., 2018; El Kassem et al., 2021; Marigo and
Stitt, 2015; Mohajeri et al., 2020; Roessler et al., 2019).
When it comes to the calibration of models for segregation,
several authors have shown that bulk calibration also en-
sures that the local material behaviour is accurately cap-
tured. For example, Li et al. (2017) calibrated the friction
coefficients of iron ore pellets using a repose angle test and
verified that the calibrated model could reproduce the ex-
perimentally observed size segregation in simulations.
Similarly, Izard et al. (2021) modelled the size segregation
of sinter particles after determining the model parameters
through bulk calibration. However, it has not yet been ad-
dressed to what extent the DEM parameters obtained
through bulk calibration (e.g., dynamic and static angle of
repose) can be employed to accurately replicate the segre-
gation of multi-component mixtures, which is essentially a
local occurrence. Furthermore, the systematic calibration
of mixture models has received little attention. One of the
few studies where mixture calibration was performed is the

work of Alizadeh et al. (2017). The authors modelled the
segregation of a detergent mixture during heap formation
and found that the segregation behaviour was not accu-
rately captured by their model, which was calibrated using
a combination of direct measurement and bulk calibration.
They attributed the model’s inaccuracy to the fact that
spheres were used to model the particle shape. When using
clumped spheres to approximate the actual particle shape,
the predicted segregation behaviour was in good agreement
with the experiments. Other researchers have also mod-
elled the segregation of mixtures, but the interaction pa-
rameters between mixture components were not mentioned
(Combarros et al., 2014; Terui et al., 2017).

Fig. 3(b) illustrates the various DEM software that has
been used by past researchers to investigate segregation. It
is notable that 60 % of the studies have not specified the
DEM software they employed. This is highly important
because not only the same DEM parameters might be de-
fined in different ways in various software, but also models
may be differently implemented, making the parameters
code-dependent (Coetzee, 2017; Gonzalez-Montellano et
al., 2012). It means that the calibrated parameters of these
studies cannot be reliably and directly used by others to
reproduce the work or to model the same material. There-
fore, it is essential to specify in detail the DEM code or
software used in future studies.

The different types of mixtures that have been modelled
and studied are shown in Fig. 3(c). A vast majority of past
studies (i.e. 70 %) have been dedicated to single-
component mixtures i.e., with the general form of 1C[(iS/
JSh)] (see Section 2), most of which have modelled simple
binary- or ternary-sized mixtures with spherical particles
(i.e., 1C[(2S/1Sh)] or 1C[(3S/1Sh)]). In addition, a few
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studies considered two or three components (Chibwe et al.,
2020; Combarros etal.,2014; Hongetal.,2021; Ketterhagen
etal.,2007; Kouetal.,2019; Li et al., 2022; Panda and Tan,
2020a; Pereira and Cleary, 2013; Shirsath et al., 2015;
Terui et al., 2017; Xu et al., 2019), but they also simplified
the mixtures by modelling mono-sized and mono-shaped
components. In conclusion, although past DEM studies
have attempted to shed light on segregation in granular
materials, they have failed to represent the real-world com-
plex mixtures which are mostly multi-component with
each component having a size distribution and different
particle shapes (Gao et al., 2021).

As can be seen in Table 1 (columns Mixture type and
Particle shape), the particle shape and size distribution
have often been simplified, mainly to prevent high compu-
tational time. The effect of particle shape on segregation is
not crystal clear yet as can be illustrated by seemingly
contradictory results in the literature. For instance, Yu and
Saxén (2014) asserted that particle shape has an insignifi-
cant effect on the size segregation during charging and
discharging from a hopper since spherical particles yielded
the best agreement with the experimental results of
Standish (1985). It is notable that they used the same DEM
parameters for both spherical and non-spherical particles,
which can lead to misinterpretation. In another study, Al-
izadeh et al. (2017) concluded that modelling non-spherical
particles as spherical with rolling friction underestimates
the segregation extent during heap formation. Despite this
conflict, Lu et al. (2015) and Combarros Garcia et al.
(2016) concluded that particle shape has to be modelled as
accurately as possible to ensure that the DEM model is ac-
curate and predictive. Similarly, particle size distribution
has usually been approximated either by using a limited
number of sizes or scalping (cf. Section 3.1). However,
since particle size is the most crucial parameter affecting
segregation (Williams, 1976), size distribution should be
modelled as precisely as possible. As stated by Coetzee
(2017), particle shape along with the particle size distribu-
tion should be explicitly included in the calibration process
and they have to be determined prior to other parameters.

3.4 Validation of DEM models for segregation

The parameters obtained through calibration must be
independent of the application (Coetzee, 2016). Therefore,
once the model is calibrated, it should be capable of accu-
rately reproducing other experiments. In order to prove
this, the results of the DEM simulation have to be com-
pared with either experimental tests, analytical or “well-
established” numerical results related to segregation which
are available in the literature. If a “good agreement” is ob-
served, the model is validated. Regardless of the
above-mentioned approaches being adopted for determin-
ing the DEM parameters, the studies in groups II, IIl and IV
of Table 1 (except for parametric studies in group I) at-
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tempted to validate their DEM model for segregation. The
validation techniques found in the literature overview of
Table 1 can be classified into two main categories as illus-
trated in Table 6: (1) using other research results as the
benchmark and (2) using first-hand experimental results.

3.4.1 Validation using other work’s results

In this approach, existing experimental, mathematical or
numerical (i.e., DEM) results on segregation are used to
validate the DEM model. Although adopting this approach
facilitates the process of developing a DEM model, it suf-
fers from several drawbacks. Firstly, some of these refer-
ences have not particularly investigated the local behaviour
(i.e., segregation) of granular materials and as a result, even
in the case of an acceptable agreement, one cannot make
sure the DEM model is valid for segregation. Secondly, in
some cases, the size distribution of the DEM model differs
from the source study against which the model has been
validated. For example, Zhao et al. (2018) compared the
results of the model for mono-sized particles and used the
same model for modelling the segregation behaviour of
granular materials with log-normal size distribution. How-
ever, according to Coetzee (2017), if particle size in the
model changes, the model parameters must be re-
calibrated, i.e., the previous parameters’ values are not
valid anymore. Thirdly, some studies employed a different
setup in DEM than the experiment in the benchmark, which
might significantly affect the simulation results. For in-
stance, Wu et al. (2013) simulated a virtual factory instead
of a conveyor belt in the original study (Kajiwara et al.,
1988). While simplifying real-life scenarios is a common
practice among researchers, it’s crucial to ensure that the
velocity field is accurately mimicked, as it has a significant
impact on segregation.

All in all, the approach of using other work’s results to
validate the DEM model can have serious shortcomings. In
other words, the model can be validated in this way only if
all the details are accurately documented. This is often
challenging since some data may have been omitted due to
confidentiality. In addition, this approach is limited to spe-
cific materials (e.g., glass beads, iron ores), because there is
a shortage of experimental data on the segregation of vari-
ous kinds of granular materials in the literature.

