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HIGHLIGHTS

« Industrial-scale DEM applied to blast furnace charging system.

« Segregation of the ferrous mixture analysed under real conditions.

+ Segregation generally decreases from skip car to top hopper.

+ Lump ore and nut coke segregate strongly; pellets segregate least.

« Bunker order strongly affects segregation; PSD and shape effects are relatively minor.

ARTICLE INFO ABSTRACT

Keywords: Segregation of the ferrous burden during blast furnace (BF) charging can cause uneven layer formation at the
Discrete element method (DEM) furnace throat, reducing bed permeability and disrupting gas—solid interaction. This study applies a discrete
Segregation element method (DEM) model to the industrial-scale BF charging system (from the skip car to top hopper

Blast furnace

H discharge) to examine segregation under real operating conditions. The model includes the full ferrous mixture
opper

(pellets, sinter, lump ore, and nut coke) and the real-scale geometries. A reference case representing current
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practice is analysed in detail and compared with systematically varied case studies. The results show that

segregation generally decreases from the skip car to the top hopper due to partial remixing, but strong
segregation is still observed. Lump ore and nut coke exhibit the strongest segregation, while pellets remain the
least segregated. The order of pellets and sinter in the weighing bunkers strongly influences their segregation
patterns, whereas variations in the sinter particle size distribution (PSD) and particle shape have only limited
effects. The insights from this study provide a basis for developing practical strategies to mitigate segregation

in industrial BF charging.

1. Introduction

In blast furnace, segregation can adversely affect the distribution
of materials on the burden surface, which in turn has a detrimental
effect on bed permeability [1]. This affected permeability leads to
inconsistencies in pressure drop, causing inefficient use of reductant gas
and resulting in both economic and environmental consequences [2].
Therefore, it is crucial to investigate and understand segregation within
the blast furnace processes.

Conducting in-situ measurements of segregation within the blast
furnace charging system is both costly and impractical because of
the large-scale equipment and harsh operating environment. To over-
come these challenges, several lab-scale experimental studies have
been carried out to examine segregation and burden distribution under
controlled conditions [3-6]. For instance, Spence [3] reported that
the segregation patterns observed during hopper discharge are closely
linked to those formed during the filling of the receiving hopper. Also,
Mio et al. [4] observed delayed discharge of coarser sinter particles
in a 1/3-scale furnace experiment, indicating size segregation within
both the surge and parallel hoppers. Although these studies provided
valuable insights into the overall segregation behaviour, they fail to
capture the particle-scale mechanisms responsible for the observed
trends. To address this limitation, DEM can be employed as a physics-
based modelling approach to gain detailed insight into segregation
phenomena within the blast furnace.

Many DEM studies have investigated the segregation and distribu-
tion of materials in blast furnace charging systems [1,7-38]. However,
a large proportion of these works have focused on the region after the
top hopper, particularly chute flow and burden surface distribution at
the blast furnace throat [8,19,39,40]. Fewer studies have explicitly ex-
amined the upstream stages of the charging system, where segregation
already begins to develop [14,23,35,37].

Many previous studies also considered only one or two burden
materials at a time, and only a few have attempted to model the
complete ferrous burden [22,26,31-38,40]. Furthermore, the DEM in-
put parameters in these works were typically taken directly from the
literature, rather than being calibrated for the specific ore types under
investigation. In addition, the focus has primarily been on size segre-
gation within individual material types such as pellets, sinter or coke,
with only a limited number of studies addressing the more complex
case of multi-component segregation [40,42].

In our earlier work [43], we modelled a mixture of pellets and sin-
ter in an industrial-scale charging configuration using literature-based
DEM parameters. While that study provided valuable initial insights,
including the observation that upstream mixing strongly influences
downstream segregation, its simplified scope highlighted the need for
a more complete and realistic modelling approach.

In the present study, we build on earlier DEM investigations by mod-
elling the multi-component segregation in the blast furnace charging
process using the actual plant geometry and operating conditions of
the charging system at Tata Steel IJmuiden, covering the full sequence
from the weighing bunkers to top-hopper discharge. While individual
modelling aspects, such as multi-component segregation, calibrated
material parameters, simulating the full charging process, and the use
of actual plant geometry, have each been considered in prior studies,
they have rarely been examined jointly within a single calibrated and

industrially realistic framework. The DEM model, previously calibrated
against laboratory experiments for pellet-sinter mixtures [44], is here
extended to represent the full ferrous burden (pellets, sinter, lump ore
and nut coke) and to incorporate realistic particle size distributions
and operational settings. This enables a realistic evaluation of both
material-related factors (e.g. PSD variation, particle shape and lump
ore type) and operational factors (e.g. weighing-bunker order, hopper
side and wall friction) on segregation behaviour.

In this way, the study complements existing DEM studies on ma-
terial distribution in BF [1,8-38] by providing an integrated assess-
ment of multi-component segregation throughout the upstream charg-
ing process, rather than focusing on individual materials, isolated
process stages, or down-scaled geometries. The main objectives are (i)
to identify the root causes of multi-component segregation within the
charging system and (ii) to systematically evaluate the influence of
material properties, particle characteristics and operational factors on
segregation behaviour through a series of case studies.

This paper is structured as follows. Section 2 presents the DEM
modelling framework, including the model setup, geometries, and the
approach used to quantify segregation. Section 3 introduces the defined
case studies, discusses the results of the reference case in detail, and
compares the outcomes of the remaining cases against this baseline.
Finally, Section 4 summarises the key findings of this study.

2. Materials and methods
2.1. Discrete element method

DEM simulations were carried out using the Hertz-Mindlin (no-slip)
contact model [45], combined with an elastic—plastic spring-dashpot
rolling friction model (referred to as type C in Ai et al. [46]), as
described in our previous paper [47]. All simulations were performed
using the commercial software EDEM v2024.1 and were executed on
the DelftBlue supercomputing cluster [48]

2.2. Simulation configuration

2.2.1. Materials and DEM parameters

The ferrous mixture used in the blast furnace charging system is
modelled to reflect industrial practice. As illustrated in Fig. 1, this
mixture mainly consists of pellets, sinter, and lump ore. In certain
operations, including at Tata Steel IJmuiden, a small proportion of nut
coke (i.e., fine-sized coke) is also introduced into the ferrous mixture
to increase the productivity.

For pellets and sinter, the calibrated DEM parameters from our
previous paper were employed to ensure an accurate representation
of the flow behaviour [44]. For lump ore and nut coke, where direct
calibration was not conducted, the DEM parameters were adopted
from the study by [8], which investigated similar materials under
comparable conditions. For interactions between different material
types (e.g., pellet-sinter or pellet-lump ore), the inter-material contact
parameters were estimated as the average of the corresponding values
for the two interacting materials, as proved to be accurate in our
previous study [44].

The realistic size distributions of all materials, as used in Tata Steel’s
operations, were implemented in the simulations, as shown in Fig. 2.
The detailed PSD of all materials is presented Table A.3 in Appendix.
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Fig. 1. The main components of the ferrous mixture: sinter (left), pellets (middle), and lump ore (right) [41].
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Fig. 2. Particle size distribution of the materials used in this study.

