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In order to reduce ironmaking-related CO2 emissions, hydrogen-enriched blast furnace (BF)
operation is currently under development. In hydrogen-enriched BF operation, coke layer
thickness can be decreased to reduce CO2 emissions. However, BFs operating with thin coke
layers may experience instability or discontinuous phenomena such as particle slip and gas
channeling problems, so it is important to optimize the particle diameter and coke layer
thickness for optimal BF operation. In this study, the effects of particle diameter and coke layer
thickness on the solid flow and stress distribution in a BF were analyzed using a
three-dimensional discrete element method. Furthermore, the effects of particle diameter and
coke layer thickness on the burden layer stabilities, particle velocities, and particle stress
distributions have been investigated. The results show that decreasing the coke layer thickness
caused instability owing to the mixing of the coke and ore layers in the BF-cohesive zone and
slight increases in both the average particle velocities and the average normal particle stress
magnitudes. In addition, the average particle velocities and average normal particle stresses were
higher for the smaller particles than for the larger ones during the simulations.
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I. INTRODUCTION

A blast furnace (BF) is a complex counter-current
reactor involving numerous physical processes, among
which heat transfer, thermodynamics, chemical reac-
tions, and solid and fluid transports are the major ones.
However, high temperatures and pressures in BFs
complicate dissection studies, in situ measurements,
and physical experiments. Consequently, computer sim-
ulations have played a very important role in under-
standing the intricate phenomena occurring inside
BFs.[1–13]

In BFs, alternating charges of coke and ore form the
burden layers. Coke serves as a heat source to melt iron
ore,[14] a carbon source to carburize iron,[15,16] a
reducing agent generating carbon monoxide,[14,17] and
a means of developing permeability for gas flows.[18–22]

Indeed, iron and steel manufacturers have been target-
ing reductions in the amounts of coke they consume to
minimize production costs and carbon dioxide emissions
by developing technologies such as hydrogen-enriched
ironmaking.[23–26] However, minimizing coke

consumption may result in thin coke layers, which in
turn may lead to unstable situations such as the mixing
of burden materials, yielding gas channeling problems,
which greatly affect heat transfer from gas to solid
burden and consequently decrease BF efficiency.
Gas permeabilities, which may affect BF efficiencies,

rely not only on burden layer thicknesses but also on
particle shapes and diameters.[1,20] The average particle
diameters of the coke and ore used as raw materials in
BFs are in the ranges 45 to 55 and 15 to 25 mm,
respectively.[27] Owing to this difference in diameters, the
permeability of coke is five times greater than that of the
ore. Therefore, it is essential to understand gas perme-
ability in thinner coke layers.
Currently, many iron and steel manufacturers use

5600-m3 or larger BFs to increase energy efficiency.[22,23]

Increasing BF volume, however, disturbs the burden
layer arrangements, average normal particle stresses,
and particle velocity distributions, especially in the
lower parts of BFs.[28] Several researchers have applied
numerical simulations such as continuum computa-
tional fluid dynamics (CCFD)[29,30] and discrete element
method (DEM)[31–33] models to BF studies. In recent
years, DEM and CFD have even been coupled.[1,34–46]

For example, Fan et al.[47] employed DEM using burden
layer arrangement, particle velocity, and stress distribu-
tion as parameters to investigate the effect of cohe-
sion-zone shape on solid flow. Jiang-Liang et al.[48] used
the same parameters to analyze the impacts of BF
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profiles such as shaft and bosh angles on burden flow.
Natsui et al.[43,49,50] also studied the distributions of
particle velocity, stress, drag, and pressure in BFs by
applying the same technique. Keyser et al.[51] used the
continuum approach to investigate the effect of coal
particle diameter on the packed bed pressure loss and
gas flow distribution.

Based on these previous studies, it is concluded that
numerical simulations for the hydrogen-enhanced oper-
ation of BFs may give insight into the direction of
practical operation, particularly into how to maintain
stable gas permeability through the burden layers with
less coke charging in a hydrogen-enhanced environ-
ment. Above the cohesive zone, when the different
diameter coke and ore particles are mixed, the smaller
particles occupy the free space between larger ones and
minimize gas permeability. Among the factors that
cause degradation of coke in packed bed, some of them
are solution loss reaction, shuttering, and abrasion.
Here, abrasion is caused by stress developed due to
contact forces. The abraded particles and the generated
fine particles reduce the gas permeability in the packed
bed. In addition, the abrasion of coke particles can be
reduced by increasing the particle velocity. If the
burden flows faster, the collision of particles will be
minimized and possibly create lower stress field in the
stress network area. Then, lower stress field mitigates
abrasion and enhances permeability. Therefore, the
information of stress distribution and particle velocity
variation are important to understand the behavior in
BF.