3.4.2 Validation by conducting experiments

Unlike the above-mentioned category which relied on
existing data in the literature, other studies have conducted
experiments themselves and used first-hand experimental
data to validate the DEM model. Two types of experiments
have been carried out (cf. Table 6): the flow-related meas-
urements of the granular materials, i.e., global/bulk behav-
iour, or segregation-related measurements, i.e., local
behaviour.

Examples of the first type of experiment in which
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Table 6 Validation approaches of past DEM studies on segregation (cf. Table 1 for the type of mixture in each study).

Approach for validation

Source

Other work’s results Experimental

DEM

Mathematical

First-hand Flow-related
experimental results (bulk behaviour)
Segregation

(local behaviour)

The mass fraction of the whole particles discharged
from the hopper

The velocity profile of particles using particle tracking
velocimetry (PTV)

Angle of repose measured in practice
The discharge time of the particles from the hopper
Burden profile

Mass distribution of “all” particles in the radial direc-
tion in furnace throat

Laser grid (Gao et al., 2010) measurement of burden
falling trajectories

Bed height

Invasive Sampling spaces composed of 24
cuboid-shaped cells inside the

hopper

The discontinuous start-stop
sampling method (Standish and
Kilic, 1985) has been mostly
adopted

Including a number of sampling
boxes at the bottom to capture the
trajectory segregation of materials

Heaps are divided into a number of
sub-regions in the horizontal and/ or
vertical direction

Using rotating sampling table with
pie slicing configuration

Measuring mass flow rate of fine
particles using Copley flowability
tester BEP2 model

Sampling in the horizontal and
vertical direction of the sinter cooler

Sampling box in QPM segregation
tester

Non-invasive Taking pictures and counting the

number of different components

Colouring equal-sized components
and using image analysis to analyse
segregation

Taking pictures and using image
processing to measure the fraction
of components

(Liao et al., 2023; Wu et al., 2013; T.F.
Zhang et al., 2020; Zhang et al., 2018;
Zhao et al., 2018; Zhao and Chew,
2020b)

(Kumar et al., 2020; Mandal and
Khakhar, 2019; Mantravadi and Tan,
2020)

(Ketterhagen et al., 2008; Ketterhagen
and Hancock, 2010; Yu and Saxén,
2013; Zhao and Chew, 2020a)

(Tao et al., 2013)

(Shirsath et al., 2015)

(Kou et al., 2015; Tian et al., 2022)
(Xu et al., 2017; 2018b)

(Kou et al., 2013; Yu and Saxén, 2013)
(Kou et al., 2013)

(Zhang et al., 2014)

(Lietal., 2019)
(Combarros Garcia et al., 2016)

(Ketterhagen et al., 2007; Yu and Saxén,

2010; Z. Zhang et al., 2020)

(Bhattacharya and McCarthy, 2014; Mio

et al., 2008b, 2009, 2010, 2012; Yu and

Saxén, 2012)
(Li et al., 2017; Mio et al., 2020; Qiu

and Pabst, 2022; Terui et al., 2017; You

et al., 2016)
(Cliff et al., 2021)

(Barik et al., 2023)

(Izard et al., 2021)

(Combarros et al., 2014)

(Yu et al., 2018)

(Combarros et al., 2014)

(Alizadeh et al., 2017; Wang et al.,
2018)

physical measurements related to global behaviour have
been carried out are listed in Table 6. With respect to seg-
regation, this approach fails to provide detailed spatial and

temporal or “local” information about segregation such as
the fraction of different components. Although this ap-
proach can be adequately adopted to validate DEM models
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for “flow behaviour” on the bulk level, it cannot necessarily
prove the validity of the model for segregation. In other
words, to validate the models for segregation, component
fractions are required to obtain local information and assess
segregation.

The second type of the studies relied on segregation-
related measurements. As can be seen in Table 6, there are
two main ways of measuring segregation, namely invasive
and non-invasive methods (Huang and Kuo, 2014). Inva-
sive methods for evaluating segregation simply involve
taking a number of samples, separating the components in
each sample and weighting each component to obtain its
mass fraction. Several sampling methods have been
adopted by researchers for different systems as listed in
Table 6. Although all the mentioned invasive methods are
relatively simple and can provide valuable information
about the local composition of granular mixtures, they have
a number of disadvantages. First and foremost, invasive
methods disturb the original structure of the mixture which
affects the accuracy of the measurement. Moreover, parti-
cles from locations other than the target points might be
collected during sampling (Muzzio et al., 1997). And, as
mentioned above, components in each sample must be
separated to further calculate their fractions. This can be
straightforward for components differing in size, however
for multi-component mixtures with overlapping particle
sizes, this can be challenging and time-consuming. Terui et
al. (2017) successfully employed the gravity separation
method to separate sinter and coke particles based on the
density difference. However, besides being time-consuming,
this method is not applicable to all types of materials.

The mentioned drawbacks of invasive methods pushed
the search for non-invasive techniques as an alternative.
Because they do not disturb the granular structure, these
techniques have been increasingly employed in recent
years, especially in the powder blending industry (Nadeem
and Heindel, 2018). There are several comprehensive re-
view papers in the literature explaining the pros and cons as
well as the applications and limitations of these methods in
detail (Asachi et al., 2018; Bowler et al., 2020; Huang and
Kuo, 2014; Nadeem and Heindel, 2018). Because of the
inherent limitation of those techniques, not all of them are
applicable to the segregation analysis of any granular mix-
ture. For instance, the electrical conductivity method,

electrical capacitance tomography (ECT), positron emis-
sion particle tracking (PEPT) and magnetic resonance im-
aging tomography (MRI) cannot be readily utilised to
analyse the mixing and segregation of all multi-component
mixtures (Asachi et al., 2018). This is because the electrical
conductivity method and ECT work based on the noticea-
ble difference in electrical conductivity and permittivity,
respectively, which is not the case in all multi-component
mixtures (Asachi et al., 2018; Shenoy et al., 2015). Also, a
limited number of tracers is tracked in PEPT, which is not
suitable to measure segregation, and in MRI, the compo-
nent should be coated with oil to be detectable, which
might significantly affect its flow behaviour (Stannarius,
2017). Other techniques such as Raman spectroscopy,
near-infrared spectroscopy (NIR) and acoustic emissions
which are feasible for multi-components, are conducted on
very small samples (Bowler et al., 2020), which makes
them unsuitable for coarser particles. Image analysis is an-
other existing non-invasive method which has been widely
used due to its simplicity and low cost. The main advantage
of image analysis over other techniques is that it is applica-
ble to multi-component mixtures. However, this method is
limited to surface analysis, it requires a transparent vessel
and the components must differ in colour (Asachi et al.,
2018). This method has been successfully employed by a
number of studies to provide experimental results for the
calibration and validation of DEM models of segregation.
Yu et al. (2018) took photos of the heap, divided the heap
into sub-regions radially and counted the number of small
and coarse particles in each region to analyse segregation.
Adopting a more robust approach, Wang et al. (2018) and
Alizadeh et al. (2017) employed image processing tech-
niques to measure local concentrations of mixture compo-
nents at the surface of the heap. To be fully consistent, they
used the same approach in DEM by taking snapshots of the
granular system and applying image processing (see
Fig. 4).

