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HIGHLIGHTS GRAPHICAL ABSTRACT

e Sensitivity analysis on 15 DEM interac-
tion parameters to identify dominant
ones for segregation. Hopper filling configuration

e Segregation after hopper discharge is
mainly influenced by particle-geometry
interactions.

e Segregation within the heap is affected
by particle-particle interactions as well.

e The dominant DEM parameters are
strongly dependent on initial mixture
configuration.

e Downstream segregation is highly
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ARTICLE INFO ABSTRACT
Keywords: Segregation of granular materials is a critical phenomenon in various industries, such as food processing, pharma-
Granular' materials ceuticals, and mining. The Discrete Element Method (DEM) is an effective tool for gaining insight into granular
Segregation segregation by providing particle-level information and the freedom to model mixtures that are often difficult or

Discrete element method
Sensitivity analysis
Definitive screening design
Pellets and sinter

impossible to achieve through experiments. To ensure realistic material behaviour and correct representation of
segregation, it is essential to calibrate the model parameters systematically. However, in the context of multi-
component segregation, it is extremely challenging and computationally expensive to consider all parameters in
the calibration procedure since interaction parameters between components must also be considered. This work aims
to identify the dominant DEM parameters for modelling multi-component segregation during hopper discharge,
chute flow and heap formation in a mixture of pellet and sinter. Utilising a representative example of a multi-
component mixture with different sizes, densities and shapes used in blast furnaces, the investigation is done for
various initial configurations as well as various mass ratios of the mixture. Our findings revealed that, while only
particle-geometry interaction parameters dominate the segregation after the hopper and chute flow, particle-particle
parameters are also significant for segregation in the heap. We also demonstrated that the downstream segregation is
significantly influenced by the segregation upstream. Moreover, we found that the effect of pellet-sinter interactions
is negligible. This research provides insights into the dominant DEM parameters, facilitating more efficient and
robust calibration of multi-component models in future research endeavours.
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A. Hadi et al.
1. Introduction

Granular materials are widely found on Earth and are the second-
most handled substances in the industry [1]. Considering the market-
driven demand to enhance production, reduce expenses, and develop
sustainable products and systems, improving the understanding of the
complicated behaviour of granular materials is of great importance [2].
One such behaviour is granular segregation or de-mixing, in which
moving particles with similar characteristics (e.g., size or density) gather
in specific areas of the mixture. Segregation is mostly considered an
undesirable occurrence that negatively impacts the homogeneity of the
granular mixtures and, consequently, should be minimised [3].

There are two main types of segregation: size segregation and
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Fig. 1. A schematic definition of interaction forces between two particles
in DEM.

Pellet Sinter

Fig. 2. A mixture of pellets and sinter.

Table 1
Intrinsic material properties used in DEM simulations.

DEM Parameter Pellet Sinter Geometry

Shear modulus (G)
Poisson’s ratio (v)
Solid density (p,)

le+8 Pa [37]
0.25 [37]
1951 (kg/m>)

le+8 Pa [37]
0.25 [37]
1731 (kg/m>)

2e+11 Pa [41]
0.3 [41]
7800 (kg/m?) [41]

Powder Technology 444 (2024) 119985

100
90
80
70
60
50
40
30
20
10 Pellet

—@— Sinter

Passing weight percentage

0 5 10 15 20 25
Particle size (mm)

Fig. 3. Particle size distribution (PSD) for pellets and sinter [40].

Fig. 4. The clumped spheres model used to simulate sinter particles.

component segregation [4]. While previous studies have focussed on
size segregation in single-component systems [5-16], real-world mix-
tures are often multi-component, consisting of two or more materials,
each with its size distribution, particle density and shape(s) [4], and a
few works attempted to model multi-component segregation [17-20].
For example, in the context of a blast furnace, ferrous burden, which is
mainly a mixture of iron ore pellets and sinter, is loaded into the blast
furnace. The component segregation in the furnace throat can reduce the
permeability of the burden, leading to inefficient use of reductant gas
and causing economic and environmental consequences [10,14].
Therefore, understanding the segregation behaviour of multi-
component granular mixtures is essential towards efficient and sus-
tainable processes.

Segregation has been experimentally investigated since the early ‘70s
[21-24]. The primary objective was to unravel the mechanisms behind
the separation of components within mixtures during various types of
agitation [21], subsequently developing mathematical models to cap-
ture these phenomena. A common approach is to study the effect of
individual material properties by isolating other properties, e.g.,
considering material mixtures differing only in size [24] or density [22],
and eventually, the combined impact of both size and density [23]. Such
a methodical approach enabled researchers to incorporate the influence
of each material property within mathematical models. However,
experimental approaches come with several limitations [4]. Firstly,
acquiring data on the composition of a granular mixture is impeded by
several challenges. These include sampling difficulties, the complica-
tions involved in separating components of similar size within the multi-
component mixture, and the opaqueness of the particles making the
inner structure of the granular system not observable [25]. Secondly, it
is nearly impossible to obtain particle-scale information such as contact
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Fig. 5. a) The geometries used in the simulations and their dimensions, and b) cylindrical sampling locations (SLs) used to quantify segregation.
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Fig. 6. Various hopper filling configurations used in the simulations (yellow and blue particles represent pellets and sinter, respectively). (For interpretation of the
reference colour in this figure legend, the reader is referred to the web version of this article.)

force chains to elucidate macro-scale bulk behaviour. Lastly, conducting
comprehensive experimental studies to investigate various factors using
tons of materials is costly and time-consuming.

With the development of computational power in the last decades,
the Discrete Element Method (DEM), first introduced by Cundall and
Strack [26], has become a widely used approach to simulate granular
materials. DEM involves iteration over several time steps, within each,
Newton’s second law of motion is used to update particle trajectories,
while contact models are used to compute forces due to interparticle and
particle-geometry interactions. DEM offers significant advantages over
experiments for investigating the segregation, as it not only allows the
modelling of mixtures of particles with any combination of size, density
and shape but also provides detailed particle-level information that is
hardly acquirable in experiments.

Although DEM is extensively used, there are still various challenges
to be solved, mainly related to computational efficiency (i.e. feasibility)
and model accuracy (i.e. reliability) [27]. Achieving a balance between

computational efficiency and model accuracy requires making trade-offs
between conflicting interests i.e. feasibility and reliability. Several so-
lutions such as reducing particle stiffness [28] and employing upscaled
particles [29,30] have been proposed to enhance the computational
efficiency of DEM. However, the reliability of the developed model
heavily depends on the proper determination (calibration) of the input
parameters of the modified particles. This process can be time-
consuming, particularly in complex multi-component mixtures with a
high number of parameters. To tackle this issue, the calibration can be
focused on only the “significant” parameters. Several previous re-
searchers have attempted to identify the most significant parameters for
segregation [10,31-33]. However, these studies have several short-
comings. Firstly, they primarily investigated size segregation and the
dominating parameters for component segregation are missing. Sec-
ondly, none of these studies has included all DEM interaction parame-
ters, i.e., both particle-particle and particle-geometry interactions, thus
the true/relative significance of these parameters remains unknown.



A. Hadi et al.

(2)

Powder Technology 444 (2024) 119985
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Fig. 7. a) Materials flowing from the hopper to the receiving bin through the chute, b) an example of the heap formed in the receiving bin.

Table 2

Investigated DEM parameters using the definitive screening design with their
low, middle and high values. (4, = coefficient of sliding friction, y, = coefficient
of rolling friction, C, = coefficient of restitution. The underlined values for
pellet-pellet and sinter-sinter parameters used for pellet-sinter interactions.)

