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Abstract: There has been growing interest in applying the DEM (discrete element method) to study
the charging and burden distribution in a BF (blast furnace). In practice, the real particles in a BF are
non-spherical. However, spherical particles have mostly been used in previous DEM investigations.
Furthermore, various particle models have been developed to describe non-spherical particles.
However, the effects of using different particle models on particle behavior in a BF are still unclear.
Therefore, a comparative study of how the particle shape model impacts the burden charging in
a BF was conducted. Specifically, the DEM using a multi-sphere model, polyhedral model, and
super-ellipsoid model was first established. Then, experiments and DEM simulations of the charging
and burden distribution of non-spherical quartz sand particles in a lab-scale bell-less top BF were
performed. The results indicated that the number of sub-spheres, the principle of creating the particle
for multi-spheres, the number of planes for polyhedrons, and the shape indices for super-ellipsoids
could all affect the accuracy and efficiency. Moreover, applying the super-ellipsoid model and multi-
sphere model could achieve reasonable accuracy and efficiency, with the highest simulation accuracy
for the polyhedral model but at the cost of a rather heavy computational burden.

Keywords: blast furnace; DEM; multi-sphere model; polyhedral model; super-ellipsoid model

1. Introduction

The BF (blast furnace) is the most important smelting reactor involving complex
mass transfer, momentum transfer, heat transfer, and chemical reactions between gas and
granular materials in the ironmaking industry [1]. There is a general awareness that the
burden distribution is vital to the operation of a BE. To be specific, the burden distribution
determines the gas flow distribution, gas permeability, and CO utilization, thus significantly
impacting the emission reduction, energy saving, efficiency, yield and quality of molten
iron, and stability, safety, and durability of the blast furnace [2]. In general, the burden
distribution in a BF is largely determined by the charging process of coke and iron ore
involving complicated particle dynamics. Therefore, investigating the charging process
and obtaining a preferred burden distribution within the BF should be not only of academic
interest, but also of significance for practical applications.

The charging process is a typical particulate system. Just as in the investigation
of particulate systems, both experimental studies and numerical simulations are the fre-
quently used methods for studying the charging process and burden distribution. In the
published experimental investigations, both full-scale and reduced-scale blast furnaces
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have been studied, and different detection means (e.g., horizontal bar measurement, mate-
rial box method, mechanical sounding method, image processing technique, metal grid
measurement, and laser measurement technology) have been introduced for extracting
the information of the charging process and burden distribution (e.g., the burden profile,
charging trajectory, and filling point) [3]. For example, Kajiwara et al. [4] experimentally
investigated the charging behaviors, burden distribution, and mixing of charging mate-
rial in a full-scale apparatus Kashima No. 2 BF using the mechanical sounding method,
sampling box method, and a magnetometer. Lu et al. [5] studied the descending behavior
of solid flow in a laboratory-scale experimental BF. Using an industrial BF at a one-tenth
scale, Hattori et al. [6] experimentally explored the effect of throat diameter on the bur-
den distribution and particle size distribution. Then, a simulation model for predicting
the burden distribution in the BF was proposed on the basis of the experimental results.
Jimenez et al. [7] also carried out a charging process experiment in an industrial BF at a
one-tenth scale to study a particular charging pattern and the gas flow effect.

With the great effort made in the corresponding experimental investigations, many
interesting findings have been yielded, contributing greatly to a better comprehension of
the rules of the charging process and burden distribution. In addition, various empirical
correlations have also been developed for predicting the burden movement on the basis of
the experimental results [3,8]. However, the ability of experimental studies to investigate
the charging process should be quite constrained. Specifically, the BF could be viewed
as a “black box”, whereby the interior behaviors of burden materials should be quite
difficult to be measured by experiment, resulting from the opaque nature of a BE. Moreover,
the proposed empirical correlations generally lack universality. With the proliferation of
computing power and technology, on the other hand, numerical simulations have become a
powerful alternative for exploring discrete granular systems. Among the various numerical
methods, the DEM (discrete element method), first proposed by Cundall and Strack [9],
has received extensive attention due to its ability to directly track individual particles and
its potential for obtaining abundant particle-level information, which can be of significant
importance for better understanding the burden behaviors in a BE.

Due to the superiority of DEM in processing particulate systems, there has been
growing interest in applying DEM to investigate the charging process and burden dis-
tribution in a BE. For instance, Wei et al. [10] used two different DEM packages (EDEM
and LIGGGHTS) to demonstrate the ability of DEM in simulating the charging system by
comparing the mass fraction distribution and burden distribution between the simulation
and experiment results. The capability of DEM was also validated in the investigation of
Mio et al. [11] by comparing the velocity and trajectory of particles through a rotating chute
between simulations and experiments, in which the particle velocity and particle trajectory
in the experiments were extracted using a high-speed camera and pressure-sensitive sheet.
By means of DEM, Ho et al. [12] emphatically analyzed the force structures of granular
materials for deeply understanding the fundamentals of the formation of burden piles.
In the study of Zhang et al. [13], the impact of the chute inclination angle on the size
segregation and burden profile was numerically explored during the charging process in a
BF using the serial-hopper-type bell-less charging system. A similar investigation was also
conducted by Mio et al. [14], in which the effect of the chute angle on the flow behavior
and particle segregation was presented. Xu et al. [15] further evaluated the effect of the
cross-section shape (including semicircular and rectangular types) of the rotating chute
on burden distribution and granular flow during the charging process of a bell-less top
BF using DEM. Using DEM, Zhou et al. [16] focused on the movement trend and velocity
distribution law of coke in the chute. In the research of Mio et al. [17], the melting behavior
and combustion of the burden material were modeled by introducing a shrinking particle
model into DEM, and then they observed the particle pulsating flow and collapse of the
coke layer at the top of a BE. Kou et al. [18] further numerically investigated the influences
of sinter amount, rotation speed, and chute angle on the size segregation and coke collapse.
Kurosawa et al. [19] also simulated particle shrinking in a BF but using a different method,
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where a large overlap between particles was allowed by introducing a quite small Young’s
modulus in the DEM. Using an experiment and DEM, Yu et al. [20] thoroughly investigated
the interparticle percolation segregation during burden descent in a BE.