In conclusion, all the methods being adopted to validate
DEM models come with a set of advantages and disadvan-
tages. Although the use of existing results in the literature
facilitates the validation, it is often difficult to precisely
replicate the experimental setup and sometimes, the other
study has not itself been validated. Additionally, utilising
existing results is confined to a few materials which have

(b)
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Fig. 4 Anexample of using image analysis to measure segregation in (a) experiments and (b) DEM. Reproduced with permission from Ref. (Alizadeh

et al., 2017). Copyright 2017, Elsevier.
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already been investigated. To overcome these obstacles,
carrying out experiments and using first-hand results would
be beneficial. However, it should be noted that the experi-
mental measurements should provide detailed spatial infor-
mation for segregation on a local level supplemented by
global level or bulk behaviour such as mass flow rate. The
segregation-related measurements can be performed using
either invasive or non-invasive methods. Image analysis as
a non-invasive method is considered superior to invasive
techniques since it not only maintains the structure of the
granular materials but also is applicable to multi-component
mixtures, provided that the components differ in colour.

4. Results of DEM-based studies on
segregation
The work we presented in Table 1 in the previous sec-
tion will be elaborated in detail here. We gather and analyse
the findings of those studies on how segregation is affected
by adjusting material properties, system configurations and
operational parameters.

4.1 Material properties

Generally, any difference between the particles of a par-
ticulate system can cause segregation. For free-flowing
granular materials, it has been proven that particle size,
density and shape affect segregation more than other fac-
tors such as surface roughness and elasticity (Tang and
Puri, 2004). The studies listed in Table 1 are analysed and
the effect of these factors are presented in the following
paragraphs. To systematically discuss the results in the lit-
erature, we present Fig. 5 which illustrates the possible
combinations of different particle properties and Table 7
which shows the relevant subsection addressing the corre-
sponding type of mixture.

4.1.1 Particle size

Particle size is unequivocally the most influential prop-
erty contributing to segregation among the other particle
properties (Williams, 1976). This is why numerous re-
search studies have been dedicated to gaining a full under-

Table 7 Corresponding subsection for different types of mixtures.

standing of the effect of particle size and especially particle
size distribution (PSD) on segregation.

In the case of binary-sized mixtures, i.e., mixtures in the
form of 1C[(2S/1Sh)], the effect of size distribution can be
investigated by varying either the size ratio or the mass
fraction of the components. It is generally accepted that a
larger size ratio leads to more pronounced segregation
(Bridgwater, 1994). Fig. 6 shows the investigated ranges of
size ratio in the DEM-based studies of binary-sized
free-flowing mixtures in various systems. For hoppers and
in one of the earliest attempts to study segregation using
DEM, Ketterhagen et al. (2007) concluded that the extent
of segregation significantly increases for size ratios greater
than 1.9. Using the velocity difference between small and
large particles as an indicator of percolation, T.F. Zhang et
al. (2020) investigated the segregation during conical hop-
per discharging and found that in their case, percolation
was not dominant for size ratios smaller than 6.0 (i.e., cor-
responding to the velocity difference of 0.07 mm/s). Z.
Zhang et al. (2020) observed that the percolation which
occurred during the discharge of a wedge-shaped hopper
near the wall and the bottom of the hopper was eliminated

Density (B)

Fig. 5 Different possible combinations of particle properties.

Section Type of mixture
Symbol Notation

4.1.1 Particle size A 1C[(iS/1Sh)] i=2,3,...,M,P

4.1.2 Particle density B nC[(18/18h) + - + (1S/1Sh)] n=2,3,etc.

4.1.3 Particle shape C 1C[(1S/jSh)] Jj=2,3,etc.

4.1.4 Combinations of particle size, (A+B) nC[(i,S/1Sh) + - + (i,S/1Sh)] n=23,etc. &i=2,3,....,M, P

density and shape (A+C) 1CL(S/iSh)] i=2,3, .. M,P&j=2,3,etc.

(B+C) nC[(18/j,Sh) + - + (18} Sh)] n=2,3,etc. &j=2,3, etc.
(A+B+C) nC[(i,Slj,Sh + -+ (i, Slj Sh)] n=2,3,etc. &j=2,3, etc.
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Source

Pereira and Cleary (2013)

]
Lietal. (2022) _
||
|

Xu etal. (2018) — Heap
Zhang et al. (2017)
Mandal and Khakhar (2019) (] ]
Panda and Tan (2020) — Chute

Tripathi and Khakhar (2011)

Tao et al. (2013)

]
Yu and Saxen (2010) _
|
[

Xu etal. (2017)

Z.Zhang et al. (2020)

Ketterhagen et al. (2007)

TF.Zhang et . 2020 |

Ketterhagen et al. (2008)

— Hopper

Size ratio

Fig. 6 Size ratio ranges in the past DEM studies on segregation.

for a size ratio lower than 1.2. Varying size ratios from 1.3
to 4.0, Yu and Saxén (2010) observed significant segrega-
tion even for the minimum ratio of 1.3. Unlike these stud-
ies, Ketterhagen et al. (2008) found that in the case of the
hopper bottom wall angle of 15° (as opposed to 90°), no
considerable segregation was observed for all size ratios
tested.

In addition to hoppers, several studies have examined
the effect of size ratio on segregation in other systems such
as inclined planes, chutes, the throat of the blast furnace
and V-blender. In their work on the segregation of binary
mixtures down an inclined plane, Tripathi and Khakhar
(2011) found that varying size ratio does not affect the ex-
tent of segregation. In the case of a chute, Panda and Tan
(2020a) observed that although the stream-wise, cross-
stream and vertical velocities all increase with increasing
size ratio, the degree of segregation did not increase signif-
icantly in the stream-wise direction. Li et al. (2022) studied
the particle segregation in the throat of the blast furnace.
For this, they charged a layer of binary-sized cokes fol-
lowed by a layer of binary-sized ore particles. Varying the
size ratio equally for coke and ore particles, they observed
that larger size ratios result in a more segregated state,
which was more evident for the coke mixture. In their study
on the de-mixing of binary-sized mixtures during discharge
from a V-blender, Pereira and Cleary (2013) observed that
the segregation extent becomes significant for large size
ratios, i.e., 3 and 4.