Factor Low level (—1) Middle level (0) High level (+1)
K 0.21[7] 0.455 0.7 [51]
Pellet-pellet Hrpp 0.05 [52] 0.145 0.24 [41]
Crop 0.3 [53] 0.5 0.7 [10]
Hsss 0.43 [54] 0.595 0.76 [41]
Sinter-sinter Hrss 0.08 [37] 0.23 0.38 [41]
Crss  0.01 [55] 0.18 0.35 [41]
Hsps 0.21 0.485 0.76
Pellet-sinter Hrps 0.05 0.215 0.38
Crps 0.01 0.355 0.7
Hs pg 0.31 [53] 0.405 0.5 [56]
Pellet-geometry Hrpg 0.05 [53] 0.2 0.35 [51]
Crpg  0.2[10] 0.41 0.62 [41]
He  0.38[36] 0.64 0.9 [12]
Sinter-geometry ., 0.08 [37] 0.14 0.2 [36]
Crsg 0.05 [12] 0.275 0.5 [55]

Thirdly, segregation is only studied in a single geometry while its
behaviour can vary during different stages/geometries in a full process.
Lastly, conflicting findings regarding the significance of certain DEM
parameters have been reported in some cases [10,31]. To address these
gaps, in this study, we aim to perform a comprehensive sensitivity
analysis to gain deeper insights into the significant DEM parameters for
multi-component segregation in various geometries, including hopper
discharge, chute flow and heap formation, which represent the typical
burden charging process in the blast furnace. We show this for a mixture
of iron ore pellets and sinter which are charged into the blast furnace as
ferrous burden with a focus on interaction parameters such as sliding
and rolling friction. We also conducted a sensitivity study for various
initial configurations of pellets and sinter to identify the dominant pa-
rameters for different hopper filling configurations. Additionally, we
extended our study to investigate the effect of several factors, i.e. the
shape of sinter particles and the mass ratio of pellets to sinter, on the
segregation that occurs at different locations, i.e. after the hopper, after
the chute and in the heap.

This paper is structured as follows. In Section 2, we provide an in-
depth explanation of the method employed, i.e. the Discrete Element
Method (DEM), detailing the simulated materials and their fixed DEM
parameters as well as the setups used for investigating segregation.
Section 3 explains the design of experiments (DoE) employed in this

ST =0.222 -

Segregation index (SI)
S o o o o o 9 o
N w +- o (<] ~ o] ©

o
-

1 L

0 0.2 0.4 06 0.8 1
Normalised time ()

o

Fig. 8. An example of the segregation index as a function of the normalised
time (Run 36 with L1 initial configuration). The red dashed line indicates “SI
bar “. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

study. We discuss the varied DEM parameters in the DoE aimed at
identifying the dominant ones, along with the key performance in-
dicators (KPIs) quantified and employed as responses in the DoE. In
Section 4, we present our findings regarding the dominant DEM pa-
rameters for segregation as well as the effect of certain factors (i.e., the
shape of sinter particles and the mass ratio of pellets to sinter) on
segregation occurring at different locations. Finally, in Section 5 we
conclude with our main findings and further work.

2. Materials and methods
2.1. Discrete element method

Our DEM model employs the Hertz-Mindlin (no-slip) [34] contact
model with an elastic-plastic spring-dashpot rolling friction model (type
C according to Ai et al. [35]) that has been successfully applied in pre-
vious studies modelling iron ore pellets and sinter [36,37]. Fig. 1 pro-
vides a schematic representation of the interaction forces between two
particles in DEM. For detailed equations and further information on the
contact model, readers are referred to the relevant literature
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Fig. 9. Different grid systems to measure the segregation within the heap, a)
radial, b) vertical, c) circumferential and d) cubic.

Table 3

p-values for the effect of DEM interaction parameters on KPI 1 for various hopper
filling configurations, with the effect of each significant parameter on KPI 1 in
parentheses (e.g., “(+)” denotes that with an increase in the parameter value,
KPI 1 increases.). “x” means insignificant effect.

Factor Mixed L1 L2 L75/25 L25/75
Pellet-pellet o X x X x x
®-P) Hrpp X X X X X
Crpp X X X X X
Hsss X X X X X
Sinter-sinter < 0.0001
(s5) Frss X * @) *
Crss X X X X X
X X X X X
Pellet-sinter Hsps
®-5) Hrps X X X X X
Crps X X X X X
X < 0.0001 X < 0.0001 0.0003
Pellet- Hsre (@8] ! )
geometry X < 0.0001 X < 0.0001 < 0.0001
*-G) Hrog @) @) )
Crpg X X X X X
Sint X X < 0.0001 0.005
“glee(:r-netry Hs.sg +) =)
(5-G) Hrsg X X X X X
Crsg X X X X

[34-36,38]. We used the commercial software EDEM version 2022.3 to
develop the DEM model and we conducted all simulations on the
DelftBlue high-performance cluster [39].

2.2. Simulation configuration

2.2.1. Materials and fixed DEM parameters

We simulate the mixture of iron ore pellets and sinter (cf. Fig. 2),
which is a good example of a real-world multi-component mixture
charged into the blast furnace. For modelling pellets and sinter in DEM,
we used fixed parameter values for intrinsic material properties
(Table 1) as well as for morphological parameters, including particle
shape and particle size distribution. Particle densities for pellets and
sinter were calibrated against their bulk densities in our previous work
[40]. Moreover, we measured particle size distribution using sieves in
the same work, as illustrated in Fig. 3.

For particle shape, spheres are well-suited for pellets since they are
nearly spherical. However, sinter particles are highly irregular in shape

Powder Technology 444 (2024) 119985
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Fig. 10. The value of a (cf. Eq. (5)) for the initial configurations presented
in Fig. 6.

(cf. Fig. 2), requiring a non-spherical representation for segregation
modelling [13]. Here, we adopt a clumped sphere approach to represent
the irregular shape of sinter particles. As increasing the number of
spheres in the clumped sphere significantly increases the computational
time, a three-sphere clumped particle is chosen as shown in Fig. 4, which
has yielded good results in previous sinter studies [12,37]. A detailed
overview of all DEM input parameters can be found in Table A1 in Ap-
pendix A.

2.2.2. System and geometry

A set of geometries is employed, which consists of a hopper, a chute
and a receiving bin to investigate and quantify the segregation at various
stages (i.e., after hopper discharge, after chute flow and during heap
formation) within a single system. Fig. 5a schematically illustrates the
geometries and their dimensions. Additionally, we created three cylin-
drical sampling locations (SLs) right after the hopper and chute as well
as around the heap to measure segregation, as shown in Fig. 5b.

The initial mixture of pellets and sinter is generated within the
hopper with an equal mass ratio of 50%-50%. To examine the effect of
different initial configurations of pellets and sinter, we used various
initialisations within the hopper, as shown in Fig. 6a-c. Notably, the
difference between L1 (cf. Fig. 6a) and L2 (cf. Fig. 6b) lies in the order of
pellets and sinter layers. Moreover, to study the impact of the mass ratio,
we defined two additional cases with the pellets-to-sinter mass ratios of
75%-25% and 25%-75%, as illustrated in Fig. 6d and Fig. Ge,
respectively.