In the past, spherical particles were the most frequently used in DEM investigations of
charging processes and burden distribution, e.g., the above-cited literature, because the
spheres possess perfect symmetry, which can greatly reduce the difficulty in establishing
the DEM model and bring excellent calculation efficiency. Nevertheless, most particles
encountered in practical applications are non-spherical, and the particle shape can signif-
icantly impact the burden behavior in the BF [21]. To utilize the advantage of spherical
particles, a rolling friction model was devised for simulating non-spherical particles using
the DEM, where the effects of particle shape were quantified using spherical particles with
suitable rolling friction [22,23]. This approach has been used in the DEM investigations
of burden movement in the BF [21,24]. The simulation results indicated that spherical
particles with a reasonable rolling friction can properly reproduce the burden behavior in
some cases [24]. However, the rolling friction model would be more suitable for quite small
particles considering the importance of the actual shape for larger particles; hence, using the
rolling friction model remains insufficient to fully describe the influence of particle shape in
the BF [21]. Furthermore, this model also lacks a solid theoretical foundation in determining
the value of rolling friction, whereby it can be viewed as a “tunable parameter” [22,25].

Due to the aforementioned limitations of the rolling friction model, the non-spherical
particle model (e.g., the multi-sphere model [26-29], polyhedral model [30-33], and super-
ellipsoid model [34-37]) should be the most used in the DEM to describe the irregular
shape of particles [25,38,39]. To the best of our knowledge, the multi-sphere model should
be adopted most frequently to approximate the non-spherical particles in DEM studies of a
BE. Specifically, coke particles have generally been constructed using a multi-sphere model,
whereas iron ore pellets have mostly been represented by spheres in DEM investigations of
burden behaviors in a BF [40-45]. Some of these investigations also examined the effect of
particle shape on the charging behavior and burden distribution [40,44,45], and the apparent
shape effects could be observed. In addition, the multi-sphere DEM model has also often
been combined with computational fluid dynamics to study a BF involving fluid flow
and heat transfer [1,46-49]. In the investigations of Xia et al. [24] and Govender et al. [21],
the polyhedral model was applied to construct non-spherical particles, and the different
effects of spheres and polyhedrons on the charging behavior and burden topography were
effortlessly observed. The ability of the super-ellipsoid model to reasonably reproduce the
burden charging was demonstrated by Xia et al. [50].

These non-spherical particle shape models indisputably have their own flaws and
admirable points in terms of modeling difficulty, simulation accuracy, and computational
efficiency [25,38,39,51]. Furthermore, the influence of adopting different particle shape
models on the flow dynamics of particle systems generally cannot be ignored [28,29].
According to the above discussion, the corresponding published investigations mainly
focused on directly using the particle shape model to simulate the flow of non-spherical
particles in the BF so as to suitably match the actual application, while the effect of particle
shape was also explored in some studies. However, how the particle shape model affects
the burden behavior was rarely investigated, and the influence of particle shape model
on the particle behavior in a BF remains poorly understood. Accordingly, the goal of
this study was to evaluate the impact of applying different particle shape models on the
DEM simulations of charging processes and burden distribution in a BE. For this purpose,
the DEM using a multi-sphere model, polyhedral model, and super-ellipsoid model was
first developed. Experiments involving the charging of non-spherical particles in a lab-
scale bell-less top BF were subsequently conducted, and DEM simulations using different
particle models corresponding to the experimental conditions were also performed. Lastly,
the simulation accuracy and computational efficiency of different particle models were
examined on the basis of the experimental and simulation results.
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2. Mathematical Model
2.1. Particle Motion Equations

Within the DEM framework, the motion for each individual particle (including trans-
lational and rotational motions) obeys Newton’s laws of motion:

d
md—? =) F.+mg, @)
dw
I— = Y T, )

where m, I, v, and w are the mass, inertia tensor, translational velocity, and angular velocity
of the particle, respectively. F_ is the contact force, g denotes the gravitational acceleration,
and T is the contact torque. The determination of contact detection between particles is
related to the shape representation method. In this paper, the shape of the non-spherical
particle was approximated using the multi-sphere model, polyhedral model, and super-
ellipsoid model. Determining the contact for these particle models is quite complicated,
and they were thoroughly introduced in our previous studies; interested readers can refer
to [28,29] for the multi-sphere model, [29,32,33] for the polyhedral model, and [25,52-55]
for the super-ellipsoid model. Therefore, these particle models are only briefly introduced
in the next section. Upon completion of the contact detection procedure, the contact
force and torque, along with the subsequent motion of every individual particle, can be
solved by incorporating the determined contact parameters (contact point, contact normal,
overlap, etc.) obtained from the contact detection process into the standard soft sphere
linear spring—dashpot model [9].