92

Apart from the particle size ratio, the mass fraction of
fine particles has been proven to have a significant impact
on segregation (Tang and Puri, 2004). Artega and Tiiziin
(1990) proposed a model for binary-sized mixtures to de-
termine the fine mass fraction (x;) for which segregation via
percolation becomes feasible during hopper discharge.
They claimed that percolation no longer occurs when the
surface area of the large spheres is completely covered by
small spheres, implying that percolation only occurs if the
mass fraction of finer particles is lower than the limiting
value defined as x; ., = [4/(4 + Dy)], where O, is the size
ratio. This model is applicable to free-flowing materials of
approximately spherical shape and is independent of the
hopper geometry. While the findings of Ketterhagen et al.
(2008) and Z. Zhang et al. (2020) are in accordance with
Artega and Tiiziin’s model, Xu et al. (2017) observed seg-
regation for mass fractions higher than the above-
mentioned x; ;. Nevertheless, all of these studies agree
that increasing the fine mass fraction decreases segregation
(Barik et al., 2023; Ketterhagen et al., 2008; Tian et al.,
2022; Xu et al., 2017; Zhang et al., 2018; Z. Zhang et al.,
2020).

While in most of the DEM studies a limited number of
particle sizes has been used, Zhao et al. (2018) and Kumar
et al. (2020) used a continuous distribution of particle size,
i.e. poly-sized mixtures with the general form of
1C[(PS/1Sh)]. Zhao et al. (2018) studied the discharge of
mixtures with a log-normal size distribution from a conical
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hopper. As shown in Fig. 7, they examined the effect of the
width of size distribution, defined as the ratio of standard
deviation to mean diameter (o/u) on segregation and con-
cluded that the higher the width, the greater the size segre-
gation will be. This agrees with observations on the impact
of size ratio on the segregation of binary-sized mixtures, as
the size ratio in binary-sized mixtures is essentially the
same as the width of size distribution in poly-sized mix-
tures.

In another study, Kumar et al. (2020) studied the dis-
charge from a hopper of mixtures with the Rosin-Rammler
size distribution as follows:

R= l—exp{—(ﬁ) } )

with size distribution’s width (#) and location parameters
(x"). It was found that the width has more impact on the
segregation than location parameters. Moreover, they con-
ducted a comparative analysis between the log-normal and
Rosin-Rammler particle size distribution (PSD) with the
same width and observed that the latter showed a higher
segregation extent. They also reported that the extent of
segregation is increased with more fine particles which
contradicts the observations in past studies on the segrega-
tion of binary-sized mixtures (Ketterhagen et al., 2008; Xu
etal., 2017; Zhang et al., 2018; Z. Zhang et al., 2020). This
conflict may lie in the fact that comparing a continuous size
distribution with a binary-sized mixture requires selection
of the right cut-off size between fine and coarse particles,
which is not always a trivial task.

To date, a large number of segregation-related studies
focused on the effect of particle size and mass fraction in
binary-sized mixtures. Generally, it has been found that
reducing the size ratio as well as increasing the mass frac-
tion of fine particles lessen segregation. With respect to the
size ratio, however, there is no unanimous agreement either
on the critical size ratio which promotes segregation or on
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Fig. 7 Different log-normal size distributions. Reproduced with per-
mission from Ref. (Zhao et al., 2018). Copyright 2017, John Wiley and
Sons.

the effect of increasing the size ratio on segregation in
general. Overall, there is no single limiting size ratio above
which segregation happens. Also, there is no unanimous
agreement on the effect of increasing the size ratio on seg-
regation. The reason behind this is twofold. Firstly, apart
from size ratio, other factors such as material properties
(e.g., mass fraction), geometric, and operational parameters
also play a crucial role in segregation phenomena. Sec-
ondly, percolation rate measurements in shear cells have
shown that segregation can occur for all size ratios, and
larger size ratios only serve to accelerate its occurrence
(Bridgwater, 1994; Bridgwater et al., 1978; Tang and Puri,
2005). Similar to the size ratio, the effect of the mass ratio
of fine particles on segregation is not consistent, leading to
the conclusion that the results of one study cannot be ap-
plied to all cases since other factors (e.g., geometrical and
operational parameters) play a key role as well.

4.1.2 Particle density

The difference in particle density is another known fac-
tor to cause segregation. As mentioned in Section 2, the
density of particles in a single material is assumed to be
constant. Therefore, the difference in particle density is
equivalent to having different materials. For instance, what
is referred to as a “binary-density” mixture is basically a
two-component mixture with the notation of
2C[(18/1Sh) + (15/1Sh)].

While a number of earliest experimental studies on the
mixing and segregation of granular materials argued that
particle density does not affect segregation considerably
(Vallance and Savage, 2000; Williams, 1976), some others
suggested that the difference in density should be taken into
account in segregation analysis (Bridgwater et al., 1978;
Drahun and Bridgwater, 1983; Khakhar et al., 1999). There
has been, however, little systematic analysis of density-
driven segregation in free-flowing granular materials using
DEM. Seil et al. (2012) investigated the segregation of
mixtures discharging from two hoppers. They observed
that the heavier particles tend to gather in the centre areas
and that the extent of segregation is linear to the density
ratio. In another study on an inclined plane, Tripathi and
Khakhar (2013) observed that heavy particles sink to near
the base, and light particles form a layer close to the free
surface with a mixed region in between, which was con-
firmed in other studies (Panda and Tan, 2020a; Wang et al.,
2018, 2023). Furthermore, they showed that higher density
ratios result in stronger segregation.

In conclusion, particle density has been shown to affect
segregation to some extent. However, the significance of its
effect compared to other factors such as the difference in
particle size is unclear as yet. More effort on density-
induced segregation in various systems is required to pave
the way for developing DEM models for multi-component
segregation.
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4.1.3 Particle shape

Only a few of the studies found focused on modelling the
effect of particle shape on the extent of segregation. These
studies can be classified into two groups. The first group
includes studies in which the mixtures are composed of two
particle shapes to investigate shape-induced segregation.
Using the multi-sphere approach, Mandal and Khakhar
(2019) studied the flow of mixtures of spherical and
non-spherical particles of the same volume down a rough
inclined plane (cf. Fig. 8). They found that the geometric
mean diameter (i.e., d, = A13d, where A is the aspect ratio
and d is the diameter of the constituent spheres) is a good
representative of the effective size for irregularly shaped
particles, and the extent of segregation of two species de-
pends on the ratio of the geometric mean diameter of parti-
cles. Moreover, it was observed that at the steady state, the
particles with a larger geometric mean diameter accumu-
late near the free surface.

Zhao and Chew (2020a) studied the flow behaviour of
binary-shaped mixtures during discharge from a hopper.
They modelled seven different particle shapes (a sphere,
two ellipsoids, two cylinders, and two cuboids (as shown in
Fig. 9), all with an aspect ratio between 0 and 2 and the
same volume. Considering various combinations of these
particle shapes, they observed that mixtures of cylinders
and cuboids exhibited the least segregation and the ellip-
soids mixed with cylinders were the most segregated mix-
tures.

Second, studies in which the segregation behaviour of
different mixtures, each component composed of a particu-
lar shape, is analysed. Zhao and Chew (2020b) compared
the discharging behaviour of mixtures with log-normal
PSD composed of ellipsoids, cylinders or cuboids and ob-
served that ellipsoids show a very similar segregation be-
haviour to spheres. The cuboids and ellipsoids exhibit the
lowest and the highest segregation extent, respectively.