Fig. 3. The clumped spheres model used to simulate sinter particles in the
corresponding case study (sphericity = 0.878).

To improve computational efficiency, the particle size was scaled by
a factor of two, which reduced the simulation time by roughly a factor
of 16 while still maintaining accurate segregation predictions, as shown
in our previous work [43]. Moreover, to keep computational costs
manageable, spherical particles were used to represent particle shapes
in the simulations. However, in one specific case study, non-spherical
particles, illustrated in Fig. 3, were employed to investigate the effect
of explicitly modelling the irregular shape of sinter particles on flow
and segregation behaviour. This particle shape has been successfully
calibrated and validated for sinter particles in our previous work [44].
A comprehensive list of all DEM parameters used is provided in Table
A.4 in Appendix.

2.2.2. Geometries and the charging process

Fig. 4 illustrates the simulation geometry used in this study to model
the blast furnace charging system at Tata Steel IJmuiden. The system
contains three weighing bunkers (WBs), designated for storing pellets,
sinter, and a mixture of lump ore and nut coke, respectively. During
each charging cycle, approximately 20 tonnes of pellets, 12 tonnes of

sinter, 2.4 tonnes of lump ore, and 0.75 tonnes of nut coke are loaded
into the corresponding bunkers.

The outlets of the pellet and sinter WBs are opened simultaneously
in a controlled manner to ensure that both materials are emptied at the
same time. In contrast, the outlet of the lump ore/nut coke bunker is
opened fully and it is emptied instantly (Fig. 5(a)).

In the actual industrial process, the filled skip car moves up along
an inclined rail before discharging the materials. However, since this
upward movement is not expected to induce any significant material
segregation, it was excluded from the simulation for computational
efficiency. Therefore, the skip car was directly positioned at the top
discharge point (* in Fig. 4), where it begins to tilt.

Upon tilting, the ferrous mixture is discharged into the receiving
funnel and then flows through a series of components, including a semi-
cylindrical chute at the diverter gate, before being deposited into one
of the top hoppers (Fig. 5(b)). This entire charging sequence is then
repeated for the second skip car to complete a full batch cycle. Finally,
the valve of the top hopper is opened (Fig. 5(c)), allowing the ferrous
material to discharge. The mixture then enters the lower funnel and
pass through the rotating chute, before being deposited at the furnace
throat.

2.3. Quantifying segregation

Segregation was measured at three key locations: within the skip
car, within the top hopper (after both skip cars are loaded), and after
the discharge from the top hopper. The approach used to quantify
segregation at these locations is described below.

2.3.1. Segregation in the skip car and top hopper

The relative standard deviation (RSD), a grid-dependent segregation
index, was used to quantify segregation in both the skip car and the top
hoppers. The procedure for calculating RSD is explained in detail in our
previous work [47]. An RSD value of zero corresponds to a perfectly
homogeneous mixture, whereas higher RSD values indicate a greater
degree of segregation.

Since segregation can occur in different spatial directions, namely
horizontal, vertical, and throughout the full volume, RSD was calcu-
lated separately for each of these directions. Furthermore, because the
segregation behaviour may vary across different material types, the
RSD was also computed individually for each material (i.e., pellets,
sinter, lump ore, and nut coke).

As the RSD is a grid-dependent segregation index, selecting an ap-
propriate bin size is crucial for meaningful comparison across materials
and directions. To maintain a physically relevant resolution, the bin size
was defined as ten times the mean particle size (based on the median
diameters, Dj, of all materials).

N,
_ _ 1 &
b=10Ds,  Dsg = Y Dsy, €h)

m =1

where N,, is the number of material types (N,, = 4). The number of
bins k ;in each spatial direction j (j = x, y, z) was then obtained as

L.
-l
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Fig. 4. The geometry model used in this study. For practical reasons, the WBs and the skip car are placed at the location (*), while in practice, they are located

at the bottom, and the skip car moves up in the mentioned direction.
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Time: 125
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with L; being the domain length in direction ;. This definition ensures
that the grid resolution scales consistently with the characteristic par-
ticle size, enabling direct comparison of RSD values among materials
with different size distributions.

To complement the RSD analysis and gain insights into the local
distribution of the materials, the normalised mass ratio (NMR), #;(k;),
was also calculated for material i in the kth bin in j direction:

;(,(ﬁ ) @)
Ve

i

/?i(kj):

where y;(k;) is the local mass ratio of material / in bin k in j direction,
and )(,.0 is its initial mass ratio in the system (e.g., skip car). A value
of 7:(k;) = 1 indicates that the local proportion of material i matches
the initial bulk proportion; 7 (k D> 1 indicates over-representation,
and 7,(k;) < I indicates under-representation. An example of the NMR
representation is shown in Fig. 6, illustrating the material distribution
in both the skip car and the top hopper. For each geometry, the y—
z view is used to present the NMR in the vertical and horizontal
(y) directions, while the x—z view is used to present the NMR in the
horizontal (x) direction.

()
Fig. 5. Snapshots of the DEM simulation showing the charging sequence: (a) discharge of weighing bunkers into the skip car, (b) discharge of the skip car into

the receiving funnel, and (c) discharge of the top hopper. The particle colours are consistent in all simulations: pellets (yellow), sinter (blue), lump ore (red),
and nut coke (black).

It is important to note that the particle size distributions differ
across materials, and using a uniform bin size based on a single par-
ticle type could bias the RSD calculation. To ensure consistency and
comparability across materials, the bin size was set to 10 times a
reference particle diameter (through a sensitivity analysis of the bin size
effect), d,, s, calculated as the mean of the median diameters (Ds) of all
materials. This approach provides a representative sampling resolution
relative to the overall particle size range in the mixture.

2.3.2. Segregation after discharging the top hopper

Unlike the other two regions within the skip car and top hopper,
where a static measurement of segregation is possible, segregation
after hopper discharge is dynamic and measured over time during the
discharge process. To enable the measurement, a cylindrical sampling
volume was defined just below the hopper outlet, as shown in Fig.
7. This region captures the mixture of materials exiting the hopper
and allows for time-resolved segregation analysis. During the discharge
process, the mass of each material (i.e., pellets, sinter, lump ore,
and nut coke) within the sampling volume was recorded at 1-second
intervals during a total discharging time of roughly 50 s.
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Fig. 6. An example of the normalised mass ratio (NMR) for sinter in the skip car (top) and top hopper (bottom), shown in the horizontal (x and y) and vertical
(z) directions, alongside the corresponding views of the geometries. The coordinate system is Cartesian, where the z-axis represents the vertical direction (aligned
with gravity), and the x and y axes correspond to two perpendicular horizontal directions, representing longitudinal cross-sections of the geometry.

At each recorded time step ¢, the instantaneous mass ratio of ma-
terial i was computed by dividing its mass by the total mass of all
materials within the sampling volume:

m;(t)

Z;l:] m; 1)

where y;(7) is the mass ratio of material i at time ¢, m;() is the mass of
material i at time 7 within the cylindrical sampling space, calculated by
summing the individual particle masses of material i whose centroids
lie inside this region, and » is the total number of material types (i.e., 4:
pellets, sinter, lump ore, and nut coke).