2.2. Particle Shape Models
2.2.1. Multi-Sphere Model

A multi-sphere particle is generated by combining a set number of small spheres
(referred to below as “sub-spheres”), where a change in parameters of the sub-spheres
(e.g., the number, size, and position) is allowed. Therefore, a particle with an arbitrary shape
can be expressed by adjusting these parameters, and the shape of the multi-sphere particle
can more closely approach that of a real particle by using more sub-spheres at the cost of
reducing computational efficiency. A multi-sphere particle behaves like a rigid object, where
the variation of the relative position between sub-spheres is not permitted in the DEM
simulation. The sum of the forces and torques imposed on each sub-sphere constitutes the
resultant force and torque acting on the multi-sphere particle when contact occurs between
multi-sphere particles. Subsequently, the resultant force and torque are accumulated at the
mass center of the multi-sphere particle to calculate the particle movement. Consequently,
the contact detection for multi-sphere particles can be converted to the determination
of contact for sub-spheres. Accordingly, the well-developed contact detection algorithm
devised for spherical particles can be effortlessly applied to multi-sphere particles, and its
superiorities in terms of robustness and efficiency are also inherited by the multi-sphere
DEM model.

When approximating a multi-sphere particle, there are two modes used to arrange the
sub-spheres, as shown in Figures 1 and 2. For the first mode (see Figure 1), all sub-spheres
(colored light blue in this figure) are inside the particle geometry (the semitransparent
area in this figure). The second mode (see Figure 2) guarantees that the multi-sphere
particle and the corresponding real particle have a comparable volume. Therefore, part
of the sub-spheres (colored by light blue in this figure) may fall outside of the particle
geometry (the semitransparent area in this figure). For simplicity, the first and second
modes are hereafter referred to as the control geometry mode and control volume mode,
respectively, depending on their characteristics. In this study, both modes were adopted to
create non-spherical particles, and their effects were evaluated.
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Particle 1 Particle 2 Particle 3 Particle 4 Particle 5
Real
shape
- O Y @ A
« @ D LY B &
2 XX X K

Figure 1. Particles described by the multi-sphere model adopting the control geometry principle.
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Figure 2. Particles described by the multi-sphere model adopting the control volume principle.

2.2.2. Polyhedral Model

A polyhedral particle is composed of a number of vertices, edges, and planes. It is,
therefore, rather suitable to use the polyhedral model to express the discontinuity of the par-
ticle surface (e.g., the coke particles). Generally, the geometric primitive used to construct
the polyhedral particles is the triangular plane, as shown in Figure 3. Just like the multi-
sphere model, the shape approximation accuracy of the polyhedral model can be improved
by using more triangular planes at the expense of decreasing computational efficiency.
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Figure 3. Particles described by the polyhedral model.

In this study, a theory based on the overlapping volume, which satisfies the energy-
conservation principle for elastic interparticle collisions [31], was used for the contact
detection between polyhedrons. To be specific, a polyhedral block can be generated from
the overlap between two contacting polyhedrons. Then, the contact normal n can be
expressed as

n=Yy Am;i/|Amn|, 3)

where A; and n; are the area and the corresponding outward unit normal vector of the plane
belonging to the aforementioned polyhedron block, respectively. Taking vertex—vertex
contact as an example, the polyhedral block V,P;P,P; is formed between particles, as
illustrated in Figure 4. According to the plane areas of A1, A, and A3 and the corresponding
outward unit normal vectors of n1, ny, and n3, Equation (3) can be rewritten as

n= (A1n1 + Aony + A3n3)/||A1n1 + Aony + A3n3||. 4)

Figure 4. Sketch map of vertex—vertex contact between two polyhedrons.

Using the same procedure as above, the unit normal vector #’ for polyhedron V1P P,P3
can also be determined. The relation of n = —#' is satisfied in this contact scenario. The
contact point is the center of the block composed of polyhedrons V1P;P;P3 and V,P1P,Ps.
The contact plane is vertical to the contact normal and passes through the contact point.
The overlap between polyhedrons is defined as the distance between the two deepest
points along the direction of the contact normal, where the deepest point is the vertex of the
corresponding polyhedral particle farthest from the contact plane. Additionally, the wall



Energies 2023, 16, 3890

7 of 21

was also approximated by triangular planes in this study. Therefore, the contact between
the polyhedron and wall could be transformed into a contact between two polyhedrons.

2.2.3. Super-Ellipsoid Model

The super-ellipsoid model is derived from the superquadric method introduced in
computer graphics and extended from the quadric equation. The standard mathematical
equation for the super-ellipsoid model is formulated as follows [25,35,37,56,57]:

51

DARE

c
where a, b, and c are the semimajor axis lengths of a particle along its principal axes,
respectively. The curvature of the particle edges is dictated by the shape indices s; and s,
where larger shape indices can lead to a sharper curvature. Using Equation (5), various
particle shapes can be expressed by varying the two shape indices (s; and s;) and three
semimajor axis lengths (4, b, and c), as shown in Figure 5.