Concluding, very little attention has been paid to
shape-induced segregation in DEM-based studies. Past
studies have demonstrated that the difference in particle
shape itself can induce segregation (Mandal and Khakhar,

0000
ggee

Fig. 8 Different combinations of spherical and non-spherical particles.
Reproduced with permission from Ref. (Mandal and Khakhar, 2019).
Copyright 2019, AIP Publishing.
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2019; Zhao and Chew, 2020a). However, it is unclear how
particle shape induces segregation and specifically, which
shape characteristics are more significant for segregation.
Therefore, further work needs to be done to shed light on
shape-induced segregation. Challenging herein are the
computational expense of irregularly shaped particles and
the fact that particle shape is not independent of particle
size. This is very important since if only the segregation
induced by particle shape is of interest, the “effective”
particle size should be the same to avoid misinterpretation
(Shekhar et al., 2023). Therefore, we second that attempts
should be made to establish the criteria for finding the “ef-
fective” size of non-spherical particles for segregation (Yu
et al., 2020).

4.1.4 Combinations of particle size, density and
shape

While the preceding subsections were focused on studies
examining variations in a single particle property (such as
size, density, or shape), a limited number of research works
investigated mixtures with multiple properties that vary si-
multaneously. To systematically discuss them, these studies
are grouped below using the symbols in Fig. 5 and Table 7:

(A+B). Most of the studies varied the particle size and
density at the same time. Two different scenarios can be
distinguished: 1. a mixture of (small/heavy) and (large/
light) particles, in which the percolation and buoyancy
mechanisms work together, or, 2. a mixture composed of
small/light and large/heavy particles where percolation and
buoyancy mechanisms oppose each other. Fig. 10 illus-
trates these two scenarios. As can be seen in Fig. 10(a), in
the first scenario, both percolation and buoyancy mecha-
nisms act together and (small/heavy) particles sink into the
mixture. However, in the second scenario as in Fig. 10(b),
the dominant segregation mechanism is not known a priori
and should be studied case by case. Past studies indicated
that in the first scenario, reducing the size ratio and/or
density ratio leads to less segregation and could be used as
a way to suppress segregation (Terui et al., 2017; Xu et al.,
2017, 2018a). For the second scenario, Ketterhagen et al.

Fig. 9 Different particle shapes modelled. Reproduced with permis-
sion from Ref. (Zhao and Chew, 2020a). Copyright 2020, John Wiley
and Sons.
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Fig. 10 Two scenarios for particles differing in both size and density (solid black colour indicates heavier particles), (a) first scenario; a mixture of

(small/heavy) and (large/light) particles, and (b) second scenario; a mixture of (small/light) and (large/heavy) particles.

(2008) varied the density ratio from 0.33 to 3.0 for a size
ratio of 4.3, and no significant segregation was detected
during discharge from a wedge-shaped hopper. Similarly,
Tao et al. (2013) increased the density ratio from 0.5 to 2.0
for a mixture with a size ratio of 4.0 and observed that
segregation was negligible.

(A+C). In attempts to explore the simultaneous effect of
particle size and shape on segregation, several studies var-
ied the particle shape of binary-sized mixtures, i.e. mix-
tures in the form of 1C[(25/2Sh)]. Mandal and Khakhar
(2019) studied the flow of mixtures of non-spherical parti-
cles where the two particle types differ in both volume (i.e.,
size) and shape, and observed that the segregation extent
increases for larger geometric mean diameter ratios. Tao et
al. (2013) simulated binary-sized mixtures with different
particle shapes including spherical, corn-shaped, cylindri-
cal and ellipsoidal particles. It was observed that particle
shape has a significant effect on the segregation extent with
the most segregated system for ellipsoidal and the least for
spherical particles.

(A+B+C). A few studies examined the segregation in
mixtures differing in particle size, density and shape. Liao
et al. (2023) investigated the segregation behaviour of
lump ore and pellets that differed in size and density. To
examine the impact of particle shape on segregation, they
simulated three different shapes of lump ore particles,
namely spheres, cylinders, and schistous particles and
concluded that particle shape has a significant effect on
segregation, with spheres showing the least amount of
segregation. In the mixture of sinter and briquette, Kim et
al. (2020) changed both the shape and mass ratio of the
briquette and observed that while the shape had little effect
on segregation, a mass ratio higher than 20 % led to signif-
icant segregation.

Despite previous efforts to investigate the influence of
various material properties on segregation, there remains a
significant knowledge gap. While the majority of natural
and industrial mixtures are multi-component, i.e. (A+B+C)
in Table 7, most studies have concentrated on binary or
ternary-sized mixtures consisting of spheres. Therefore, a
more comprehensive and rigorous approach towards mate-
rial properties that takes various combinations of size,
density and shape into account is required to accurately

predict segregation patterns and occurrences.

4.2 System configurations

In addition to the material properties, system parameters
play a key role in the segregation phenomena occurring in
particulate systems because they influence the motion of
the particles. In gravity-driven handling processes, two
main pieces of equipment can be distinguished: hopper/silo
and chute/inclined surfaces. A review of these systems in
the context of segregation is presented in the following
paragraphs.

4.2.1 Hopper

Segregation during hopper discharge has been studied
since the early *80s when most studies were experimental.
Ketterhagen et al. (2007) were one of the first to model
segregation during cylindrical hopper discharge using
DEM in 2007. Since then, a number of DEM studies have
investigated the influence of geometric properties on the
extent of segregation by varying the outlet width, the slope
of the bottom wall and the smoothness of the walls.

Two main flow regimes are distinguished during hopper
discharge: mass flow, where the entire body of mass inside
the hopper is in motion during discharge, and funnel flow
(Jenike, 1967; Saleh et al., 2018; Schulze et al., 2008);
funnel flow is less desirable as it imposes asymmetric pres-
sure distribution and causes significant segregation which
can be harmful to both hopper structural stability and par-
ticulate homogeneity (Saleh et al., 2018). The flow mode is
mainly dependent on the bottom wall angle (6_) and wall
friction angle (¢,). Smoother and steeper walls (i.e., low 8_)
most likely induce a mass flow regime and are less likely to
induce segregation. This was also confirmed in several
DEM studies (Ketterhagen et al., 2009, 2008; Saleh et al.,
2018; Yu and Saxén, 2010).

Several studies used DEM to gain a deeper insight into
segregation during hopper discharge. T.F. Zhang et al.
(2020) varied the angle of the hopper wall from 15° to 90°
and observed that larger angles (i.e., flatter walls) lead to
faster percolation of small particles, increasing their ten-
dency to gather at side walls (cf. Fig. 11(a)). Similarly, Z.
Zhang et al. (2020) showed that the increase in the hopper
angle promotes segregation in the bottom regions (red
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regions in Fig. 11(b)). However, they found that with larger
angles, the percolation near the wall region decreases. This
disagreement might be because of the different size ratio,
wall condition (i.e. boundary walls in T.F. Zhang et al.
(2020)), or a different method of assessing segregation (cf.
Section 3.2). Also, it is remarkable that in T.F. Zhang et al.
(2020), the hopper outlet size of 3d, (where d, is the diame-
ter of the large particles) is used, which does not satisfy
fundamental hopper design principles (Schulze et al.,
2008) and can affect the segregation results.