Following generating the mixture within the hopper, we opened the
hopper outlet, allowing the materials to discharge under the influence of
gravity, as shown in Fig. 7a. It is important to note that we designed the
hopper’s geometry in a way to ensure a consistent core flow under all
circumstances to have a mixed flow. Subsequently, these materials were
charged into the receiving bin via a chute featuring a semi-circular
intersection to form a heap. Fig. 7b provides a side view example of
the heap formed in the receiving bin.

3. Design of experiment

DoE is employed to efficiently explore the relationship between
certain input variables and one or more outputs (or responses).
Screening designs, a subset of DoE are helpful in identifying the most
significant variables for a given response. Three main types of screening
designs are frequently used: fractional factorial [42,43], Plackett-
Burman (PB) [44,45] and definitive screening design (DSD) [46-48].
In this study, we choose the definitive screening design as it requires a
relatively small number of runs. We used JMP® 17 Pro software (SAS
Institute, USA) to design the DSD.
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Fig. 11. Average contact force within the hopper for different types of contact in various initial configurations (P-G: pellet-geometry/ S-G: sinter-geometry).

3.1. Definitive screening design

We employed the DSD, a novel three-level design introduced by
Jones and Nachtsheim [49]. DSD can detect not only the main effects but
also two-factor and quadratic terms. DSD offers an advantage over the
PB design in that main effects are not confounded with two-factor in-
teractions, two-factor interactions are not fully confounded with each
other, and quadratic effects are not confounded with other two-factor
interactions [46]. The number of runs required for k variables is 2k +
1 for even k and 2k + 3 for odd k. Moreover, Jones and Nachtsheim [50]
recommended adding four extra runs to enhance the power of the
design. Upon conducting the DSD, the p-values of the variables are
determined by fitting a model. These p-values reflect the validity of the
null hypothesis, which assumes no effect of the variables on the
response. In other words, a lower p-value indicates a greater likelihood
that the corresponding variable has a significant effect on the response.
Therefore, variables with p-values less than a pre-defined threshold can
be considered statistically significant.

3.2. Investigated parameters and levels

The parameters investigated in this study include all the interaction
parameters for particle-particle and particle-geometry contacts. Table 2
provides a list of these parameters (15 in total) along with their corre-
sponding low and high levels. We select these low and high levels based
on a thorough review of the relevant literature, and the middle level (0)
is the average between low and high values. In the absence of literature
on pellet-sinter interaction, we established the low and high levels for
pellet-sinter interactions by using the minimum and maximum values
obtained from pellets and sinter interactions, which are underlined in
Table 2. In our study, where we investigate 15 parameters, DSD requires
37 runs, as outlined in Table B1. We conducted three repetitions of the
simulations to account for the variability arising from the stochastic
nature of DEM.

3.3. Quantifying segregation

3.3.1. Segregation after hopper discharge (KPI 1) and chute flow (KPI 2)

The segregation of pellets and sinter after the hopper discharge (KPI
1) and after chute flow (KPI 2) are a function of time. To resemble the
stop-start sampling method used by Standish and Kilic [57], we used two
cylindrical sampling spaces located right after the hopper (SL1) and
chute (SL2) (cf. Fig. 5b). We then proceeded to measure the mass of the

pellets (W},) and sinter (W;) within the sample space every 0.2 s. We then
defined the segregation index (SI) as:

|)(p_}(0|

S[=p Aol
‘){max _ZO‘

®

where y, = W,/(W, + W;) is the instantaneous mass ratio of pellets
within the sample, y, is the initial mass ratio of pellets in the hopper and
Xmax 1S the maximum mass ratio possible which is always equal to 1.
Fig. 8 presents a typical example of SI over time. To minimise the error,
we restricted the mass ratio measurements to instances when the total
mass within the sampling space exceeded 20% of the full state, i.e. to
determine t;,;; and tpq,. We then normalised the time values using the
following equation:

-~ ti — tmin

P 3 @

tnax — Umin

where t; and t; are the instantaneous time and its corresponding nor-
malised time, respectively. Finally, we calculated the mean value of the
SIs (i.e. SI) across the normalised time:

M=

SI;

§I _ i=1 (3)
n

where n is the number of data points in Fig. 8, SI; is the segregation index
at ith normalised time (i.e. at t; = (i — 1)*((tmax — tmin)/n)). We used SI,
which is denoted as the red dashed line in Fig. 8, to quantify KPI 1 and
KPI 2.

3.3.2. Segregation in the heap (KPI 3)

Unlike KPI 1 and KPI 2, which involved segregation over a period of
time, we measure KPI 3 in a static heap (SL3) at the end of the simula-
tions using the relative standard deviation (RSD). This grid-dependent
index is determined by initially defining a grid system to partition the
heap into a specified number of bins, denoted as ‘m’. Within each bin,
the mass ratio of one component such as pellets (C,,) is measured. Af-
terwards, the standard deviation (¢) and mean () of G, s are computed
and finally, RSD is calculated using the following equation:

RrRsD =2 @
1]

Segregation in the heap can occur in different directions, i.e. radial,
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Fig. 13. Comparison of segregation plots of KPI 1 and KPI 2 (i.e. segregation after the hopper and after chute flow, respectively) for the run with the lowest found

correlation ~0.40 (Run 19 with L2 hopper filling configuration).

vertical, circumferential as well as throughout the whole volume.
Therefore, we assessed KPI 3 by employing four distinct grid systems:
radial, vertical, circumferential and cubic grids, as illustrated in Fig. 9a-
d, respectively.

4. Results and discussion

We present and discuss the results in two sub-sections. In Section 4.1,
we highlight our findings regarding the dominant DEM parameters for
each KPI. In Section 4.2, we shift our focus to the effect of several factors,
including sinter particle shape, layering mode, and pellets-sinter mass
ratio on KPIs. Finally, we present a summary of the findings of this study
in Section 4.3.

4.1. Identification of dominant DEM parameters

We followed several steps to identify the dominant parameters for
each KPI (refer to Section 3.3). Firstly, we conducted all the necessary
simulations with the specified parameters as outlined in Table B1. Sec-
ondly, we processed the data and computed the values for each KPIL.
Thirdly, we utilized the “fit definitive screening” platform in JMP® Pro
for performing the Design of Experiments (DoE). In JMP Pro software,
we employed the stepwise regression method with a p-value threshold of
0.01. Finally, we conducted an analysis of variance (ANOVA) to deter-
mine the p-values of the significant parameters and considered the
variables with p-values lower than 0.01 as statistically significant. The
findings for KPI 1 and KPI 2 (i.e., segregation after the hopper and chute
in sampling locations shown in Fig. 5b) are presented in Section 4.1.1
and 4.1.2, respectively. Additionally, the results for KPI 3 (i.e., segre-
gation in the heap, illustrated in Fig. 9) are discussed in Section 4.1.3.

4.2. Segregation after hopper discharge (KPI 1)

Table 3 displays the p-values derived from ANOVA analysis of the
DSD for KPI 1. Two key observations arise from Table 3. Firstly, there are
no significant DEM interaction parameters for the mixed initial config-
uration. Secondly, for all other initial configurations, pellet-geometry

and/or sinter-geometry interaction parameters are dominant.