In this study, the contact detection for super-ellipsoids was achieved via the so-called
“deepest point method” [25,39]. Figure 6a presents a schematic of the contact between
super-ellipsoid particles, where there are two contacting super-ellipsoid particles, Particle 1
(F1(x, y, z) = 0) and Particle 2 (F»(x, y, z) = 0). The key in using the deepest point method
is to determine the point Pq(x1, ¥1, z1) on the surface of Particle 1 that can minimize
F5 (x1, y1, and z;) and vice versa. This minimum is <0 when Particles 1 and 2 are in contact;
otherwise, there is no contact. To be specific, the deepest point method is mainly used to
determine the two deepest points of P; inside Particle 2 and P, inside Particle 1 so that
Fy(x1, y1, z1) and F1(x2, y2, z2) are minimized. Therefore, the contact detection between
super-ellipsoids can be determined by resolving the following formula:

X |52 51

f(xéhz)::(‘*

a

+|2

; ~1=0, 5)

{ Target equation : minF; (x,y, z) ©)

Constraint condition : Fy(x,y,z) =0

in which the target function is to search the deepest point, and the constraint condition
guarantees that the deepest point is on the particle surface. Then, Equation (6) can be solved
using the Lagrange multiplier method. The contact between the particle and wall (see
Figure 6b) can be solved similarly to that between super-ellipsoids, whereby Equation (6)
can be rewritten as

{ Target equation : minF,(x,y, z) @

Constraint condition : Fy(x,y,z) =0 °

1.5a=15b=c 125a=15b=c

Figure 5. Particles described by the super-ellipsoid model (a = b = c unless stated otherwise).
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(@)  Particle 1 Particle 2 (b) Particle
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Figure 6. Schematic of the contact for super-ellipsoid particles: (a) the contact between super-
ellipsoids; (b) the contact between super-ellipsoid and wall.

Once the deepest points are obtained, the other contact parameters can be determined
as follows (see Figure 6a): the overlap is equal to the length of the line segment P P; joining
the two deepest points, the contact point is defined as the midpoint of the line segment
P1P,, and the contact normal is parallel to the line segment P P;. For the contact between
the super-ellipsoid and wall (see Figure 6b), the direction of the contact normal is parallel
to the line P P3 that is perpendicular to the wall, the overlap is defined as the length of line
P1P3, and the point P; is the contact point.

3. Experiment and Simulation Conditions
3.1. Experiment of BF Charging

In general, the burden distribution in the furnace throat can reflect the packing char-
acteristics of the entire BE. Therefore, an experimental apparatus consisting of a hopper,
drop tube, rotating chute, cylindrical container, and motor was built to imitate the top
part of a real BF, in which the hopper, drop tube, and cylinder container correspond to the
charge bucket, central throat, and furnace throat, respectively. The corresponding schematic
illustration of the experimental setup of the charging system is displayed in Figure 7. As
shown in Figure 7, the diameter of the hopper outlet was 60 mm, and the diameter of the
drop tube was 80 mm. The cross-sectional shape of the rotating chute was semicircular with
a diameter of 90 mm, the chute length was 240 mm, and the chute inclination angle was 40°.
The diameter and height of the cylinder container were 600 mm and 400 mm, respectively.
The cylindrical container was made from transparent plexiglass to observe the final packing
state, and the material used for the hopper, drop tube, and chute was aluminum alloy.

300mm

60mm

80mm

400mm

600mm

Container

Figure 7. Schematic illustration of the experimental setup of BF charging system.
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Before the experiment, the particles were first loaded into the hopper, and the upper
surface of the particle pile was subsequently leveled. A baffle was placed at the outlet of the
hopper to prevent the particles from falling out of the hopper. Then, the stepper motor was
turned on with a rotation speed of 8 rpm. Subsequently, the experiment began when the
baffle at the hopper outlet was rapidly removed, whereby the particles fell freely under the
action of gravity. The falling particles sequentially flowed through the drop tube, rotating
chute, and cylindrical container. According to the purpose of this paper, the particle shape
and its approximation were more important than other particle properties. Therefore, the
particles used in the experiment were quartz sands with a shape similar to the coke and
ores used in a real BF, as illustrated in Figure 8.

Figure 8. Quartz sand particles used in the charging experiment.

According to the measurement results, the average equivalent radius of quartz sand
particles was 4.9 mm, the equivalent particle size ranged from 6 to 14 mm, and the den-
sity was 2750 kg/m?>. In the experiment, a fixed filling mass of particles was poured
into the hopper, and the number of particles was controlled to be approximately 15,000.
Additionally, several sets of pre-experiments were conducted to adjust the hopper outlet
diameter and the angle between the hopper wall and vertical direction so that the mass
flow rate of particles could fall at a constant rate. In this study, the measurements indicated
that the falling rate was approximately 581 g/s, roughly corresponding to an average of
468 particles per second falling from the hopper.

Figure 9 presents the burden morphology of the pile after the charging of quartz sands
in the experiment. To extract the surface profile of the experimental burden pile, the vertical
line method was used in this study. To be specific, a horizontal bar perforated every 20 mm,
some long fine lines, and some perforated steel balls with a diameter of 5 mm were required.
One end of the fine line was bolted to a small steel ball, while the other end was passed
through the hole of the horizontal bar. Subsequently, the horizontal bar was placed on top
of the cylinder container, and the fine line was slowly relaxed until the steel ball slightly
touched the surface of the particle packing. Thereafter, this fine line was knotted on the
horizontal bar. This process was repeated for the other holes of the horizontal bar. Once
these processes were completed, the vertical distance between the steel ball and horizontal
bar could be obtained. Lastly, the height of the burden pile corresponding to each hole
of the horizontal bar was determined by subtracting the aforementioned vertical distance
from the height of the cylindrical container. The above procedure was repeated six times
after rotating the horizontal bar 60° on each occasion to avoid systematic and random
error. According to these averaged heights, the surface profile versus the radius (R) of the
cylindrical contained is illustrated in Figure 9c, where the coordinate of R = 0 cm denotes
the center of the cylindrical container.
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Figure 9. Burden morphology obtained from the experiment: (a) top view of burden pile; (b) side
view of burden pile; (c) surface profile of pile along the container radius.