To assess segregation over time, the normalised mass ratio was then
calculated by comparing the instantaneous value to the initial mass
fraction of that material in the hopper:

5 2
nn == )

i

1) = @

where #,(7) is the normalised mass ratio (NMR) of material i at time 7,
and ;(I.O is the initial mass ratio of material i, based on the total mass
loaded into the top hopper.

This formulation is similar to Eq. (3), with the distinction that
here the sampling is performed over time rather than across spatial
bins. Similarly, in an ideally mixed system, 7,;() remains constant at 1
throughout the discharge period. Any deviation from this value indicate
segregation:

7:(t) > 1: the material is over-represented at time ¢
7:(1) < 1: the material is under-represented at time ¢

To visualise these dynamics, time series of f;(r) were plotted for
each material, with a reference line at 7, = 1 indicating perfect
mixing, as illustrated in Fig. 8. To ensure the reliability of the results, a
threshold filter was applied: only time steps where the total mass in the
sampling volume exceeded 50 kg were considered. This step minimised
numerical artefacts that can arise during the early stages of discharge
when mass flow is low.

3. Results and discussion

In this section, the segregation behaviour is analysed in detail for
the reference case, followed by a comparison with the defined case
studies. The analysis focuses on segregation at various stages of the
charging process, from the skip car to the top hopper discharge, as
mentioned in Section 2.3.

3.1. Definition of case studies

A total of nine case studies were defined to investigate the influence
of operational, material, and particle-related factors on segregation
during the BF charging process. The cases are summarised in Table 1.
Two distinct reference cases were used: Case 1, based on the initial
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Time: 10 s

Fig. 7. The cylindrical sampling volume used to measure the mass ratio of
each material at each time step during top hopper discharge.
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Fig. 8. Example plot showing the segregation behaviour of different materials
during top hopper discharge, based on their normalised mass ratios (NMR)
over time. The dashed line represents a perfectly mixed state.

PSD data, served as the baseline for operational and material variations
(Cases 2, 3, 4, 7, and 8), while Case 1A, defined using updated plant
data from Tata Steel for sinter PSD, served as the baseline for the PSD
sensitivity study (Cases 5A and 6A). The variations examined include
hopper-side asymmetry (Case 2), reversing the order of pellets and
sinter in the weighing bunkers (Case 3), reduced particle-wall sliding
friction (Case 4), variability in sinter PSD with finer (Case 5A) and
coarser (Case 6A) distributions, an alternative lump ore type (Case 7),
and the use of non-spherical (clumped) particles for sinter (Case 8).
In all cases, only one parameter was varied relative to the reference,
enabling the isolated assessment of its effect on segregation.

In the following subsections, the results of the reference case are
presented, followed by comparisons with the other cases. To make these
comparisons quantitative, the relative difference in RSD between each
case and the reference (Case 1) was calculated as:

ARSD = RSDcase — RSDref ®)
RSD,¢
ARSD expresses how much segregation in a given case increases or

decreases relative to the reference. For clarity and a quick overview,

Powder Technology 471 (2026) 122116

Fig. 9 provides an example of the visualisation method: results for
different materials, directions, and locations are colour-coded, with
blue indicating lower segregation and red indicating higher segregation
compared to the reference case.

3.2. Reference case (Case 1)

In this section, the segregation behaviour is analysed in detail for
the reference case (Case 1). Segregation is evaluated at three key stages
of the charging process: within the skip car, within the top hopper, and
after discharging from the top hopper.

Before proceeding with the analysis, it is important that the neces-
sity of repeating the simulations be assessed to account for potential
variability. To investigate this, the first step of the process, i.e., the
discharge of materials from the weighing bunkers into the skip car,
was simulated three times. This approach allowed the evaluation of
the variability in the segregation measurements across different spatial
directions and for each material.

Table 2 presents the results of the three simulation repetitions. The
last column shows the coefficient of variation (CoV) of the RSD values
across the repetitions, expressed as a percentage, and calculated as
CoV (%) = z“% % 100, where oRgp and g are the standard deviation
and mean of the RSD values, respectively. CoV reflects the degree of
variability in the segregation results due to the stochastic nature of
the simulations. As shown in the table, the CoV values are consistently
low for all materials and directions, showing very low variability.
Therefore, repeating the simulations was deemed unnecessary for the
rest of this study.

3.2.1. Segregation in the skip car and top hopper

Fig. 10 presents the RSD values for all four materials (pellets, sinter,
lump ore, and nut coke) within the skip car and top hopper, across
different spatial directions. Overall, segregation decreases from the skip
car to the top hopper, indicating a degree of remixing during flowing
through the receiving funnel. However, an exception is observed for
vertical segregation of pellets and sinter, which increases slightly in
the top hopper. This may be attributed to the fact that two skip cars
are loaded into the top hopper, creating a vertically layered structure
where the material from the second skip car is deposited on top of
the first. Such sequential filling can increase vertical compositional
differences, resulting in higher RSD in the vertical direction.

Pellets and sinter show relatively low RSD values compared to lump
ore and nut coke, with sinter showing slightly higher segregation than
pellets. For both pellets and sinter, segregation occurs mostly in the
horizontal directions, particularly along the x-axis. To investigate this
further, the NMR of pellets and sinter in the x-direction within the skip
car were examined, as shown in Fig. 11.

The results clearly show that pellets and sinter are not uniformly
distributed in the x-direction of the skip car. For pellets (Fig. 11(a)),
higher concentrations are observed on the left side of the skip car,
whereas sinter (Fig. 11(b)) is more concentrated in the central region.
This spatial bias is mainly the result of insufficient mixing of the
materials during discharging from the weighing hoppers, as also noted
in our preliminary study [43]. In particular, the observed segregation
in the x-direction can be linked to the configuration of the weighing
hoppers and the presence of the dust cover. The asymmetric positioning
and geometry of the weighing bunkers likely promote uneven loading,
resulting in the discharge of certain materials into specific areas of the
skip car.

In contrast to pellets and sinter, Fig. 10 indicates that lump ore
and nut coke have substantially higher segregation. This behaviour
is mainly due to their relatively smaller total mass, which results in
their discharge from the weighing bunker being completed much more
quickly than for pellets and sinter. Consequently, they concentrate in
specific regions of the skip car, as illustrated in Fig. 12(a). In addition,
nut coke is observed to segregate from lump ore. This separation arises
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Summary of the nine case studies. Case 1 is the reference for Cases 2, 3, 4, 7, and 8, while Case 1A is the reference for the PSD
sensitivity analysis of sinter (5A and 6A). The highlighted cells indicate the factors that vary from the corresponding reference

case.
Case Hopper Side WB Order Wall Friction PSD of Sinter Lump Ore Type Sinter Shape
Case 1 (Ref) Left Normal WF Avg A B Spherical
Case 1A Left Normal WF Avg (updated) A B Spherical
Case 2 Right Normal WF Avg A B Spherical
Case 3 Left Reversed WF Avg A, B Spherical
Case 4 Left Normal WF -25% Avg A B Spherical
Case 5A Left Normal WF Min A B Spherical
Case 6A Left Normal WF Max A B Spherical
Case 7 Left Normal WF Avg C Spherical
Case 8 Left Normal WF Avg A'B Non-spherical
ARSD: Case 2 vs Case 1 — Horizontal_x ARSD: Case 2 vs Case 1 — Horizontal_y
<~  SkipCar 0.01 0.00 -0.04 -0.02 1 < SkipCar: -0.02 -0.01 0.01 0.04 1
o a K} a
® 02 ® 02
3 s 3 S
TopHopper - -0.22 -0.26 0.00 0.28 1 TopHopper 0.45 0.53 0.38 i A
Pellet Sinter LumpOre  NutCoke Pellet Sinter LumpOre  NutCoke
Material Material
(a) (b)
ARSD: Case 2 vs Case 1 — Vertical ARSD: Case 2 vs Case 1 — Volumetric
o SkipCar 0.00 0.03 -0.01 0.04 1 o SkipCar 0.00 0.01 0.00 0.00 1
S o S a
® 02 ® 0@
3 s 3 S
TopHopper - -0.12 -0.08 0.02 0.00 A TopHopper 0.08 0.02 017 0.48 i 4
Peilet Sinter LumpOre  NutCoke Pellet Sinter LumpOre  NutCoke
Material Material