Stating that the bottom angle of the hopper is a decisive
factor in the flow mode, Huang et al. (2022) proposed an
optimised design which increases the mass flow zone and
as a result, achieves less size segregation (cf. Fig. 12).

In addition to the hopper wall angle, the outlet size can

(a)

also affect segregation during hopper discharge.
Ketterhagen et al. (2008) found that the increase in outlet
width reduces the segregation of mixtures discharging from
wedge-shaped hoppers. Although Z. Zhang et al. (2020)
confirmed that the percolation in the bottom part of the
hopper reduces in the case of a bigger outlet, a higher seg-
regation degree near hopper walls was observed which can
be related to wall effects. Taking the effect of both the
hopper outlet and wall angle into account, Ketterhagen et
al. (2008) claimed that segregation conditions remain the
same for hoppers with the same aspect ratio of hopper
height to hopper width.

To investigate the effect of flow-correcting inserts, Cliff
et al. (2021) compared the segregation behaviour of
binary-sized mixtures during discharge from a hopper with

(b) oo LPSI

e
k=3
=)
[
CFF

Fig. 11 The effect of hopper wall angle on size segregation in two studies: (a) Reproduced with permission from Ref. (T.F. Zhang et al., 2020). Copy-
right 2020, Elsevier. and (b) Reproduced from Ref. Z. Zhang et al. (2020), used under Creative Commons CC-BY-NC-ND License.

mg/m=0.95

my/m=0 mg/m=0.3 mgy/m=0.95

Fig. 12 The effect of different hopper design on segregation during hopper discharge at different discharging fractions (m,/m,). Reproduced with
permission from Ref. (Huang et al., 2022). Copyright 2022, Elsevier.
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and without an insert (cf. Fig. 13(a)). They stated that in
the case of a hopper with an insert, lower velocity gradients
at the free surface lead to less segregation (cf. Fig. 13(b)).

While most of the works mentioned above studied con-
centric hoppers, Ketterhagen and Hancock (2010) com-
pared the segregation of binary-sized mixtures in eccentric
and concentric hoppers (cf. Fig. 14(a)). They found that
while the eccentric hopper had slightly less segregation, the
segregation profiles around the outlet were completely dif-
ferent (cf. Fig. 14(b)). Additionally, they modified the de-
sign of the eccentric hopper, resulting in improved
segregation.

In conclusion, designing for mass flow is beneficial to
avoid size segregation during hopper discharge. This can
be achieved by steeper and smoother walls. However, sev-
eral studies observed insignificant effects of these factors
on segregation. The reason for the conflict between these
studies is that besides geometric parameters, material prop-
erties and operational parameters can influence particle
velocities and segregation. This makes it challenging to
compare the findings of different studies and arrive at a
definitive conclusion. Therefore, a more robust approach is

needed to investigate the simultaneous effect of different
geometric factors on segregation and its dependence on
material properties. Moreover, the work found evaluated
only single-component mixtures, and the effect of geomet-
ric design parameters in the case of multi-component seg-
regation is missing.

4.2.2 Chutes

Chutes are often used to transfer materials from one
piece of equipment to another. They can have different
cross-sectional shapes (e.g., semicircular, rectangular),
lengths, curvatures and wall roughness. While the chute
angle may be regarded as a system configuration parameter
in certain cases, e.g., transfer chutes, it is considered an
operational parameter in dynamic systems such as blast
furnaces. Therefore, we will be discussing the chute angle
later in Section 4.3.2 of this paper.

Segregation can occur simultaneously in three direc-
tions: in the direction of the flow (longitudinal/stream-wise
segregation), from the chute to the free surface (vertical/
normal segregation) and from one side wall to the other
(horizontal/cross-stream-wise segregation). During chute

(b)

11071

1072

Vi (ms™)

1073

Fig. 13 (a) The cross-sectional view of the hopper with insert, (b) Difference in the velocity gradient between the hopper with (right) and without
(left) insert. Reproduced with permission from Ref. (Cliff et al., 2021). Copyright 2021, The Royal Society.

(b)
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Fig. 14 (a) Concentric and eccentric hopper, and (b) Segregation profile in the eccentric hopper. Reproduced with permission from Ref. (Ketterhagen

and Hancock, 2010). Copyright 2010, Elsevier.
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flow, segregation can happen in two stages. Firstly when
the material is inside the chute, gravitational forces, centrif-
ugal and Coriolis forces, inter-particle friction and particle-
wall friction forces act on the particles (Zhang et al., 2014).
Mio et al. (2008b) found that particles segregate inside the
chute with smaller particles at the bottom wall of the chute
and larger ones on top. In the second stage, the material
leaves the chute and trajectory segregation causes larger
particles to travel further (Mio et al., 2008b). The effect of
chute-related geometric parameters on segregation was re-
searched by employing either a simple inclined plane
(Zhao et al., 2022) (to minimise the effect of side walls) or
a real 3D chute (Panda and Tan, 2020a).

With respect to the effect of the cross-sectional shape of
the chute, Kou et al. (2019) investigated the effect of three
different shapes, namely semi-circular, trapezoid, and rec-
tangular on the segregation of ferrous burden (i.e., pellet,
sinter and lump ore) forming a heap in the blast furnace
throat. They found that the chute cross-sectional shape
significantly affects the radial size distribution of materials
and the effect is intensified with larger chute angles and
higher rotating speeds. Moreover, unlike trapezoid and
rectangular chutes, the semi-circular chute was reported to
maintain a uniform radial size distribution regardless of the
chute angle and rotating speed. Panda and Tan (2020a;
2020b) focused on the segregation inside the chute and
compared the segregation between rectangular and
semi-circular chutes. It was observed that the rectangular
channel resulted in slightly higher segregation in the
stream-wise direction, while there were barely any differ-
ences in cross-stream and vertical directions.

In terms of the impact of chute length, the observations
revealed that since segregation occurs within the chute, an
increase in the chute length leads to a greater extent of
segregation (Bhattacharya and McCarthy, 2014; Kou et al.,
2013; Yuand Saxén, 2012; Zhang etal., 2014). Bhattacharya
and McCarthy (2014) determined the critical chute length
for trajectory segregation of ternary-sized mixtures dis-
charging from a hopper on to the chute, using both theoret-
ical equations and simulations which yielded 4.0 and
5.4 m, respectively. They claimed that with other parame-
ters fixed, there is significant segregation in the sampling
boxes located under the chute for the chute longer than the
critical length. For the radial segregation of multi-
component mixtures of sinter, pellet and ore, Hong et al.
(2021) observed that the effect of chute length is negligible.

Mantravadi and Tan (2020) examined the effect of bend
angle (i.e. curvature) in periodic flow inversions (see
Fig. 15)—an idea initially introduced by Shi et al. (2007)—
on reducing the size segregation of binary-sized mixtures
and observed that a bend angle between 120 and 150 de-
grees leads to the minimum extent of segregation.