3.2. DEM Simulations

Due to the shape and size polydispersity of quartz sands, it is easy to imagine that a
significant amount of work is required to obtain the shape for every sand particle used in
the above experiment. Therefore, a reasonable simplification was carried out, whereby only
five particle types with different shapes and sizes were selected to represent the particulate
system of the quartz sands in the DEM simulations; the geometries of the sand particles
were extracted using a 3D scanner. In addition, some properties used in quantifying the
geometry of these selected particles are listed in Table 1, and their geometries are presented
in Figures 1-3.

Table 1. Particle dimensions used in the DEM simulations.

Volume Equivalent Diameter Maximum Size Mass
Particle 1 611.2 mm3 10.6 mm 18.5 mm 1.680 g
Particle 2 797.5 mm? 11.5 mm 18.1 mm 2192 ¢
Particle 3 339.6 mm? 9.1 mm 13.9 mm 0932¢g
Particle 4 554.0 mm?> 10.2 mm 15.8 mm 1526 ¢
Particle 5 161.7 mm3 6.8 mm 11.1 mm 0443 ¢

As mentioned above, non-spherical particles were approximated using the multi-
sphere model, polyhedral model, and super-ellipsoid model in DEM simulations. For
the multi-sphere model, the aforementioned control geometry (abbreviated as CG here-
after) principle and control volume (abbreviated as CV hereafter) principle were applied.
Figures 1 and 2 present the multi-sphere particles using the control geometry mode and
the control volume mode, respectively. The multi-sphere particles were constructed using
three, six, 12, and 24 sub-spheres corresponding to particles CG-3, CG-6, CG-12, and CG-24
in Figure 1 and particles CV-3, CV-6, CV-12, and CV-24 in Figure 2, respectively. Figure 3
presents the particles described by the polyhedral model, where the particles consist of
four, eight, 16, and 32 planes corresponding to particles Polyh-4, Polyh-8, Polyh-16, and
Polyh-32, respectively. Using the super-ellipsoid model, it is quite difficult to approximate
the irregular shape of sands. Therefore, the principle of the mass of super-ellipsoid parti-
cles being comparable with the mass of experimental sand particles was adopted, i.e., a
comparable volume between the super-ellipsoids and sands. Furthermore, the aspect ratios
of a/b and c/a were varied within the ranges 1.00-1.43 and 1.00-1.51, respectively, to ensure
a similar particle size distribution to the experimental particles. The parameters used to
describe the super-ellipsoids are listed in Table 2; four particle types varying the shape
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indices of s; and s, in Equation (5) were used, where particles SE-3, SE-5, SE-8, and SE-20
correspond to the cases of 51 =5, =3, 51 =sp =5, 51 =5 =8, and 51 = sp = 20, respectively.

Table 2. Parameters used for describing the super-ellipsoid particles.

$1 Sy a (mm) b (mm) b (mm) alb cla
SE-3 3 3 4.4+ 0.38 3.6 £0.28 5.5+ 0.62 1.04-1.43 1.02-1.51
SE-5 5 5 42+ 037 3.5+0.27 5.2 +0.60 1.03-1.39 1.01-1.49
SE-8 8 8 4.0+ 0.36 3.4+ 0.26 5.0 + 0.58 1.04-1.41 1.01-1.47
SE-20 20 20 3.8+0.35 3.3+0.25 4.8 + 0.56 1.00-1.41 1.00-1.51

Considering that the particle shape can affect the particle packing and, thus, the
flowability of particles discharged from the hopper, different particle feed rates might exist
when using different particle models. Unlike the aforementioned BF charging experiment,
there was no hopper, and the particles were dynamically generated in the inlet of the
drop tube at a constant feed rate with the experiment to avoid the influence of particle
feed rate in the DEM simulations. In addition, this treatment reduced the calculation
complexity. The other simulation conditions were identical to the above experiment; more
details regarding the parameters used in the DEM simulations are listed in Table 3. In
addition, the five different particle types (Particles 1, 2, 3, 4, and 5) shown in Figures 1-3
were randomly generated with equal probability during the DEM simulations using the
multi-sphere model and polyhedral model, while super-ellipsoid particles with different
sizes (see Table 2) were also randomly produced with equal probability. Note that every
simulation case was repeated five times. A self-developed DEM code (DEMSLab) was
adopted in this study to simulate particle movement.

Table 3. Parameters used in the DEM simulations.