We elaborate on the first observation as follows. As mentioned in
Section 3.2, we conducted 37 simulations (cf. Table B1) with three
repetitions to account for the stochastic nature of DEM. The stochastic
nature of DEM, due to variations in the generated particles’ positions
and orientations, could lead to different degrees of mixing within the
hopper, significantly influencing the segregation afterwards [31,58].
Therefore, the variation in SI across the runs may primarily result from
random degrees of mixing within the hopper rather than variations in
DEM parameters. To quantitatively assess this, we compared the stan-
dard deviation resulting from the three repetitions with the standard
deviation of the mean SI values for the 37 runs. We carried out this
comparison using Eq. (5):

o(u(Sh)

a=———-" %)
Oreps

where o(u(SI)) is the standard deviation of the mean SI (i.e., mean
segregation index calculated using Eq. (3)) across 37 runs, and Greps
represents the average of standard deviation resulting from the three
repetitions for each run. If the value a approaches 1.0, it indicates that
alterations in SI across the runs primarily stem from the random degree
of mixing within the hopper and not from varying the DEM parameters.
Fig. 10 illustrates the coefficient a corresponding to various initial
configurations for KPI 1. As expected, the value of a for the mixed
configuration is close to 1.0 and is significantly lower than the value for
other initial configurations. Additionally, the sheer amount of segrega-
tion occurring for the mixed configuration is negligible (i.e. ST < 0.014).

The second observation is that, based on the p-values, KPI 1 is pre-
dominantly influenced by particle-geometry interaction parameters.
However, as mentioned earlier, the p-value only addresses the validity of
the null hypothesis (i.e., the assumption of no effect of the variables)
rather than directly showing the parameters’ significance [59]. To
validate these findings, we complemented the statistical analysis with
physics-based interpretations through a supplementary contact data
analysis. This involved extracting the average contact force for each
contact type (e.g., the pellet-geometry contact) by dividing the
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Table 4
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P-values for all DEM parameters for KPI 3 (i.e., radial segregation in the heap) across various initial configurations, with the effect of each significant parameter on KPI

3 in parentheses (e.g., “(+)” denotes that with an increase in the parameter value, KPI 3 increases| “x”

means no significant effect).

Factor \ initial configurations Mixed L1 L2 L75/25 L25/75

Hspp 0.0038 (+) X X X X
Pellet-pellet (P-P) Prop X 0.0004 (-) 0.009 (+) 0.0012 (-) X

CF-PP X X X X X

Hsss < 0.0001 (-) < 0.0001 () 0.0007 (+) < 0.0001 (-) < 0.0001 (-)
Sinter-sinter (S-S) Hrss X X X X X

Crss X X X X X

Hsps X X X X X
Pellet-sinter (P-S) Hrps X X X X X

Crps X X X X X

Hspg X < 0.0001 () X < 0.0001 (—) < 0.0001 ()
Pellet-geometry (P-G) Hrpg X < 0.0001 (—) X < 0.0001 (—) X

Crpg X X X X X

Hssg < 0.0001 (+) < 0.0001 (-) < 0.0001 (-) X < 0.0001 (—)
Sinter-geometry (S-G) Hrsg X X X X

Crsg X X X X

aggregate contact force by the total number of contacts of that specific
type at each time step within the hopper. We chose average contact force
as our metric because the segregation of two components arises from
differences in their velocities, which, in turn, result from varying forces
acting on them in the DEM simulation. This systematic approach facil-
itates the identification of the relative contributions of individual con-
tact types to the dynamics of the flow, allowing us to assign significance
based on their respective contributions.

Fig. 11 presents the average contact force for two significant contact
types based on Table 3, i.e. pellet-geometry and sinter-geometry in-
teractions, across various initial configurations (cf. Fig. 6). We note that
using clumped spheres for sinter particles allows for multiple simulta-
neous contacts with the geometry, leading to lower absolute normalised
force values for sinter-geometry compared to pellet-geometry contacts,
as reflected in Fig. 11. We also included the mixed configuration for the
sake of comparison.

Fig. 11a shows that the average pellet-geometry (P-G) contact force
for L2 initial configurations is lower compared to other configurations.
This confirms the ANOVA analysis findings in Table 3, highlighting the
dominance of pellet-geometry (P-G) interaction parameters across all
initial configurations except for L2. This exception can be attributed to
the different layering composition of L2, where the bottom layer which
has extensive contact with the bottom part of the hopper, primarily
consists of sinter particles. Similarly, regarding sinter-geometry inter-
action, Fig. 11b shows that the average sinter-geometry (S-G) contact
force for the configurations L2 is higher than the rest, consistent with the
p-values in Table 3. However, for L25/75, the average contact force is
lower than the mixed configuration, indicating a reduced significance of
sinter-geometry interaction parameters. This observation is also re-
flected in Table 3, where S-G interaction parameters exhibit the highest
p-value. Overall, this supporting observation confirms that the results of
the ANOVA analysis are also valid from physics-based observations.

By comparing the p-values in Table 3 between various cases, we
draw more conclusions regarding the impact of layering mode and mass
ratio on the dominant parameters. Regarding the layering mode, we
deduce that interaction parameters between the particles at the
bottommost layer and the hopper play a key role. In other words, in L2,
where the bottom particles consist of only sinter, sinter-geometry in-
teractions dominate, whereas in the L1 case, pellet-geometry in-
teractions are significant. These conclusions are also reflected in
Fig. 11a, where the average pellet-geometry contact force in L1 is higher
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than in L2, while the opposite trend is observed for the sinter-geometry
contact force in Fig. 11b.

When comparing the L1, L75/25 and L25/75, we note that the effect
of the pellet-sinter mass ratio is twofold. Firstly, it influences the
dominant parameters, e.g., by increasing the sinter mass ratio to 0.75 (i.
e., L25/75), the sinter-geometry coefficient of static friction becomes
significant. This is because in this case, as shown in Fig. 11b, the average
sinter-geometry contact force, in L25/75 is significantly higher
compared to both L1 and L75/25 configurations. Secondly, while in
L25/75, an increase in the pellet-geometry coefficients of rolling and
static friction (y,p, and p,p,) leads to a reduction in segregation after
hopper discharge, this is reversed in all other initial configurations.

4.2.1. Segregation after chute flow (KPI 2)

Before continuing with KPI 2, we first compared the segregation
occurrence after the hopper discharge (KPI 1) and following the chute
flow (KPI 2) to assess potential significant segregation occurring in be-
tween, i.e. on the chute itself. To quantitatively evaluate the similarity
between KPI 1 and KPI 2, we calculated the coefficient of correlation (R)
of segregation indices (SIs) for each run between KPI 1 and KPI 2 using
the following equation:

R_ 1 i SI; — SI'\ (SIZ —SI
N-14

Ospt Osp?

©

where SI! and SI? denote the segregation indices (SIs) at ith normalised
time (i.e. att; = (i — 1)*((tmax — tmin)/n)) in the plots of KPI 1 and KPI 2
(cf. Fig. 8), respectively. Fig. 12a presents the correlation coefficients for
all initial configurations across all runs. Here, we excluded the mixed
initial configurations for the same reasons mentioned in Section 4.1.1. It
shows that for most runs, the correlation coefficient is higher than 0.7,
indicating a strong correlation between KPI 1 and KPI 2 [60]. To further
confirm this strong correlation, we plotted KPI 2 against KPI 1, as shown
in Fig. 12b. Notably, most of the runs align closely with the line of
equality, indicating a robust linear correlation between KPI 2 and KPI 1.