Zhou et al. (2016) varied the wall roughness by using the
wall friction coefficient and found that a higher base rough-

98
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Fig. 15 The periodic flow inversion with a bend angle of 6. Repro-
duced with permission from Ref. (Mantravadi and Tan, 2020). Copy-
right 2020, Elsevier.

ness significantly accelerates segregation. However, in the
case that base friction was larger than inter-particle friction,
no effect on the flow regime and segregation was observed.
Shirsath et al. (2015) studied the effect of chute wall rough-
ness on the segregation of binary-density mixtures, i.e.,
2C[(1S/1Sh) + (1S/1Sh)]. They implemented the roughness
artificially by modelling a number of particles at chute
walls, attributing the ratio of the diameter between surface
particles and flowing particles (ranging from 0.5 to 2.0) to
the degree of roughness. They reported that wall roughness
has a considerable effect on segregation as it is negligible
for the smooth (but frictional) chute wall. While it was ob-
served that the degree of segregation increases with wall
roughness, this increase plateaus when the diameter of wall
particles exceeds the flowing particle size. However, it is
unclear to what extent the method of modelling wall rough-
ness in this work is representative for roughness at micro
scale.

Concluding, the geometric aspects of chutes including
cross-section shape, length, curvature and wall roughness
can significantly influence segregation. Generally, it has
been found that longer chutes with rougher walls promote
segregation.

4.3 Operational parameters

Besides the material properties and system configura-
tions discussed above, operational parameters are also
among the influencing factors on segregation. In order to
gain a deeper insight, related studies are reviewed in the
following subsections under different categories based on
the system type, namely hopper, chute and other systems.

4.3.1 Hopper filling operations

Various hopper-related operational parameters, includ-
ing filling method, filling angle, and filling position have
been studied in the past. Several studies investigated the
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influence of various hopper filling methods, i.e., different
components/sizes being charged in separate layers or in a
pre-mixed state, on the segregation after hopper discharge
(Chibwe et al., 2020; Ketterhagen et al., 2008, 2007; Mio et
al., 2010; Yu and Saxén, 2010). Although Ketterhagen et al.
(2008), Yu and Saxén (2010) and Chibwe et al. (2020) used
slightly different setups and filling patterns, their conclu-
sion was that the initial filling method significantly affects
the segregation.

Apart from the filling method, the filling position was
found to significantly influence segregation. Wu et al.
(2013) investigated the effect of burden apex (i.e., the high-
est point on the hill formed when materials are charged into
the hopper) on the segregation during hopper charging and
discharging. It was found that the burden apex mostly influ-
ences the particle size distribution during charging but has
little effect during discharging. In the case of a Paul-Wurth
hopper, Zhang et al. (2021) also observed that the filling
position has a significant effect on the segregation and there
was strong segregation in the case of the right and left fill-
ing positions (cf. Fig. 16(a)). Moreover, they observed that
a filling angle closer to the vertical position (cf. Fig. 16(b))

(a)

(b)

and a larger charging outlet (cf. Fig. 16(c)) reduced the
extent of segregation.

CIiff et al. (2021) showed that a continuous filling oper-
ation, as opposed to batch processing, significantly reduces
the amount of segregation because segregation mostly oc-
curs in the last 25 % of hopper discharge.

Concluding, the filling method, filling position and fill-
ing angle significantly affect segregation downstream (i.e.,
during hopper discharge). This means that all the handling
steps should be accurately modelled in order to achieve a
reliable assessment of segregation.

4.3.2 Chute operations

With respect to chute-related operational parameters,
several studies have investigated the effect of chute angle
(0) (Jing et al., 2015; Kou et al., 2019, 2018, 2013; Mio et
al., 2009; Nakano et al., 2012; Tripathi and Khakhar, 2011;
Xu et al., 2018b; You et al., 2016; Zhang et al., 2014), til-
ting direction (Terui et al., 2017), rotating speed (w) (Kou
et al., 2019, 2013; You et al., 2016), fill level (Izard et al.,
2021; Panda and Tan, 2020a), the number of chute rotations
(Mio et al., 2012) and installation of a damper (Mio et al.,

(c)

Fig. 16 The effect of (a) filling position, (b) filling angle and (c) hopper outlet on segregation during hopper charging. Reproduced with permission

from Ref. (Zhang et al., 2021). Copyright 2021, Elsevier.
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2008b). Some of the parameters are schematically illus-
trated in Fig. 17.

It should be noted that in a rotating chute, particles are
subjected not only to gravitational forces but also to Corio-
lis and centrifugal forces (Shirsath et al., 2015). The rela-
tive impact of inertial and Coriolis forces is quantified by
the Rossby number (Eqn. (3)):

Va

Ro= —2A—
2wl cosb

3)
where v, @, L, and ¢ denote the flow velocity, chute rota-
tion rate, chute length and chute angle, respectively. In the
case of Ro > 1, the effect of the rotation rate can be ne-
glected. For instance, Shirsath et al. (2015) varied the chute
rotation rate from 4 to 16 rpm and observed Ro larger than
1, concluding that the flow was gravity driven. Also, the
Froude number (Eqn. (4)) can be used to quantify the rela-
tive significance of the centrifugal force compared to the
gravitational force (Shirsath et al., 2015):

2
Fre w?Lcosd
g

“)
In the case of Fr « 1, the gravitational force is dominant,
preventing the particles from escaping out of the chute.
The chute angle is an important flow control parameter
as it is used to increase or decrease the flow velocity. Past
DEM studies have investigated the effect of chute angle on
the segregation occurring either inside the chute or when
particles flow out and form a heap. Regarding the segrega-
tion happening inside the chute, Tripathi and Khakhar
(2011) observed that the shear rate and extent of segrega-
tion in a vertical direction increased with a lower angle.
Similarly, Jing et al. (2015) found that segregation occurs
faster as the angle decreases, which was expected since the
rate of acceleration increases as the chute is steeper. How-
ever, the final (converged) segregation degree was similar

Reverse tilting

-~

Conventional tilting

Fig. 17 Schematic view of a rotating chute and related operational pa-
rameters: chute angle (6), rotating speed (w).

100

for different chute angles and, surprisingly, the converged
state was reached at approximately the same time for dif-
ferent angles.

For segregation occurring after discharging from chutes,
several studies have found that reducing the chute angle
intensifies the segregation in different systems, namely
blast furnace throat (Kou et al., 2019; Mio et al., 2009; Xu
et al., 2018b; Zhang et al., 2014), feed bed of sintering
machine (Nakano et al., 2012), COREX melter gasifier
(Kou et al., 2015, 2013; You et al., 2016). However, Zhang
et al. (2014) varied the chute angle from 21° to 37° and
observed that the radial segregation index (RSI) would not
necessarily decrease (cf. Fig. 18). Also, Kou et al. (2013)
observed that increasing the chute angle from 10° to 30°
first leads to a decrease of segregation of large particles and
then to an increase.