Parameters Value
Density (kg/m?) 2750
Normal spring stiffness (N/m) 14,000
Tangential spring stiffness (N/m) 4000

L. - Particle-particle 0.5
Friction coefficient Particle—wall 03
Restitution coefficient 0.4
DEM time step (s) 5x 1075

4. Results and Discussion
4.1. Simulation Accuracy Using the Multi-Sphere Model

Figure 10 presents the packing states of burden charging of the multi-sphere particles
using different numbers of sub-spheres and adopting the control geometry mode. Figure 11
further presents the comparisons of surface profiles of burden piles between the experiment
and simulations, in which the surface profiles in the simulations were extracted using the
image processing technique. According to these two figures, the heap top position of the
burden surface moved toward the furnace center, the heap top height (i.e., the highest point
of the surface profile presented in Figure 11) increased, and the surface profile became
steeper as the number of sub-spheres increased. Moreover, the simulated burden profiles
were apparently lower than the experiment, especially for particles constructed using a
smaller number of sub-spheres. This could be largely attributed to the principle of the
CG model mentioned above, which led to a smaller particle volume when using fewer
sub-spheres. Therefore, there was a lower simulated burden profile upon decreasing the
number of sub-spheres. Overall, however, there was a higher simulation accuracy, with
the simulation results of surface piles more closely approaching the experimental results
for particles constructed using more sub-spheres. For example, Table 4 lists the heap top
height for the experiment and simulations. As shown in Table 4, the value of heap top
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height for CG-3 relative to the experiment deviated by as much as 45.9%, whereas the error
was reduced to only 6.3% for CG-24; error E was calculated as follows:

m — H.
E= | Hisin — Hexy | X 100%, ®)

where Hg;,, and Heyy, are the heap top heights obtained from the simulation and experi-
ment, respectively.

¥ Height (cm)
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Figure 10. Packing states of the burden pile when using the multi-sphere model adopting the control
geometry principle: (a) CG-3; (b) CG-6; (c) CG-12; (d) CG-24.
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Figure 11. Comparisons of the surface profiles between the experiment and multi-sphere DEM
simulations adopting the control geometry principle.

However, increasing the number of sub-spheres for the control geometry mode may
not reproduce all characteristics of the burden pile more accurately. For example, the
average voidage fraction of the burden pile is listed in Table 4. According to Table 4, the
error between the experiment and simulations first decreased and then increased, whereby
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CG-6 possessed the lowest error of 1.3% and CG-24 exhibited the largest error of 8.3%. This
implies that the use of more sub-spheres deteriorated the prediction of voidage fraction of
burden profile, disagreeing with the above conclusion obtained from Figures 10 and 11.

Table 4. Comparisons of the heap top height and average voidage fraction between the experiment
and multi-sphere DEM simulations adopting the control geometry principle.

Heap Top Height Error Average Voidage Fraction Error

Experiment 6.97 cm - 0.386 -
CG-3 3.77 cm 45.9% 0.372 3.6%
CG-6 4.99 cm 28.4% 0.391 1.3%
CG-12 5.70 cm 18.2% 0.407 5.4%
CG-24 6.53 cm 6.3% 0.418 8.3%

Figures 12 and 13 further display the packing states and surface profiles of burden
piles, respectively, for multi-sphere particles adopting the control volume principle. As
shown in these two figures, similar phenomena to those in Figures 10 and 11 can be
observed, whereby the heap top position of the burden surface was closer to the furnace
center, the surface profile was steeper (the inner repose angles were 29.5°, 30.6°, 31.3°, and
32.2° for CV-3, CV-6, CV-12, and CV-24, respectively, according to further measurements),
and the heap top height was increased upon increasing the number of sub-spheres. Table 5
further lists the heap top height and average voidage fraction for the experiment and
simulations. The measurement results of the average voidage fraction indicate that using
more sub-spheres resulted in a larger error between the experiment and simulations, similar
to the variation observed for the control geometry mode. Moreover, these two modes had a
comparable voidage fraction when using the same number of sub-spheres.

Table 5. Comparisons of the heap top height and average voidage fraction between the experiment
and multi-sphere DEM simulations adopting the control volume principle.

Heap Top Height Error Average Voidage Fraction Error

Experiment 6.97 cm - 0.386 -
CG-3 6.74 cm 3.3% 0.376 2.6%
CG-6 7.05 cm 1.1% 0.398 3.1%
CG-12 7.19 cm 3.2% 0.406 5.2%
CG-24 742 cm 6.5% 0.420 8.8%

(b)
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Figure 12. Packing states of the burden pile when using the multi-sphere model adopting the control
volume principle: (a) CV-3; (b) CV-6; (c) CV-12; (d) CV-24.
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Figure 13. Comparisons of the surface profiles between the experiment and multi-sphere DEM
simulations adopting the control volume principle.

Unlike the results in Figures 10 and 11, however, the variations presented in
Figures 12 and 13 were quite small for the control volume mode except for the average
voidage fraction, which was comparable. In comparing the performances of the control
geometry mode and control volume mode, it can be further concluded that using the control
volume mode could replicate the burden surface profile more accurately. As shown in
Figures 11 and 13, the prediction accuracies of surface profiles for all types of multi-sphere
particles adopting the control volume principle were rather favorable and apparently higher
than obtained using the control geometry mode. This phenomenon also indicates that
the differences in mass and volume of particles had a very important effect, wherein the
control geometry model could not accurately reproduce the real particles because of the
aforementioned constraints.