To examine differences between KPI 1 and KPI 2 for the runs with
low correlation coefficients as well as the runs falling below the line of
equality in Fig. 12b (e.g. a group of blue triangles), we compare the plots
for run 19 with the L2 initial configuration, which has the lowest cor-
relation coefficient (~ 0.4) in Fig. 12a. The segregation plots for KPI 1
and KPI 2 are displayed in Fig. 13. It demonstrates that, despite a low
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Fig. 15. Average contact force within the heap for different types of contact in various initial configurations. (Abbreviation: P-P = pellet-pellet, S-S = sinter-sinter, P-

G = pellet-geometry and S-G = sinter-geometry.)
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Fig. 17. Comparison between the effect of changing the coefficient of restitution and static friction on radial segregation for a) sinter-sinter, and b) sinter-geometry
interactions. The value above each bar denotes the mean RSD and the error bar represents the standard deviation from three repetitions.
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Fig. 18. The effect of the sinter’s particle shape on KPI 1 and KPI 3, i.e.
segregation after hopper and radial segregation in the heap, respectively (the
dashed lines denote linear regression fits.)

correlation coefficient, the plots are qualitatively and quantitatively
similar. The main discrepancy is observed only at the first normalised
time, when pellets and sinter are mixed on the chute, leading to a lower
SI for KPI 2 at time zero. Hence, we conclude that, for the setup and
materials being studied in the present work, no significant segregation
happens on the chute itself. The authors emphasise that this conclusion
is valid within the scope of this study. For instance, significant segre-
gation might occur on the chute if it is sufficiently long, as demonstrated
in previous studies [14,52,61]. As a result, within the scope of this study,
we proceed with the substantiated assumption that the dominant DEM
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parameters influencing KPI 1 also have a significant influence on KPI 2.

4.2.2. Segregation in the heap (KPI 3)

In this section, we explore the dominant factors influencing heap
segregation. As outlined in Section 3.3.2, segregation within the heap is
assessed across various directions, namely radial, vertical, and circum-
ferential ones. To identify the most pronounced direction of segregation,
we conducted a comparative analysis of RSD across all 37 runs. Fig. 14
presents this comparison for both mixed and L1 configurations in the
hopper, revealing a considerably higher degree of segregation in the
radial direction compared to the vertical and circumferential directions
for both configurations. Therefore, the primary emphasis will be on
explaining the key parameters influencing segregation in the radial di-
rection. Throughout the remainder of the paper, we refer to the radial
segregation as KPI 3.

Table 4 presents the p-values resulting from ANOVA analysis of DSD
for radial segregation for all initial configurations within the hopper
together with their effect on KPI 3. To better understand these results, it
is essential to consider that heap segregation measured at the end of the
simulation arises from three main occurrences: 1) segregation present
before materials are loaded into the bin (SL3), 2) segregation occurring
at the start of material charging into the bin due to particle-geometry
interactions, and 3) segregation during heap formation, primarily
influenced by particle-particle interactions. Given that the first two oc-
currences are mainly influenced by particle-geometry interactions, we
anticipate that particle-geometry parameters are dominant for KPI 3.
This is reflected in Table 4 where particle-geometry interactions were
found to be significant for all configurations. Additionally, particle-
particle interaction parameters are also expected to be influential due
to the third occurrence, where most interactions happen between par-
ticles, which is also reflected in Table 4.

Similar to KPI 1, we attempt to support the statistical findings
regarding the significance of the parameters. To achieve this, we illus-
trate the average normal contact force within the heap for significant
interaction parameters (based on Table 4) during the formation of the
pile for all initial configurations in Fig. 15. To facilitate comparison, we
consider pellet-pellet interactions as an example. As indicated in
Table 4, pellet-pellet interaction parameters were found to be significant
for all cases except for L25/75. This observation is also reflected in
Fig. 15a, where L25/75 exhibits the lowest average normal contact force
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(a)

Fig. 19. a) Half of the heap in the Y direction, b) average Y coordinates of pellets and sinter in the half heap for L1 (non-spherical) and spherical sinter particles.

KPI 3

0.45

0.40

0.35

0.30

0.25

0.20

0.15

0.10

0.05

0.00

Average Y coordinate (mm)

L " 1

350

100

50

Powder Technology 444 (2024) 119985

-o-Pellet_L1
t
—&—Sinter_L1
-o-Pellet_SphSin
——Sinter_SphSin
y . . A . ,
0 0.2 0.4 0.6 0.8 1

(b)

1

Normalised time

s L1
=12

0.00

0.05 0.10 0.15

0.20

KPI 1

0.25

0.35

0.40 0.45
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Fig. 21. Comparison of KPI 1 between L1 and L2 cases for Run 36.

for P-P interactions. A similar trend is observed for sinter-sinter inter-
action, where in Fig. 15b, L2 displays the lowest average normal contact
force, which aligns with the higher p-value in Table 4 compared to other
cases. Hence, this supports the results of the conducted statistical
analysis.

In addition to the dominant parameters, we can derive extra insights
into the influence of various factors on the dominance of segregation
parameters through a detailed analysis of Table 4. These factors include
pellet-sinter interaction parameters, pellet-sinter mass ratio, coefficient
of restitution, and sinter’s rolling friction. These findings will be dis-
cussed in the following paragraphs.

Effect of pellet-sinter interaction parameters. Based on Table 4, the
impact of the pellet-sinter interaction on radial segregation is statisti-
cally insignificant. While previous research has shown the negligible
influence of pellet-sinter interaction parameters on the angle of repose
[37], there exists a scarcity of studies examining their effects on segre-
gation. To validate this observation, we conducted additional simula-
tions, focusing on the comparison of pellet-sinter interactions with
influential parameters (cf. Table 4) such as the sinter-sinter (S-S) coef-
ficient of static friction and the pellet-pellet (P-P) coefficient of rolling
friction. We chose Run 9 with the L1 configuration since all mentioned
parameters are at their low levels (cf. Table B1). Subsequently, we sys-
tematically increased the value of each parameter to the high level (cf.
Table 2) individually to observe its impact on radial segregation. The
findings, presented in Fig. 16 are inline with Table 4 and confirm that
pellet-sinter interaction parameters are insignificant for radial segrega-
tion here.

Effect of pellet-sinter mass ratio. To examine the effect of the pellet-
sinter mass ratio on the parameter’s significance, we compared the
dominant parameters between the L1 configuration (i.e., with a mass
ratio of 50/50), L75/25, and L25/75 in Table 4. Our findings suggest
that the mass ratio has some influence on the dominant parameters for
segregation. Although the significance of sinter interaction parameters
remains unchanged, the significance of both pellet-pellet and pellet-
geometry interactions are affected by changes in pellet mass ratio.
Specifically, when the pellet mass ratio is reduced to 25%, both pellet-
pellet and pellet-geometry interactions lose their statistical significance.

Effect of the coefficient of restitution (C,). Table 4 also indicates that
the coefficient of restitution (C;) does not have statistical significance
across all observed instances. To confirm this, we attempted to compare
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the effect of increasing the particle-particle C, from a low to a high level
together with another significant parameter from Table 4. To accom-
plish this, we selected the coefficient of restitution and coefficient of
static friction for sinter-sinter interactions (i.e., C;ss and g ). Using the
L1 initial configuration within the hopper, we chose Run 5 from
Table B1 where both C; 5 and g are at a low level. Subsequently, we
conducted two additional simulations, each involving an increase in one
of these parameters, to observe the change in radial segregation. We
followed a similar approach to compare the influence of increasing the
sinter-geometry coefficient of restitution (C,s) with a significant
parameter, sinter-geometry static friction (4, 4,). For this, we considered
Run 10 (cf. Table B1) with the L1 configuration, where both parameters
are at alow level. Fig. 17 visually presents the variations in RSD of radial
segregation for the mentioned cases. The findings suggest that neither
the sinter-sinter nor the sinter-geometry coefficient of restitution
significantly affects radial segregation when compared to static friction,
which confirms our conclusion regarding the insignificance of the co-
efficient of restitution for radial segregation.