(c)

Fig. 9. Illustration of the relative difference in RSD (4RSD) between a given case

(b) Horizontal (Y), (¢) Vertical (Z), and (d) Volumetric directions.

Table 2

RSD values from three simulation repetitions (Repl-Rep3) for different mate-
rials and directions within the skip car, along with the coefficient of variation
(CoV) of the RSD values (expressed in percentage) to quantify variability across
repetitions.

Direction Material Repl Rep2 Rep3 CoV (%)
Pellet 0.134 0.129 0.130 16
Vertical Sinter 0.244 0.250 0.248 1.0
LumpOre 1.246 1.220 1.239 0.9
NutCoke 1.136 1.156 1.144 0.7
Pellet 0.257 0.260 0.257 0.5
Sinter 0.572 0.576 0.565 1.0

Horizontal (X

orizontal (X) LumpOre 0.527 0.517 0.495 26
NutCoke 0.661 0.656 0.653 0.6
Pellet 0.197 0.194 0.202 2.1
) Sinter 0.508 0.505 0.507 0.2
Horizontal (Y) LumpOre 1.119 1.133 1.140 0.9
NutCoke 0.895 0.943 0.962 3.2
Pellet 0.513 0.516 0.512 0.3
Volumetric Sinter 1.017 1.028 1.018 0.5
LumpOre 2115 2103 2.113 0.2
NutCoke 2.697 2.810 2.808 1.9

from their density difference, whereby buoyancy-driven segregation
causes the heavier lump ore particles to sink deeper into the mixture.
Since lump ore and nut coke are mostly deposited near the bottom of
the skip car (see Fig. 12(a)), they are discharged last when the skip car
tilts, ultimately ending up on the surface of the mixture in the receiving
funnel, as illustrated in Fig. 12(b). This sequence results in a layer of
lump ore and nut coke forming at the top of the mixture in the top

(d)

(e.g., Case 2) and the reference case (Case 1), shown for: (a) Horizontal (X),

hopper, which contributes to their sustained high vertical segregation.
Fig. 13 shows the distribution of lump ore and nut coke in the top
hopper after the first and second skip car loads.

Another observation from Fig. 13 is that most of the nut coke tends
to move towards the left-hand wall of the hopper during discharge.
This behaviour occurs because lump ore, with a higher particle density
and slightly smaller particle size, tends to deposit and remain closer
to the discharge point. Consequently, this promotes greater horizontal
segregation in the x-direction of the top hopper for nut coke, as shown
in Fig. 10(d).

It should be noted that the RSD values measured with volumetric
bin systems are inherently higher than those calculated for a single
direction, as the smaller bin size in the volumetric scheme increases
sensitivity to local composition variations. When considering these
volumetric RSD values, which capture segregation across all three
spatial dimensions, it becomes clear that all materials remain notably
segregated, with nut coke exhibiting the highest overall RSD. This
indicates that the current charging configuration does not promote
effective mixing, even after the material is transferred through the
receiving funnel.

3.2.2. Segregation after discharging the top hopper

Regarding segregation during the discharge of the top hopper, Fig.
14 shows the temporal evolution of the NMR for each material (see
Eq. (5)). After an initial discharging period, pellets show a relatively
stable discharge profile, whereas sinter and lump ore display moderate
fluctuations throughout the process. In contrast, nut coke demonstrates
the most pronounced segregation, with its mass ratio rising sharply in
the final discharge stage (50-55 s) to more than five times its initial
mass ratio within the mixture.
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(b) Sinter

Skip car Top hopper

(d) Nut coke

Skip car Top hopper

I Vertical [ Horizontal (X)

Horizontal (Y) 2] Volumetric [

Fig. 10. RSD values for (a) pellets, (b) sinter, (c) lump ore, and (d) nut coke, measured in different directions within the skip car and the top hopper.
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1.4
/ 19

(a)

The whole discharge time can be divided into some regions with

different segregation behaviour, as described below.

» 1-9 seconds: In the initial stage of discharge, all four materials
show strong segregation. At t=1 s, the mixture leaving the hop-
per consists mainly of pellets and nut coke. Shortly afterwards,
the ratio of pellets and nut coke decreases, while sinter and
subsequently lump ore become over-represented in the outlet

mixture.

Skip car - Sinter - Horizontal X

(b)

Fig. 11. NMR in the x-direction within the skip car for: (a) pellets, and (b) sinter.

This behaviour can be explained by vertical segregation within
the hopper. As shown in Fig. 15, the NMRs indicate that the bot-
tom layer is predominantly composed of pellets and nut coke. At
the beginning of discharge, these materials are released first. With
continued discharge, material from the middle section, which is
richer in sinter and lump ore, reaches the outlet, resulting in the
observed increase in their NMRs.

The discharge pattern can be further explained by the hopper’s
core flow. Fig. 16 presents the particle velocity field, showing
that particles in the central region move downwards while those
near the hopper walls remain nearly stationary. This core flow
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Fig. 12. (a) Spatial distribution of lump ore (red) and nut coke (black) within the skip car. Pellets and sinter are omitted for clarity. (b) Distribution of lump
ore and nut coke at the surface of the burden within the receiving funnel.

Time: 0's

Time: 40 s

Fig. 13. Distribution of lump ore (red) and nut coke (black) within the top hopper after: (a) the first skip car load, and (b) the second skip car load. Pellets and
sinter are omitted for clarity.

pattern is beneficial in this context, as the strong segregation
present within the hopper is partly mitigated by the vertical
mixing induced during the flow.

9-18 seconds: At this stage, while pellets, sinter, and nut coke
remain relatively well mixed, lump ore becomes over-represented
due to the core flow within the hopper. As mentioned earlier,
most lump ore particles are concentrated near the hopper’s centre,
whereas nut coke tends to move towards the hopper walls. Under
core flow conditions, the lump ore concentrated in the centre is
discharged first, making its NMR higher in the outlet flow.
18-30 seconds: The most noticeable feature in this stage is the
low mass ratio of sinter compared to the other materials. This
occurs because, under core flow, the upper regions of the hopper,
now reaching the outlet, contain a lower proportion of sinter (see
Fig. 15(b)).