Moreover, the heap top position for CV-24 possessing the highest number of sub-
spheres in this paper was most consistent with the experiment, as illustrated in Figure 13.
Nevertheless, the surface profile of CV-6 agreed best with the experiment. This could be
attributed to the principle of the control volume mode, wherein the sub-spheres could guar-
antee a comparable volume between the multi-sphere and real particle. This phenomenon
became more prominent with the increase in the number of sub-spheres. Therefore, the
contour of the multi-sphere particles was larger than that of the real particles, leading to a
higher surface pile height for multi-sphere particles formed by more sub-spheres.

4.2. Simulation Accuracy Using the Polyhedral Model

In this section, the simulation results using the polyhedral DEM model are compared
with the experimental results. The burden piles for polyhedral particles approximated by
four, eight, 16, and 32 planes are shown in Figure 14, and their surface piles are plotted
in Figure 15. According to these two figures, the heap top height decreased when using
more planes, and the heap top position approached the furnace center upon increasing
the number of planes from eight to 32. Overall, using more planes could improve the
simulation accuracy, whereby the burden morphology for Polyh-32 was most consistent
with the experiment. The measurement results of the heap top height are listed in Table 6.
It can be found that there was an error of 19.8% between the experiment and simulation for
Polyh-4, whereas the error was only 1.4% for Polyh-32.
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Figure 14. Packing states of the burden pile when using the polyhedral model: (a) Polyh-4; (b) Polyh-8;
(c) Polyh-16; (d) Polyh-32.

In terms of the average voidage fraction of the burden pile (listed in Table 6), the
polyhedral DEM simulations could more accurately predict its magnitude when using
more planes, unlike the multi-sphere model, where using more sub-spheres could not
always obtain a higher prediction accuracy of voidage fraction. In addition, the voidage
fraction decreased with the number of planes. This means that the burden pile became
denser with the number of planes, leading to a lower burden height for polyhedrons
constructed using more planes (see Figure 15).

9
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Figure 15. Comparisons of the surface profiles between the experiment and polyhedral DEM simulations.
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Table 6. Comparisons of the heap top height and average voidage fraction between the experiment
and polyhedral DEM simulations.

Heap Top Height Error Average Voidage Fraction Error

Experiment 6.97 cm - 0.386 -
Polyh-4 8.35 cm 19.8% 0.484 25.4%
Polyh-8 7.87 cm 12.9% 0.432 12.0%
Polyh-16 7.51 cm 7.7% 0.409 6.0%
Polyh-32 7.07 cm 1.4% 0.398 3.1%

4.3. Simulation Accuracy of Using Super-Ellipsoid Model

The packing structures of the burden particles and the corresponding surface profiles
are illustrated in Figures 16 and 17, respectively, demonstrating the ability of the super-
ellipsoid DEM in replicating the burden behaviors in a BE. According to these two figures,
increasing the shape indices of the super-ellipsoid particles led to the heap top position
more closely approaching the furnace center, the heap top height increasing, and the surface
profile becoming steeper, similar to the variations observed as a function of the number of
sup-spheres for the multi-sphere model and the number of planes for the polyhedral model.
Moreover, these variations were intermediate between the multi-sphere model adopting
the control volume principle (see Figure 13) and the polyhedral model (see Figure 15).

The comparisons shown in Figure 17 imply that the simulation accuracy was improved
with the shape indices, and the difference in surface profile between the experiment and
SE-20 was minimal. Taking the heap top height (see measurement results in Table 7) as an
example, the error between the experiment and simulations was reduced from 19.8% to
4.2% upon increasing the shape indices from three to 20. In addition, there was a wider
particle distribution ranging from the center to the circumference of the furnace for smaller
shape indices. This could be ascribed to the smoother edges for super-ellipsoids with
smaller shape indices. Hence, the particles tended to roll down the heap top, resulting in
a wider distribution range. Table 7 also lists the average voidage fraction of the burden
pile. It can be found that the simulated voidage fraction was closer to the experiment upon
increasing the shape indices, whereby the error for SE-20 was only 7.0% compared with the
largest error of 19.2% for SE-3.

&¥ Height (cm)
. 7.0

6.0

Figure 16. Packing states of the burden pile when using the super-ellipsoid model: (a) SE-3; (b) SE-5;
(c) SE-8; (d) SE-20.
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Figure 17. Comparisons of the surface profiles between the experiment and super-ellipsoid
DEM simulations.

Table 7. Comparisons of the heap top height and average voidage fraction between the experiment
and super-ellipsoid DEM simulations.

Heap Top Height Error Average Voidage Fraction Error

Experiment 6.97 cm - 0.386 -
SE-3 5.59 cm 19.8% 0.312 19.2%
SE-5 5.89 cm 15.5% 0.326 15.5%
SE-8 6.27 cm 10.0% 0.344 10.9%
SE-20 6.68 cm 4.2% 0.359 7.0%

As discussed above, the difference between the experiment and SE-20 was fairly
small. This indicates that using the super-ellipsoid particles could reasonably reproduce
the burden distribution, despite the shape of the super-ellipsoid being quite different
from the particles used in a real BE. This might be due to the chaos of particulate systems,
whereby the influence of particle shape can be suppressed in some cases, especially for
super-ellipsoid particles with larger shape indices, in which the sharper edges of super-
ellipsoids can better mimic the characteristics of real particles. In comparison with the
multi-sphere model and polyhedral model, nevertheless, the optimal prediction results of
the super-ellipsoid model (i.e., SE-20) were inferior (e.g., the surface profiles for CV-6 (see
Figure 13) and Polyh-32 (see Figure 15)).