Effect of the sinter’s rolling friction. Although rolling friction of pellet-
pellet and pellet-geometry interactions were found to be significant (cf.
Table 4), sinter-sinter and sinter-geometry interactions are insignificant.
This implies that the chosen particle shape (cf. Fig. 4) based on the
literature on segregation [12], can adequately replicate the rolling
behaviour of sinter particles in capturing segregation, regardless of the
rolling friction’s value.

4.3. Effect of initial mixture composition, sinter’s particle shape and mass
ratio) on segregation

In this section, we examine how the shape of sinter particles, layering
mode, and the mass ratio of pellets to sinter, influence segregation. This
adds to the previous section (i.e., Section 4.1), which mainly looked at
which DEM parameters dominate segregation.

4.3.1. Effect of particle shape on segregation

As noted in Section 2.2.1, we employed a non-spherical particle
shape to represent sinter particles (cf. Fig. 4). However, the use of non-
spherical particles in the DEM model substantially increases computa-
tional time. It would be beneficial to investigate whether using spherical
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Fig. 22. Velocity profiles within the half-cut hopper for a) L1, and b) L2 initial configurations at t = 2.6 s.
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Fig. 23. Snapshots of the simulations showing the flow on the chute at t = 0.6 for a) L1 and b) L2 cases, and c¢) comparison of the average velocity of the flow

between L1 and L2 cases.

sinter particles can still accurately capture their segregation behaviour.
To investigate this, we conducted an additional set of simulations using
volume-equivalent spheres to model sinter, specifically to investigate
the effects of particle shape on segregation.

Fig. 18 illustrates the results regarding the segregation after the
hopper discharge (KPI 1) and the radial segregation in the heap (KPI 3)
for spherical and non-spherical sinter particle cases across all runs.
Notably, particle shape seems to have a more significant effect on KPI 3
compared to KPI 1. To quantitatively assess the effect of sinter’s particle
shape on both KPIs, we used Cohen’s d [62]. This is a statistical metric
for evaluating the effect size, or the magnitude of difference, between
two sets of data. Cohen’s d is computed as follows:

X1 — X
s

d @)
where X; and X, represent the means of samples 1 and 2 (equivalent to
runs with non-spherical and spherical sinter particles in this study),
respectively, and s denotes the pooled standard deviation, calculated as:

2, 2
s— 01 + 03
2

where 6, and o, are the standard deviations of samples 1 and 2,
respectively. We calculated Cohen’s d as 0.48 and 0.87 for the effect of
sinter’s particle shape on KPI 1 and KPI 3, respectively. According to
[62,63], these two Cohen’s d values indicate small and large effect sizes,
respectively. Hence, we conclude that while changing the sinter’s par-
ticle shape significantly influences radial segregation in the heap, it has
an insignificant impact on the segregation after hopper discharge.

As discussed in Section 4.1.2, the segregation in the heap results from
various stages: before materials enter the bin (during hopper discharge
and on the chute), during the initial charging into the bin where

(®
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interactions with the geometry are dominant, and when materials
interact with each other on the heap surface. Since particle shape does
not significantly impact the segregation before materials enter the bin
(cf. Fig. 18), we focus on the two subsequent causes to understand the
role of particle shape.

Radial segregation stems from differences in the X and Y coordinates
between pellets and sinter (cf. Fig. 19a). To further explore this, we
extracted the average Y coordinates of pellets and sinter within half of
the heap, given its symmetry in the Y direction (see Fig. 19a). We take
Run 12 as an example, which exhibits the highest difference in RSD.
Fig. 19b illustrates the average Y for pellets and sinter inside the heap for
L1 (i.e., with non-spherical sinter particles) and spherical sinter parti-
cles. The graph reveals a greater deviation in the Y coordinates of pellets
and sinter in the case of L1, indicating higher radial segregation. This
could be attributed to two factors: first, spherical sinter particles exhibit
higher rollability than non-spherical ones, causing them to roll more
towards the sides of the heap and resulting in a higher Y; and second, in
the case of L1, where the rollability of non-spherical sinter particles is
less than that of (spherical) pellets, the non-spherical sinter particles
tend to remain close to the centre of the heap, allowing pellets to roll
over them towards the sides, leading to higher Y coordinates for pellets
compared to the case of spherical sinter particles.

4.3.2. Effect of layering mode on segregation

Similar to the effect of particle shape, we seek to examine how the
layering mode influences segregation by comparing cases L1 and L2 (cf.
Fig. 6). Fig. 20 shows how the layering mode affects segregation after
hopper discharge (KPI 1) as well as radial segregation in the heap (KPI
3). Similar to the influence of sinter particle shape, the layering mode
has a more significant effect on KPI 3 compared to KPI 1. We used
Cohen’s d (cf. Eq. (7)) to quantitatively assess these effects, resulting in
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Fig. 24. The velocity of the pellets and sinter in the Y direction during the heap formation for a) L1 and b) L2 cases.
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Table 5
Results of Cohen’s d effect size regarding the effect of mass ratio on radial
segregation in the heap.

Configuration tested for Cohen’s d test Cohen’s d Interpretation

L1 & L75/25 1.87 Very large effect size
L1 & L25/75 1.2 Very large effect size
L75/25 & L25/75 0.47 Small effect size

Table 6

Summary of the significance of various DEM interaction parameters for different
KPIs across all hopper filling configurations. The arrow (1) indicates the sig-
nificant parameter. “(4+)” and “(—)” show a positive and negative correlation
with KPI, respectively. “+” indicates that the parameter correlation can vary
depending on the hopper filling configuration. “x™ denotes no significant effect
on the KPI. Abbreviation: P-P = pellet-pellet, S-S = sinter-sinter, P-S = pellet-
sinter, P-G = pellet-geometry and S-G = sinter-geometry.

KPI P-P S-S P- P-G S-G
S

KPI 1 (segregation after the hopper discharge) 1 X ) T
and KPI 2 (segregation after chute flow)* +) (+) (+)

KPI 3 (segregation in the radial direction of 1 1 X 1 1
the heap)** ) () =) =)

* cf. Fig. 7b.

" ¢f. Fig. 9a.

1.45 and 2.34 for the effect of layering mode on KPI 1 and KPI3,
respectively. According to [62,63], these values indicate a huge effect
size. Hence, we conclude that layering mode significantly influences
both KPI 1 and KPI 3.

To understand the reason behind the impact of the layering mode on
KPI 1, we compared the segregation occurring after the hopper between
L1 and L2 cases for Run 36 which has the highest effect of the layering
mode. The comparison, presented in Fig. 21, highlights that the main
difference between L1 and L2 occurs at the end of hopper discharge, i.e.,
after the normalised time of 0.6 (equivalent to the simulation time of 2.4
s).

To explore this further, we examined the velocity profiles of pellets
and sinter within the half-cut hopper for both L1 and L2 configurations,
focusing on Run 36, as shown in Fig. 22. A comparison of Fig. 22a and
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Table 7

Summary of the effect of sinter’s particle shape, layering mode and pellet-sinter
mass ratio on KPIs. “x” denotes no significant effect on the KPI. The arrow (1)
indicates a significant effect.