30-47 seconds: Compared to the previous stage, the amount of
sinter increases, while lump ore decreases at this stage. Pellets

show a similar trend and remain relatively well mixed. The main
observation in this stage is the under-representation of nut coke.
This occurs because nut coke particles mostly accumulate near the
hopper walls (see Fig. 13(b)), where particle motion is limited
under core flow conditions. Consequently, these wall-adjacent
particles remain in the hopper, while the centrally located ma-
terial, characterised by a lower nut coke content, is discharged
first, resulting in the observed under-representation of nut coke
at the outlet.

47-53 seconds: The sharp increase in the nut coke ratio at this
stage is clearly observable. As noted earlier, this is because a large
proportion of nut coke particles accumulate near the hopper walls
(see Fig. 13(b)) and, under core flow conditions, are discharged
last. An increase in the mass ratio of sinter is also noticed.
To explain this, the distribution of pellets and sinter near the
hopper walls should be examined. Fig. 17 shows the horizontal
mass ratios of these materials within the hopper, indicating that
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Fig. 14. NMR of different materials during top hopper discharging. The
dashed line represents a perfect mixture.

the proportion of sinter near the walls is higher than that of
pellets. This difference in the spatial distribution accounts for the
observed increase in the sinter mass ratio during this stage.

In summary, the materials discharged from the top hopper show
clear segregation, with the strongest segregation occurring during the
initial and final stages. Among all materials, pellets display the least
degree of segregation. It can be deducted that the observed segrega-
tion trends in Fig. 14 are closely related to the vertical segregation
established within the hopper (see Fig. 15). During the intermediate
stages, the core flow discharging pattern promotes partial mixing of
lump ore and nut coke with pellets and sinter. Nevertheless, this core
flow pattern causes the material located near the hopper walls to be
discharged last, leading to pronounced segregation of nut coke and
sinter towards the end of the discharge.

In the following subsections, each case listed in Table 1 is compared
with the reference case to evaluate the effect of the varied factor in each
case on segregation throughout the charging system.

3.3. Effect of hopper side (Case 2 vs. Case 1)

At Tata Steel IJmuiden, the ferrous materials are alternately dis-
charged into the right and left hoppers. Up to this point, segregation
has been evaluated for the left hopper. However, due to geometric
asymmetry in the y-direction, associated with the configuration of the
weighing bunkers and skip car (see Fig. 4), the segregation for the right
hopper needs to be explored as well.

Fig. 18 presents the ARSD (see Eq. (6)) values for different materials,
locations, and directions for the comparison of Case 2 to Case 1. As
expected, since Case 2 deviates from Case 1 only after the receiving
funnel, there is a negligible difference in the RSD value in the skip car.

Fig. 18 indicates that, overall, materials are more segregated in the
right hopper compared to the left hopper, where segregation in the
horizontal y-direction is particularly stronger. To examine this further,
Fig. 19 presents the visual distribution of lump ore and nut coke
particles in the left and right hoppers. Qualitatively, lump ore and nut
coke appear to be more uniformly distributed in the left hopper; in the
right hopper, the left area is noticeably thinned out in lump ore and
nut coke.

For a quantitative assessment, the NMRs in the y-direction were
compared with the reference case (Case 1) in Fig. 20. It confirms that
pellets and sinter show stronger segregation in the right hopper. In
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particular, pellets are more concentrated on the left side of the right
hopper, whereas in Case 1, they are well mixed in the corresponding
region (right side in Case 1, due to mirroring).

To explain the pellet distribution, the average velocity of pellets in
the y-direction was analysed immediately after leaving the receiving
funnel, as they travel along the chute. This is the location where Case
2 deviates from Case 1. Fig. 21 presents a visual and quantitative
comparison of the y-direction velocity of pellets for Cases 1 and 2,
showing that the y-velocity in Case 2 is lower than in Case 1. This
reduced y-velocity causes the pellets to be deposited more on the left
side of the hopper, as also seen in Fig. 20(b).

The underlying mechanism can be related to the interaction be-
tween the pellet discharge direction and the chute orientation. When
pellets are discharged from the skip car into the receiving funnel, they
initially have velocity in the negative y-direction. In Case 1, the chute
orientation aligns favourably with this velocity, facilitating smooth
movement of pellets along the chute. In contrast, in Case 2, the chute
orientation is unfavourable, which disrupts the flow. Consequently, this
causes the accumulation of particles near the start of the chute, and
reduces the flow velocity in the y direction.

When comparing segregation after the top hopper discharge be-
tween Case 1 and Case 2, Fig. 22 shows that the overall trends are
generally similar. As discussed in Section 3.2, the segregation behaviour
after hopper discharge is largely correlated to the vertical segregation
established within the top hopper. This is supported by Fig. 18(c),
which indicates only minimal differences in vertical segregation be-
tween the two cases. This similarity in the vertical distribution of
materials explains the comparable segregation patterns observed in Fig.
22.

Despite these similarities, certain differences are observed. For most
of the discharge period, pellets and sinter have lower segregation in
Case 2. However, towards the end of discharge, both materials become
more segregated. This can be attributed to differences in their horizon-
tal mass ratio near the hopper walls between the two cases (Fig. 20).
Since the material near the walls is discharged last, these horizontal
differences directly influence the late-stage segregation behaviour.

Lump ore is also slightly more segregated in Case 2. For nut coke,
as noted in Section 3.2, particles near the hopper walls are discharged
last, causing a sharp increase in their proportion towards the end of
discharge. This effect is even more pronounced in Case 2, where a
greater quantity of nut coke is deposited near the walls compared to
Case 1 (Fig. 19), which amplifies the late-stage rise in nut coke content.

In summary, although the system appears symmetric after the re-
ceiving funnel, the asymmetric charging geometry upstream (i.e., the
weighing hoppers and skip car) changes the flow pattern and segrega-
tion behaviour. This results in increased segregation in the horizontal
(y) direction within the top hopper. During hopper discharge, the over-
all segregation trends between the two cases are comparable; however,
for Case 2, pellets and sinter are generally less segregated, whereas
lump ore and nut coke show a slightly higher degree of segregation.

3.4. Effect of weighing bunker order (Case 3 vs. Case 1)

Discussions with experts at Tata Steel IJmuiden highlighted that the
loading order of the weighing bunkers could be practically modified
by discharging pellets into the sinter weighing bunker and, conversely,
sinter into the pellets weighing bunker. It should be noted that this
analysis concerns only pellets and sinter, as these materials are stored in
separate weighing bunkers whose sequence can be altered in practice.
Lump ore and nut coke are charged together into a smaller shared
bunker that cannot accommodate the mass of pellets or sinter and were
therefore not included in the order-variation analysis. Based on this
insight, an alternative case was developed to evaluate whether this
reversed loading order could reduce segregation in the skip car and,
in turn, within the top hopper.
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Fig. 16. Velocity field of the materials during hopper discharge at: (a) r=1s, (b) t=5s, (c) r=10s, and (d) 7 = 15 s. The same velocity scale (minimum and

maximum values) is applied to all sub-figures to allow direct comparison.
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Fig. 17. NMRs in the y-direction within the top hopper for: (a) pellets, and (b) sinter.
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Fig. 18. Change in RSD for Case 2 vs. Case 1 in (a) Horizontal (X), (b) Horizontal (Y), (c) Vertical (Z), and (d) Volumetric directions.