The coordinate number (CN), defined as the number of particles in contact with the
target particle, was also investigated in this paper, as the CN can be used to characterize the
structure of the burden pile and evaluate the heat conduction between particles, which are
important parameters for BF operation. According to our statistical results, the CNs were
4.72,4.59, 4.54, and 4.45 for SE-3, SE-5, SE-8, and SE-20, respectively. It can be found that
the CN decreased with the shape indices. The reason for this variation may be that there
were sharper edges for super-ellipsoids with larger shape indices, such that the particles
tended to be more cuboid. This led to a more ordered arrangement of the burden pile. In
general, an ordered arrangement of granular packing could reduce the contact between
particles. As such, there was a smaller CN for larger shape indices. Furthermore, the
variation trend of CN for super-ellipsoid particles differed from that of the multi-spheres
and polyhedrons. Specifically, there was generally a higher probability of contact when
more sub-elements (sub-spheres or triangular planes) were used for multi-spheres and
polyhedrons. As a consequence, the CN increased. In contrast, the super-ellipsoid model
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possessed the smallest CNs among the three particle models, being <5 for super-ellipsoids
and in the range of 5-6.5 for the other particle models. Moreover, the change in CN
for super-ellipsoid particles upon varying the shape indices was minimal, whereas the
polyhedral model possessed the biggest change.

4.4. Computational Efficiency

In this section, the computational efficiencies for the DEM simulations of the BF charg-
ing process using the multi-sphere model, polyhedral model, and super-ellipsoid model
are evaluated, as shown in Figure 18. All simulations were carried out on a workstation
using an Intel(R) Xeon (R) CPU E5-2650 v3 processor. The charging process of spherical
particles was also simulated, and the physical time consumed by the simulation case of
spherical particles was set to 1 (see Figure 18a—d). The nondimensionalized physical time
used for simulating the non-spherical particles was obtained on the basis of the spherical
case, i.e., the time ratio presented in Figure 18.

As presented in Figure 18, the calculation amount increased upon increasing the
number of sub-elements (i.e., the sub-spheres for the multi-sphere model and the planes
for the polyhedral model) and the shape indices of the super-ellipsoid model. For the
multi-sphere model, slightly more computation time was required for the control geometry
mode (see Figure 18a) in comparison with the control volume mode (see Figure 18b). There
was acceptable efficiency when the number of sub-spheres was less than 6. However, the
computational efficiency decreased significantly when the multi-sphere particles consisted of
more than 12 sub-spheres. For the polyhedral model, the computation time increased slowly
with the number of planes from four to 16, whereas it increased substantially when using
more than 16 planes. For the super-ellipsoid model, the computational efficiency remained
quite high, even for super-ellipsoids with relatively large shape indices. For example, the
computation time for SE-20 was 3.5 times faster than the spherical DEM simulation case.
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Figure 18. Evaluation of the computation efficiency for different particle models: (a) multi-sphere
model adopting the control geometry principle; (b) multi-sphere model adopting the control volume
principle; (c) polyhedral model; (d) super-ellipsoid model.
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5. Conclusions and Outlook

In this paper, experiments and corresponding DEM simulations of the charging and
burden distributions of non-spherical quartz sand particles in a lab-scale bell-less top BF
were carried out, in which three different particle models (multi-sphere model, polyhedral
model, and super-ellipsoid model) were used to describe the non-spherical particles within
the framework of the DEM. On the basis of the experiment and simulation results, a
comparative study of the simulation accuracy and computational efficiency for different
particle models was conducted. The primary conclusions are summarized as follows:

(1) Two modes (control geometry principle and control volume principle) were used to
create the non-spherical multi-sphere particles. For the control geometry mode, the
simulation accuracy generally increased with the number of sub-spheres. However,
there was a threshold for the control volume mode at which using more sub-spheres
no longer led to a higher accuracy. Overall, the control volume mode had a higher
simulation accuracy compared with the control geometry mode. In terms of compu-
tational efficiency, using more sub-spheres reduced the computation speed for both
modes, and the computing burden of the control geometry mode was slightly heavier
than that of the control volume mode. Accordingly, the control volume mode is more
promising than the control geometry mode for the numerical investigation of BFs.

(2) For the polyhedral model, increasing the number of planes in the polyhedral particles
improved the simulation accuracy. Applying the polyhedral model reproduced the
burden charging in the BF with the highest accuracy among the three particle models
used in this study. For example, the polyhedral particles constructed using the
highest number (32) of planes in this paper were most consistent with the experiment.
However, the computational efficiency decreased when using more planes, especially
for a relatively large number of planes.

(8)  With the increase in shape indices, super-ellipsoid particles simulated the burden behav-
ior more accurately. The behavior of particulate systems in the BF was still reasonably
replicated by the super-ellipsoid DEM with relatively large shape indices, despite their
rather different shape from the real particles used in a BE. Moreover, adopting larger
shape indices led to a lower computational efficiency, although the simulation remained
quite efficient even for super-ellipsoids with relatively large shape indices.

In summary, the choice of particle shape model plays an important role in simulation
accuracy and computational efficiency, with reasonable values obtained when using the
super-ellipsoid model and multi-sphere model constructed using a suitable number of
sub-spheres, whereas the polyhedral model achieved the highest simulation accuracy at the
expense of a rather heavy computing load. In the future, scholars can select the appropriate
particle model to simulate particle behavior in the BF depending on the performance of the
different particle models reported in this work and their research purposes.
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