KPI Sinter’s particle Layering mode Pellet-sinter mass
shape ratio
KPI 1 (segregation
after the hopper 1
discharge) and L2 configuration
KPI 2 X (cf. Fig. 6) leads to NA
(segregation more segregation
after chute than L1.)"*
flow)*
1
(A 50%-50% mass
1 1 ratio of pellets and

KPI 3 (segregation
in the radial

(Using spherical
particles for

(L2 configuration
(cf. Fig. 6) leads to

sinter results in
the highest

direction of the sinter leads to . segregation
less segregation
heap)*** less than L1.) compared to
segregation.) 75%-25% and
25%-75% mass
ratios.)
" ¢f. Fig. 7b.
" See Fig. 6 for L1 and L2.
" cf. Fig. 9a.

Fig. 22b on the left reveals that in L1, two distinct layers of pellets are
being discharged alongside sinter particles, preventing segregation.
However, in L2, the high rolling resistance between the bottommost
layer of the sinter and the geometry prevents the discharge of sinter
particles, while the majority of pellets have already been discharged.
Consequently, at the end of the hopper discharging, the mixture is
predominantly composed of sinter particles, resulting in a high segre-
gation index (SI), as shown in Fig. 21. Therefore, we conclude that the
main reason behind the layering effect is the difference in the rolling
behaviour of pellets and sinter particles. This elucidates why in certain
runs such as 8, 17 and 35, where pellets have high rolling friction, the
effect of layering mode on KPI 1 is minimal.

Regarding the effect of the layering mode on KPI 3, Fig. 20 illustrates
that in most runs L2 leads to less segregation. Two main reasons
contribute to this observation. First, in the case of L2, sinter particles exit
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Fig. 26. The relationship between KPI 3 and KPI 1 based on the results obtained in this study for all hopper filling configurations.

the hopper first and fall onto the chute. Due to the lower flowability of
sinter particles on the chute, the flow velocity of particles decreases,
causing a semi-blockage of the flow. Fig. 23 presents snapshots of the
flow on the chute for both L1 and L2, accompanied by the average ve-
locity measured at the velocity sensor located at the beginning of the
chute. The comparison in Fig. 23c reveals a significant difference in the
flow velocity between L1 and L2, with L2 exhibiting lower velocities.
This reduced velocity in L2, not only results in better mixing of pellets
and sinter on the chute but also generally reduces the segregation
afterwards.

Second, during the process of materials charging into the bin to form
the heap, any velocity difference between pellets and sinter could
contribute to radial segregation. Since the heap is symmetric in the Y
direction, as illustrated in Fig. 19a, we extracted the velocity of pellets
and sinter in the Y direction for half of the heap, as shown in Fig. 24. The
observed difference in velocity in the Y direction is higher for L1 be-
tween the normalised time of 0.2 and 0.6 (cf. Fig. 24a), primarily due to
the higher velocity of pellets.

In the case of L1, the bottom layer of the heap, which is in direct
contact with the geometry, contains pellets. Because of their spherical
shape, pellets have a high tendency to roll and be pushed towards the
edge of the bin as more materials are charged into the bin, resulting in
higher velocity in the Y direction for pellets in L1. However, in L2, the
bottom layer mostly consists of sinter particles surrounding the pellets,
preventing easy sliding and rolling of pellets towards the edge. Once the
pellets reach the edge of the bin in L1 (around the normalised time of
0.56), the velocity of pellets starts to decline.

Therefore, we conclude that the difference in sliding and rolling
friction between pellets and sinter is the main reason for the effect of
layering mode on radial segregation. This clarifies why in Runs 2, 7, and
29 (cf. Table B1), where pellets and sinter have similar rolling and

sliding characteristics (i.e., low S-G and high P-G sliding and rolling
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friction), have minimal radial segregations.

4.3.3. Effect of mass ratio on segregation

Here, we aimed to investigate the effect of the pellets-sinter mass
ratio on radial segregation in the heap. Due to the division of the stan-
dard deviation by the mean in Eq. (4), using RSD to assess the effect of
mass ratio on segregation may lead to misleading interpretations.
Therefore, we used the standard deviation (denoted as ¢ in Eq. (4)) for
comparison purposes. Fig. 25 illustrates the standard deviation (o) for
three cases: L1 (with an initial mass ratio of 50-50), L75/25, and L25/
75, across all 37 runs.

We once again used Cohen’s d (cf. Eq. (7)) to quantitatively evaluate
the size effect of the pellet-sinter mass ratio on 6. We calculated Cohen’s
d for three possible pairs, as reported in Table 5. The results indicate that
changing the mass ratio of pellets from 50% (i.e. L1) to either 75% or
25% significantly influences the radial segregation (¢). However,
changing pellets’ mass ratio from 25% to 75% has an insignificant effect
on o. Additionally, Fig. 25 shows that while L1 consistently demon-
strates the highest segregation across all runs, the trend between L75/25
and L25/75 is not consistent.

4.4. Summary of the results

In this section, we provide a summary of the findings from this study
regarding both the dominant DEM interaction parameters for KPIs and
the effect of specific factors on segregation in Table 6 and Table 7,
respectively. It is important to note that the results provided in Table 6
offer a broad overview. That is, the significance of the parameters and
their correlation with KPIs vary depending on the hopper filling con-
figurations (cf. Fig. 6).

Additionally, Fig. 26 provides a comprehensive overview of the re-
sults of this study. It illustrates the relationship between KPI 1 and KPI 3
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across all hopper filling configurations. The plot reveals possible cor-
relations between these two KPIs, suggesting the possibility of predicting
KPI 3 based on KPI 1. Essentially, it shows that the segregation occurring
downstream is influenced by both the degree of segregation present
upstream and the filling configurations of the discharge hopper.

5. Conclusion

In this study, we identified the dominant DEM parameters influ-
encing multi-component segregation under various flow conditions and
initial configurations of the mixture. We did this for a mixture of pellets
and sinter and quantified segregation at distinct stages, using blast
furnace processes as studied case: after hopper discharge (KPI 1), after
chute flow (KPI 2), and in the static heap (KPI 3). Additionally, we
expanded the investigation to assess the effect of certain factors, such as
the shape of sinter particles, initial layering mode, and pellet-sinter mass
ratio on KPIs. The conclusions of this work are as follows:

e Particle-geometry interaction parameters predominantly influence
the segregation after hopper discharge (KPI 1). Particle-particle
interaction parameters appear to be insignificant for KPI 1.
Furthermore, within the scope of this study, no significant segrega-
tion occurs on the chute itself.

In the heap, the segregation occurring in the radial direction is
significantly higher than in the vertical and circumferential di-
rections. For radial segregation (i.e. KPI 3), both particle-geometry
and particle-particle interaction can be significant depending on
the initial configuration.

The hopper filling configuration significantly affects both dominant
DEM parameters and the extent of segregation. Shifting from L1 to L2
(i.e. changing the bottommost particle from pellets to sinter) not only
makes sinter-geometry parameters significant but also reduces radial
segregation in the heap. Additionally, varying the mass ratio affects
parameter dominance; for example, reducing the pellet mass ratio
from 50% to 25% diminishes pellet-pellet interaction significance.
Moreover, the 50%-50% mixture shows the highest segregation
level.

Pellet-sinter interaction parameters, as well as the coefficient of
restitution (C,) for all the interactions, were determined to be
insignificant for all KPIs.