Time: 40 s

Fig. 23 shows that reversing the weighing bunker order has varying
effects depending on the material. For pellets, segregation increases
within the skip car, while in the top hopper the increase is confined
to the horizontal direction. For sinter, the impact on segregation is
negligible. Lump ore also shows minimal change overall, although
horizontal segregation in the x-direction is slightly higher. For nut coke,
segregation within the skip car remains largely unchanged, while in the
top hopper, horizontal segregation is slightly reduced.

Overall, these results show that reversing the order of the weighing
bunkers is not advantageous, as it promotes mixing of pellets and sinter
within the skip car and increases pellet segregation. However, nut coke
shows less horizontal segregation, with a more uniform distribution in
the top hopper, as illustrated in Fig. 24.

Fig. 25 shows that the segregation behaviour of the mixture dis-
charged from the hopper differs significantly between Case 3 and Case
1 for pellets and sinter. As discussed earlier, segregation after hopper
discharge is largely correlated with the vertical segregation established
within the hopper. However, Fig. 23(c) shows that the extent of vertical
segregation is not significantly altered in Case 3.

To provide a more complete understanding and gain deeper insight
into the vertical distribution, the NMRs of pellets and sinter along the
hopper height for Case 3 and Case 1 are presented in Fig. 26. It reveals
that, although the vertical RSD values are similar, the distribution
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(b)

Fig. 19. Distribution of lump ore (red) and nut coke (black) within: (a) left, and (b) right top hoppers. Pellets and sinter are omitted for clarity.

patterns differ substantially between the two cases. In Case 3, pellets
are concentrated near the bottom of the hopper, while the upper region
contains less pellets. This distribution explains the high NMR observed
at the start of discharge, followed by a decline (see Fig. 25(a)). In
contrast, for sinter, the bottom region has a lower mass ratio, resulting
in reduced mass flow at the beginning. As discharge progresses and
the top region—richer in sinter—is emptied, the mass ratio of sinter
increases (Fig. 25(b)). This change in the discharge pattern could be
either beneficial or detrimental, depending on the process requirements
and the desired distribution of pellets and sinter on the furnace throat.

For lump ore and nut coke, however, both the trend and the extent
of segregation are largely similar between the two cases. The only
notable difference is observed for nut coke at the end of discharge,
where segregation is reduced. This reduction is linked to the lower
horizontal segregation of nut coke within the top hopper (see Fig. 24).

In summary, reversing the weighing bunkers of pellets and sinter
increases segregation within the skip car, particularly for pellets. In
the top hopper, it results in higher horizontal segregation of pellets
but lower horizontal segregation of nut coke. After hopper discharge,
the segregation behaviour of pellets and sinter is significantly affected,
which is attributed to their significantly different vertical distributions
in the hopper between the two cases. In contrast, lump ore and nut
coke show overall similar segregation behaviour after hopper discharge
in both cases.
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Fig. 20. NMR in the y-direction within the top hopper for: (a) pellets — left hopper, (b) pellets — right hopper, (c) sinter — left hopper, and (d) sinter — right

hopper.

3.5. Effect of wall friction (Case 4 vs. Case 1)

At Tata Steel IJmuiden, parts of the internal surfaces of the charging
equipment are lined with ceramic tiles to reduce wear, which are
generally assumed to be smoother than steel. Although the joints or
gaps between tiles may locally hinder flow, as is commonly observed in
transfer chutes, the dominant effect is assumed to be a reduction in wall
friction. It was shown in our previous study [47] that the particle-wall
coefficient of sliding friction has a significant influence on segregation.
To investigate this effect and assess whether the conclusions drawn
from small-scale geometry can be translated to the full-scale system,
Case 4 was defined and simulated with a 25% reduction in the particle—
wall sliding friction coefficient for the tiled surfaces, and compared
against the reference case (Case 1).

Fig. 27 shows that the reduction (by 25%) in the particle-wall slid-
ing friction coefficient has an insignificant effect on segregation. The
only noticeable change is a slight reduction in horizontal segregation
in the x-direction within the top hopper. Similarly, Fig. 28 indicates
that the segregation behaviour after hopper discharge remains largely
unchanged. The main difference observed is a slightly faster discharge
rate, due to the smoother internal surfaces in Case 4. These results
suggest that, for the full-scale geometry considered, wall friction is not
a dominant factor influencing segregation behaviour.

3.6. Effect of sinter PSD variability (Cases 5A and 6A vs. Case 1A)

At Tata Steel, the PSD of sinter varies over time. To investigate the
effect of these variations on the segregation of the ferrous mixture,
three simulation cases were defined and performed: Case 1A, represent-
ing the average yearly PSD (reference case); Case 5A, representing the
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finest monthly PSD; and Case 6A, representing the coarsest monthly
PSD, taken as two extremes. The particle size distributions of these
variants are illustrated in Fig. 29, and the exact PSD values are listed
in Table A.5 in Appendix.

Figs. 30 and 31 show that variations in sinter PSD have no signif-
icant overall effect on the extent of segregation; nevertheless, minor
differences can be observed. The finer PSD in Case 5A results in slightly
higher segregation, which can be attributed to enhanced percolation
and reduced interlocking of smaller particles. In contrast, the coarser
PSD in Case 6A leads to slightly lower segregation, particularly in the
y-direction within the top hopper, as the larger particles exhibit greater
stability and reduced tendency to percolate.

To explain the differences in y-direction segregation of sinter within
the top hopper, Fig. 32 presents the horizontal distribution of sinter for
the three cases. For the finer PSD (Case 5A), more sinter accumulates
on the right side of the hopper and less on the left. The opposite
trend is observed in Case 6A with the coarser PSD. Since the extent
of segregation within the skip car is largely the same across all cases
(Figs. 30 and 31), these horizontal differences in the top hopper are
most likely induced by the chute flow. Larger particles are able to
maintain higher momentum and therefore travel farther after leaving
the chute. As a result, in Case 6A with the coarser PSD, more sinter
particles are deposited on the left side of the hopper than in Cases 5A
and 1A, as shown in Fig. 32. This suggests that chute dynamics can
amplify relatively small differences in PSD into noticeable variations
in horizontal distribution within the hopper.

Fig. 33 illustrates the segregation of different materials after hopper
discharge. The overall segregation behaviour is largely similar across
the cases, with the main differences appearing in the final stage of
discharge, particularly for pellets and sinter. For sinter, it is observed
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Fig. 21. Visualisation of the velocity of pellets in the horizontal y-direction on
the chute for a single time instance in (a) Case 1 and (b) Case 2. (c) Average
velocity of pellets in the y-direction on the chute over the entire flow period.

that the finer the PSD, the lower the segregation towards the end of
the discharge. This can be explained by the horizontal segregation in
the y-direction within the top hopper, as discussed above. As shown
in Fig. 32(c), in the case of the coarser PSD (Case 6A), more sinter is
deposited on the left side of the hopper. As concluded in Section 3.2,
the material located near the hopper walls is discharged last, which
leads to an increase in the sinter content at the outlet in Case 6A.
This indicates that finer PSDs may help mitigate late-stage segregation,
whereas coarser PSDs tend to exacerbate it.