In modern blast furnaces equipped with the Paul-Wurth
Bell-Less Top® charging system, as well as in the COREX
process, a rotating chute is used to distribute materials in
the circumferential directions of the furnace throat
(Cameron et al., 2019; Kou et al., 2013). In addition to the
previously discussed chute angle, other operational param-
eters such as the rotating speed, tilting direction (i.e. chang-
ing the angle from low to high or vice versa as shown in
Fig. 17), and the number of rotations have been studied
with respect to segregation. Terui et al. (2017) modelled a
mixture of coke and sinter and two types of tilting direc-
tions, namely conventional tilting (i.e., from wall to centre
direction) and reverse tilting (i.e., from centre to the wall
direction). They found that with reverse tilting, coke parti-
cles are less segregated as shown in Fig. 19. The rotating
speed of the chute was found to have a negligible effect on
segregation compared to the chute angle (Kou et al., 2019,
2013; You et al., 2016). Mio et al. (2012) observed that an
increase in the number of chute rotations intensifies
segregation, leading to a larger mean particle size near the

0.70
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0.60
0.55
0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

RSI (=)

60 80 100 120
Particle size (mm)

Fig. 18 Change in radial segregation index (RSI) with different chute
angle. Reproduced with permission from Ref. (Zhang et al., 2014).
Copyright 2014, Elsevier.
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centre of the blast furnace.

The volume (or mass) flow rate through a chute is an-
other operational parameter which is generally varied on an
on-demand basis. For a given chute design, increasing/
decreasing the flow rate results in a higher/lower fill level
of the chute. Panda and Tan (2020a) found that the increase
in the fill level causes the small and large particles to move
together, i.e., decreases the velocity difference, resulting in
lower segregation in the cross-stream and vertical direc-
tions of the chute. Although it was observed that the fill
level does not affect velocities in a stream-wise direction,
segregation was decreased because of less available space
for percolation due to denser packing. In a study on sinter
cooler charging systems, Izard et al. (2021) investigated the
effect of the fill level of the chute (i.e. 20 %, 50 % and
90 %) on the segregation pattern in the trolleys and found
that while a filling ratio smaller than 50 % imposes an in-
creasing size heterogeneity in the trolley, no change in the
segregation pattern was observed for a filling ratio larger
than 50 %.

In conclusion, the operational parameters for operating
moving chutes including chute angle, tilting direction, ro-
tating speed and fill level, affect the segregation to some
extent. Based on the studies reviewed here, it appears that
chute angle and fill level may be more significant than the
other parameters. However, further research is needed to
confirm this hypothesis and to fully understand the com-
plex nature of segregation in granular mixtures discharging
from moving chutes. Nevertheless, all the parameters have
the potential to be adjusted with the purpose of reducing or
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controlling segregation.

4.3.3 Other systems

In addition to hoppers and chutes, other operation-
related factors have been investigated in the context of the
gravity-driven segregation of cohesionless materials. This
includes the falling height in the stockpile (Kou et al.,
2013; Zhang et al., 2017), the method of “discharge” from
a v-blender (which is essentially a gravity-driven flow)
(Pereira and Cleary, 2013), the bottom base shape of the
COREX furnace (cf. Fig. 20) (Kou et al., 2018) and feed
rate as well as rill plate angle in an iron ore sinter strand (Li
et al., 2019). Hence, in every industrial system, there are
several operational parameters that can affect segregation.
Detecting these parameters and studying their effect utilis-
ing DEM can pave the way to optimise the industrial pro-
cesses with respect to segregation. This is highly
advantageous because, in industrial applications, it is not
always possible to control segregation by modifying mate-
rial properties and system configurations.

5. Conclusion

This review paper presents an overview of the state of
the art in the DEM modelling of the segregation behaviour
of complex multi-component mixtures in applications in-
volving the gravity-driven flow of dry, cohesionless granu-
lar materials. First of all, a novel scientific notation has
been introduced to ensure consistency and accurately de-
scribe different types of mixtures. The main findings of this
review can be summarised as follows:

(b)

v oo *
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Fig. 19 Cross-sectional view of the radial distribution of a coke-sinter mixture for (a) reverse tilting and (b) conventional tilting. Reproduced with
permission from Ref. (Terui et al., 2017), used under Creative Commons CC-BY-NC-ND License.

(a) (b)
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30°

Fig. 20 Different bottom base shape of the COREX furnace. Reproduced with permission from Ref. (Kou et al., 2018). Copyright 2018, Elsevier.
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e Although most mixtures existing in nature and industrial
settings are considered multi-component (i.e., they con-
tain particles differing simultaneously in size, density
and shape), relatively few studies have investigated the
segregation behaviour of such mixtures.

e Despite the fact that calibration is an essential part of
developing a reliable DEM model, most of the past stud-
ies have omitted it. This is especially true when it comes
to models of multi-component mixtures. For instance,
the effect of interaction parameters between components
has not yet been studied in detail. Furthermore, it is not
clear whether calibrated parameter values obtained for a
certain mixture composition are applicable to other com-
positions as well.

e The effect of size distribution and particle shape on seg-
regation has not yet been fully understood. Considering
the fact that including small particles and irregular parti-
cle shapes in the model increases computational time
considerably, the effect of approximating real-world
mixtures with a finite number of particle sizes and spher-
ical particles should be comprehensively studied.

e When quantifying segregation experimentally, non-
invasive techniques such as image analysis are generally
more suitable than conventional invasive methods (i.e.,
sampling and weighing), since non-invasive techniques
do not disturb the mixture structure and are applicable to
mixtures differing in both size and density.

e Results of past DEM studies on segregation show that
the effects of different parameters influencing segrega-
tion, i.e., material properties, system configurations and
operational parameters, should be considered together
since they are highly intertwined.

e Compared to material properties and system configura-
tions, operational parameters are relatively easier to
change. Hence, to reduce and control segregation in in-
dustrial applications, operational parameters are prefer-
ential.
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Table A1 Equations for calculating the concentration of different types of particles (type-A or type-B) on number, mass and volume basis. Legend: N =

number of particles, m = mass of particles, /"= volume of particles.

Number-based Mass-based Volume-based
Fraction of particle type-A _Na =M _Va
raction of particle type (¢N)A - (ﬂn)A o (¢V)A _7
where N=N, + N, where m =m, + my where V="V, + 1V,
Fraction of particle type-B _Ng _mp _ s
W == (s === @)=

Total (number/mass/volume) fraction

I = (s T (s =1

¢m = (¢m)A + (¢m)3 =1 ¢v = (¢V)A + (¢V)B =1

Relative fraction of tracer particle in bin i ) N _ ; i (ﬂn)ti _ i ; (¢V);i
e (&), =TT (), “=
where = A or B where = A or B where = A or B
Relative fraction of tracer particle in the entire _ (&), — @) . (), ) o (&),
system A Z o, Y

where t=A or B

where t=A or B where t=A or B
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