These conclusions are valid within the specific scope investigated in

Appendix A. All DEM parameters used in this study

Table A1
A comprehensive overview of DEM parameters used.
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this work. We emphasise that the overall upstream flow condition is
crucial in the segregation downstream. While the insights gained pro-
vide valuable contributions to our understanding of granular segrega-
tion dynamics, the generalisability of these results requires confirmation
through additional research by considering a wider array of hopper
filling configurations, incorporating various geometrical properties of
the system and exploring other materials properties (e.g., different size
distributions). Overall, the results of this study will facilitate more
efficient and robust calibration of multi-component models in future
research works.
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DEM Parameter Pellet

Sinter Geometry

Particle shape \/

10-12.5 (mm): 32.8%

Particle size distribution 12.5-16 (mm): 67.2%

Shear modulus (G)
Poisson’s ratio (v)
Solid density (p,)

le+8 Pa [37]
0.25 [37]
1951 (kg/m>)

& 0

5.6-8 (mm): 14%
8-10 (mm): 22.2%
10-12.5 (mm): 25.9%
12.5-16 (mm): 21.3%
16-20 (mm): 12.2%
20-25 (mm): 4.4%
le+8 Pa [37]

0.25 [37]

1731 (kg/m®)

NA

2e+11 Pa [41]

0.3 [41]

7800 (kg/m®) [41]
(continued on next page)
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Table A1 (continued)

DEM Parameter Pellet Sinter Geometry

Coefficient of static friction (i)

Coefficient of rolling friction (u,) Variable (see Table 2)
Coefficient of restitution (C,)
Time step 7.94e-6 s (20% of Rayleigh time step)

Appendix B. The matrix for definitive screening design (DSD)

Table B1
Definitive screening design matrix.

Run Hspp Hrpp Crpp Hsss Hrss Crss Hsps Hrps Crps Hspg Hrpg Crpg Hssg Hrsg Crsg
1 0.21 0.05 0.7 0.76 0.08 0.01 0.21 0.38 0.01 0.5 0.35 0.41 0.9 0.2 0.05
2 0.21 0.145 0.7 0.76 0.08 0.35 0.21 0.05 0.01 0.5 0.35 0.2 0.38 0.08 0.5
3 0.7 0.05 0.3 0.76 0.08 0.35 0.76 0.38 0.01 0.31 0.35 0.62 0.9 0.08 0.5
4 0.21 0.05 0.7 0.43 0.38 0.35 0.485 0.38 0.7 0.31 0.35 0.2 0.38 0.08 0.5
5 0.21 0.05 0.3 0.43 0.38 0.01 0.76 0.38 0.355 0.5 0.35 0.2 0.9 0.08 0.05
6 0.7 0.145 0.3 0.43 0.38 0.01 0.76 0.38 0.7 0.31 0.05 0.62 0.9 0.2 0.05
7 0.21 0.24 0.3 0.76 0.38 0.18 0.76 0.38 0.01 0.5 0.05 0.2 0.38 0.2 0.5
8 0.7 0.24 0.7 0.76 0.08 0.35 0.21 0.05 0.355 0.31 0.05 0.62 0.38 0.2 0.5
9 0.21 0.05 0.3 0.43 0.38 0.35 0.21 0.05 0.01 0.5 0.05 0.62 0.9 0.14 0.5
10 0.21 0.24 0.5 0.76 0.38 0.01 0.76 0.05 0.01 0.31 0.35 0.62 0.38 0.08 0.05
11 0.21 0.24 0.7 0.43 0.08 0.01 0.76 0.05 0.7 0.5 0.2 0.62 0.9 0.08 0.5
12 0.21 0.24 0.3 0.43 0.08 0.35 0.21 0.38 0.7 0.405 0.35 0.62 0.38 0.2 0.05
13 0.7 0.24 0.3 0.43 0.38 0.35 0.76 0.05 0.7 0.31 0.05 0.41 0.38 0.08 0.5
14 0.7 0.05 0.7 0.76 0.38 0.01 0.76 0.05 0.01 0.405 0.05 0.2 0.9 0.08 0.5
15 0.21 0.05 0.7 0.76 0.23 0.35 0.76 0.05 0.7 0.31 0.05 0.2 0.9 0.2 0.05
16 0.7 0.05 0.5 0.43 0.08 0.35 0.21 0.38 0.7 0.5 0.05 0.2 0.9 0.2 0.5
17 0.7 0.24 0.3 0.43 0.23 0.01 0.21 0.38 0.01 0.5 0.35 0.62 0.38 0.08 0.5
18 0.21 0.24 0.7 0.43 0.38 0.01 0.21 0.05 0.7 0.5 0.05 0.2 0.38 0.2 0.05
19 0.7 0.05 0.3 0.76 0.38 0.35 0.21 0.38 0.01 0.31 0.2 0.2 0.38 0.2 0.05
20 0.7 0.24 0.3 0.76 0.38 0.35 0.21 0.05 0.7 0.5 0.35 0.2 0.9 0.08 0.05
21 0.455 0.24 0.7 0.76 0.38 0.35 0.76 0.38 0.7 0.5 0.35 0.62 0.9 0.2 0.5
22 0.21 0.24 0.3 0.76 0.08 0.01 0.21 0.38 0.7 0.31 0.05 0.2 0.9 0.08 0.5
23 0.7 0.05 0.7 0.43 0.08 0.18 0.21 0.05 0.7 0.31 0.35 0.62 0.9 0.08 0.05
24 0.7 0.24 0.3 0.76 0.08 0.01 0.485 0.05 0.01 0.5 0.05 0.62 0.9 0.2 0.05
25 0.7 0.05 0.3 0.595 0.08 0.01 0.76 0.05 0.7 0.5 0.35 0.2 0.38 0.2 0.5
26 0.455 0.145 0.5 0.595 0.23 0.18 0.485 0.215 0.355 0.405 0.2 0.41 0.64 0.14 0.275
27 0.7 0.24 0.7 0.43 0.38 0.01 0.21 0.215 0.01 0.31 0.35 0.2 0.9 0.2 0.5
28 0.7 0.05 0.7 0.76 0.38 0.01 0.21 0.38 0.7 0.5 0.05 0.62 0.38 0.08 0.275
29 0.7 0.24 0.7 0.76 0.08 0.01 0.76 0.38 0.7 0.31 0.35 0.2 0.38 0.14 0.05
30 0.455 0.05 0.3 0.43 0.08 0.01 0.21 0.05 0.01 0.31 0.05 0.2 0.38 0.08 0.05
31 0.7 0.24 0.7 0.43 0.08 0.35 0.76 0.38 0.01 0.5 0.05 0.2 0.64 0.08 0.05
32 0.21 0.05 0.3 0.76 0.08 0.35 0.76 0.215 0.7 0.5 0.05 0.62 0.38 0.08 0.05
33 0.7 0.05 0.7 0.43 0.38 0.35 0.76 0.05 0.01 0.5 0.35 0.62 0.38 0.2 0.05
34 0.21 0.24 0.3 0.43 0.08 0.35 0.76 0.05 0.01 0.31 0.35 0.2 0.9 0.2 0.275
35 0.21 0.05 0.7 0.43 0.08 0.01 0.76 0.38 0.01 0.31 0.05 0.62 0.38 0.2 0.5
36 0.21 0.24 0.7 0.595 0.38 0.35 0.21 0.38 0.01 0.31 0.05 0.62 0.9 0.08 0.05
37 0.21 0.05 0.3 0.76 0.38 0.01 0.21 0.05 0.7 0.31 0.35 0.62 0.64 0.2 0.5
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