In summary, variations in the PSD of sinter primarily affect the
horizontal distribution of material within the top hopper. A coarser PSD
results in particles travelling farther from the chute and accumulating
on the left side of the hopper. This, in turn, increases segregation
during the final stage of hopper discharge. Nevertheless, PSD variation
of sinter had only a minor overall influence on segregation behaviour
in the charging system.

3.7. Effect of lump ore type (Case 7 vs. Case 1)

At Tata Steel IJmuiden, several types of lump ore (designated as A—
E) are used. In typical operations, types A-C are most common, where
types A and B have similar particle size distributions (PSDs), and type
C is slightly finer (see Table A.3). To assess whether this difference
affects segregation within the charging system, Case 7 was modelled
using lump ore type C.

Fig. 34 shows that changing the lump ore type has a negligible
effect on segregation behaviour in both the skip car and the top hopper.
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Minor variations fall within the expected range of simulation vari-
ability. Moreover, segregation after hopper discharge shows negligible
differences relative to Case 1 (see Appendix, Fig. A.39).

In this comparison, the only parameter varied between the two ore
types was the particle size distribution (PSD). If variations in other
properties, such as particle density and friction coefficients, were also
considered, the effect might have been more pronounced. Nevertheless,
under the current operating conditions, the lump ore type is not a
significant factor influencing segregation

3.8. Effect of sinter particle shape (Case 8 vs. Case 1)

So far, spherical particles have been used to represent all mate-
rials because of their computational efficiency, which is essential for
simulating large-scale systems. This simplification is broadly effective,
particularly for pellets that are nearly spherical. However, other ferrous
materials such as sinter, lump ore, and nut coke exhibit irregular
shapes (see Fig. 1). To evaluate whether accounting for particle shape
influences segregation behaviour, sinter, which is the largest fraction
among these materials, was selected for more detailed representation.
This was achieved using a clumped-sphere approach (see Fig. 3). This
particle shape was adopted because it had been successfully calibrated
and validated for sinter particles in our previous study [44], where the
selected number of sub-spheres was shown to provide a good balance
between realistic shape representation and computational efficiency.

Fig. 35 shows that the irregular shape of sinter mainly affects the
segregation of pellets and sinter, while lump ore and nut coke remain
largely unchanged. This is because their total amount is much smaller
than that of pellets and sinter, which limits their interaction with
sinter particles during discharge from the weighing bunkers into the
skip car. In the skip car, vertical segregation of pellets and sinter
is slightly higher in Case 8. A more detailed view is provided in
Fig. 36, which illustrates that non-spherical sinter particles in Case
8 are distributed more extensively near the surface of the skip car.
This happens because the non-spherical sinter particles discharge more
slowly from the weighing bunker, resulting in a larger proportion of
sinter being deposited towards the end of the filling process of the skip
car. Consequently, a greater amount of sinter accumulates in the upper
region of the skip car. Although this increases the vertical RSD in the
skip car in Case 8, it reduces vertical segregation within the top hopper.
As shown in Fig. 37, the bottommost part of the top hopper, which
is relatively depleted of sinter in Case 1, is now populated with more
sinter in Case 8, leading to a more balanced vertical distribution.

Fig. 38 highlights the effects of modelling sinter as nonspherical
particles. First, the hopper discharge time is prolonged, reflecting a
slower flow regime induced by the enhanced interlocking and higher
effective resistance of irregularly shaped particles. Second, the seg-
regation behaviour during the mid-discharge period remains largely
consistent with Case 1. The main differences are observed during the
initial stage of discharge, where the NMR of pellets at the outlet
decreases significantly, while that of sinter increases. This observation
is explained by the vertical composition at the bottom of the hopper
(see Fig. 37), where in Case 8 a greater proportion of sinter and
fewer pellets are present. Beyond this initial stage, the influence of
particle shape diminishes, with only minor and inconsistent differences
observed thereafter.

In summary, modelling sinter particles as non-spherical shapes af-
fected only the segregation behaviour of pellets and sinter, as lump
ore and nut coke are present in much smaller quantities and thus have
limited interaction with sinter. The main effect is on the vertical segre-
gation within the skip car and top hopper, which subsequently affects
segregation after hopper discharge only during the initial stage. Beyond
this, overall segregation trends remain comparable to the spherical-
particle case. These findings suggest that while accounting for particle
shape improves realism and is relevant for capturing early-stage dis-
charge dynamics, spherical particles remain adequately accurate for
representing large-scale segregation behaviour in the charging system.
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Fig. 23. Change in RSD for Case 3 vs. Case 1 in (a) Horizontal (X), (b) Horizontal (Y), (c) Vertical (Z), and (d) Volumetric directions.

4. Conclusion

This study presented the results of industrial-scale DEM simulations
of segregation in the ferrous mixture (pellets, sinter, lump ore, and
nut coke) within the blast furnace charging system, from the weighing
bunkers through to discharge from the top hopper. A reference case, re-
flecting the current practice at Tata Steel IJmuiden, was first modelled
and analysed in detail to establish the baseline segregation behaviour.
Building on this, a series of systematically designed case studies was
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carried out to investigate the influence of various factors, including ma-
terial properties, modelling assumptions, and operational parameters,
on segregation. The conclusions of this study are summarised below:

» Segregation generally decreases from the skip car to the top
hopper, due to partial remixing occurring during transfer through
the receiving funnel.

+ Pellets and sinter exhibit lower segregation levels than lump ore
and nut coke, with sinter slightly more segregated than pellets.
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Fig. 24. Distribution of nut coke within the top hopper for: (a) Case 1, and (b) Case 3.
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Fig. 25. Comparison of segregation after hopper discharge between Case 3 and the reference case (Case 1) for: (a) pellets, (b) sinter, (c) lump ore, and (d) nut

coke.

Specifically, lump ore and nut coke show strong vertical segrega-
tion within the top hopper, where they mostly accumulate near
the top surface of the mixture.

Significant segregation was observed during top hopper dis-
charge, particularly at the beginning and end stages. Among
all materials, pellets consistently showed the lowest degree
of segregation. The results also indicated that segregation
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behaviour during discharge was largely correlated to the vertical
distribution of the mixture within the hopper.

» The mixture charged into the right hopper showed stronger hor-
izontal (y) segregation than that charged into the left hopper,
because of geometric asymmetry and the mirrored orientation of
the chute. During hopper discharge, however, the overall segrega-
tion patterns remain similar in both cases. The main difference is
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Fig. 26. NMR in the vertical direction within the top hopper for: (a) pellets — Case 1, (b) pellets — Case 3, (c) sinter — Case 1, and (d) sinter — Case 3.
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Fig. 27. Change in RSD for Case 4 vs. Case 1 in (a) Horizontal (X), (b) Horizontal (Y), (c) Vertical (Z), and (d) Volumetric directions.

that pellets and sinter become slightly less segregated, while lump
ore and nut coke show a slightly higher degree of segregation.

Reversing the order of pellets and sinter in the weighing bunkers
increases segregation in the skip car, particularly for pellets. In
the top hopper, it leads to greater horizontal segregation of pellets
while slightly reducing the segregation of nut coke. Moreover, it
changes the vertical distribution of pellets and sinter, which in
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turn significantly influences their segregation behaviour during
hopper discharge. By contrast, lump ore and nut coke show
segregation patterns that are largely consistent with those of the
reference case.

+ Varying the PSD of sinter had only a minor effect on segregation
in the skip car and top hopper. Finer PSDs (i.e., with smaller Ds)
led to slightly higher segregation, while coarser PSDs gave slightly
lower segregation, particularly in the y-direction within the top



A. Hadi et al.

Pellets

—
(=]

—e—Case 1 (Ref)
—=— Case 4
— — Perfect mixture

1.4

1.2+

0.8

Normalised mass ratio, y;(k)

0.6

Lump Ore

2.
—e—Case 1 (Ref)
—=— Case 4

1.5 — — Perfect mixture

0.5

Normalised mass ratio, y;(k)

20 30 50 60

Time (s)

(c)

40

Powder Technology 471 (2026) 122116

Sinter

—e—Case 1 (Ref)
—s=—Case 4
— = Perfect mixture

Normalised mass ratio, y;(k)

0.5
O‘ 10 20 30 40 50 60
Time (s)
6 Nut Coke

—e—Case 1 (Ref)
t |—e—Case 4
— — Perfect mixture

w

'S

w

Normalised mass ratio, x;(k)

30 40 50

Time (s)

(d)

20

0 10
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Fig. 29. Particle size distributions of sinter used in Cases 1A (yearly average),
5A (finest monthly), and 6A (coarsest monthly).

hopper. During hopper discharge, differences appeared only in
the final stage, where the finer PSD (smaller Ds,) produced less
segregation than the coarser PSD.

Modelling sinter as non-spherical (clumped) particles mainly af-
fected the segregation of pellets and sinter. It altered their vertical
distribution in the top hopper, which in turn influenced the initial
stage of hopper discharge, where more sinter and fewer pellets
were discharged compared to the spherical case. The discharge
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time also increased, as expected, due to particle interlocking and
slower flow velocity. Beyond the initial stage, however, the effect
of non-spherical sinter on segregation was negligible, indicating
that spherical particles were sufficiently accurate for representing
large-scale behaviour.

Reducing wall friction and changing the lump ore type both had
negligible effects on segregation. The only noticeable change was

a slightly faster discharge when wall friction was reduced.

Overall, these findings provide new insights into the factors
influencing multi-component segregation in industrial blast furnace
charging. They demonstrate that while some factors (e.g., weighing
bunker order) can substantially influence segregation patterns, others
(e.g., wall friction, lump ore type, or moderate PSD variations) play
only a minor role. Importantly, the results highlight the central
role of upstream conditions in determining downstream segregation
behaviour: promoting homogeneity in the weighing bunkers or
early charging stages offers the greatest potential for mitigating
segregation throughout the system. These outcomes not only advance
the fundamental understanding of segregation in large-scale multi-
component flows but also provide a foundation for developing practical
strategies to mitigate segregation in industrial practice. Nevertheless,
further work is required to validate the model comprehensively against
high-quality data from BF charging systems, in order to ensure accurate
and reliable numerical predictions, and to extend the present study
towards analysing burden distribution at the blast furnace throat,
which is a critical region for assessing overall charging performance.
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Fig. 30. Change in RSD for Case 5A vs. Case 1A in (a) Horizontal (X), (b) Horizontal (Y), (c) Vertical (Z), and (d) Volumetric directions.

Fig. 31. Change in RSD for Case 6A vs. Case 1A in (a) Horizontal (X), (b) Horizontal (Y), (c) Vertical (Z), and (d) Volumetric directions.

Fig. 32. NMR in the horizontal y direction within the top hopper for: (a) Case 1A (average PSD), (b) Case 5A (fine PSD), and (c) Case 6A (coarse PSD).
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Fig. 33. Comparison of segregation after hopper discharge between Case 5A, Case 6A, and their reference case (Case 1A) for: (a) pellets, (b) sinter, (c) lump ore,

and (d) nut coke.
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Fig. 34. Change in RSD for Case 7 vs. Case 1 in (a) Horizontal (X), (b) Horizontal (Y), (c) Vertical (Z), and (d) Volumetric directions.
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Fig. 38. Comparison of segregation after hopper discharge between Case 8 and the reference case (Case 1) for: (a) pellets, (b) sinter, (c¢) lump ore, and (d) nut
coke.

Table A.3
Particle-size distributions (PSD, mass %) of all materials.
Pellets Sinter Lump ore (A,B) Lump ore (C) Nut coke
Size (mm) % Size (mm) % Size (mm) % Size (mm) % Size (mm) %
6.35-9.5 10 5-10 30 5-8 4.56 5-8 3.71 10-16 5
9.5-11.2 40 10-20 40 8-10 4.88 8-10 3.67 16-30 45
11.2-12.5 40 20-40 20 10-16 16.46 10-16 23.88 30-45 45
12.5-15 10 40-50 10 16-20 11.58 16-20 16.85 45-50 5
- - - - 20-25 16.14 20-25 20.56 - -
- - - - 25-31.5 21.32 25-31.5 21.71 - -
- - - - 31.5-40 19.09 31.5-40 8.88 - -
- - - - 40-50 5.97 40-50 0.74 - -
Table A.4
DEM parameters used in the simulations.
Parameter Pellets Sinter Lump ore Nut coke Geometry
Solid density (kg/m?) 3350 3208 4231 1118 7800
Young’s modulus (Pa) 1.0x 108 1.0x 108 1.0x 10% 1.0x 108 1.0x 10"
Poisson’s ratio 0.25 0.25 0.21 0.22 0.30
Static friction coefficient [4,]
Pellets 0.73 0.815 0.665 0.80 0.90
Sinter - 0.90 0.75 0.885 0.83
Lump ore - - 0.60 0.735 0.69
Nut coke - - - 0.87 0.41
Rolling friction coefficient [x,]
Pellets 0.12 0.16 0.095 0.135 0.16
Sinter - 0.20 0.135 0.175 0.20
Lump ore - - 0.07 0.11 0.09
Nut coke - - - 0.15 0.09

(continued on next page)
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Table A.4 (continued).

Powder Technology 471 (2026) 122116

Parameter Pellets

Sinter Lump ore Nut coke Geometry
Restitution coefficient [C,]
Pellets 0.76 0.555 0.585 0.555 0.70
Sinter - 0.35 0.38 0.35 0.40
Lump ore - - 0.41 0.38 0.43
Nut coke - - - 0.35 0.20

Time step (s)

2.909 x 10> (30% of Rayleigh time step)
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Fig. A.39. Comparison of segregation after hopper discharge between Case 7 and the reference case (Case 1) for: (a) pellets, (b) sinter, (¢) lump ore, and (d)

nut coke.
Table A.5
Different PSDs of sinter used in Cases 1A, 5A, and 6A.
Size (mm) Sinter (updated) Sinter (fine) Sinter (coarse)
5-10 38.9 54.1 27.4
10-20 40.7 33.0 35.2
20-40 17.1 11.3 26.0
40-50 3.3 1.6 11.4
Appendix

See Tables A.3-A.5 and Fig. A.39.
Data availability

Data will be made available on request.
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