The aims of the present study are to investigate the
effects of particle diameter and coke layer thickness on
the burden layer arrangement, average particle velocity,
and normal particle stress distribution in the entire BF.
Natsui et al.[41,43] showed that the effects of gas flows on
the burden layer arrangements, average particle veloc-
ities, and normal particle stress distributions in BFs by
coupling DEM and CFD, and concluded that there were
slight effect but the general trend could be explained by
DEM simulation. Therefore, three-dimensional DEM is
adequate for examining these objectives because it can
determine how thin coke layers can enhance the molten

iron production rate while reducing coke consumption
and the corresponding carbon dioxide emissions without
affecting BF stability.

II. MODEL DESCRIPTION

A. Fundamental Equations of DEM

DEM is an analytical method based on Newton’s
second law of motion for translational and rotational
motions of particles.[31,49,52] The particle positions,
velocities, and accelerations are calculated based on
discrete time for all the particles in the control volume
under consideration. The contact force between particles
or between a particle and a wall is composed of elastic
and damping forces in both the normal and tangential
directions. In this study, we implemented the built-in
Hertz–Mindlin no-slip contact model of the EDEM
commercial software.[1,53,54] Schematics of the DEM
model and the interactive forces between particles i and j
are shown in Figures 1(a) and (b) respectively. The
model consists of a slider to represent friction, a dash
pot to indicate damping, and a spring for the elastic
force in both directions. The fundamental equations that
govern the motions of particles are given by Eqs. [1] and
[2][1,46,52,55] for translation and rotation, respectively:

mi
d2ui
dt2

þ g
dui
dt

þ Kui þmig ¼ 0 ½1�

Ii
d2ui

dt2
þ gR2

i

dui

dt
þ KR2

i ui ¼ 0; ½2�

where m, K, g, g, I, ui, ui, and R denote the mass,
spring stiffness, damping coefficient, gravitational
acceleration, moment of inertia, translational displace-
ment, angular displacement, and radius of particle i
respectively. The contact forces, Fn and Ft, in the nor-
mal and tangential directions, respectively, acting on
particle i by particle j can be derived as follows:

Fn ¼ KnDun;ij þ gn
Dun;ij
Dt

� �
nij ½3�

Fig. 1—(a) Contact model in DEM. (b) Interactive forces between particles i and j.
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Ft ¼ Kt Dut;ij þ uij

� �
þ gt

Dut;ij þ uij

� �
Dt

" #
tij; ½4�

where Duij and D/ij represent the linear and angular

displacements of the particle centroids, and nij and tij
are the unit vectors in the normal and tangential direc-
tions, respectively. Subscripts n and t denote the nor-
mal and tangential directions, respectively. Spring
stiffness, K and damping coefficient, g are determined
from particle properties such as the Young’s modulus
(E), Poisson’s ratio (t), contact-circle radius (R), and
mass (m) as follows:

Kn ¼ 2R
1� t2i
Ei

þ
1� t2j
Ej

 ! !
½5�

Kt ¼ 8R
2 2� tið Þ 1þ tið Þ

Ei
þ
2 2� tj
� �

1þ tjð Þ
Ej

� �
½6�

gn ¼ 2
ffiffiffiffiffiffiffiffiffiffi
mKn

p
½7�

gt ¼ 2
ffiffiffiffiffiffiffiffiffi
mKt

p
½8�

The Coulomb friction forces, Ft,ij and rolling friction
torques, Mt opposing the rotations are given by:

F t;ij ¼ l Fn;ij

		 		 ½9�

M t ¼
3

8
aR Fnj j; ½10�

where l and a are static and rolling friction coeffi-
cients, respectively. The torque T generated by tangen-
tial forces is calculated as:

T ¼ R
X

F t; ½11�

where
P

F t is the summation of forces in tangential
direction from Eqs. [4] and [9]. In Figure 1(b), vi and
vj are the translational and xi and xj are the rotational
velocities of particles i and j, respectively. The detailed
descriptions of the DEM equations can be found in
the studies of Natsui et al.[43,44,56,57]

III. SIMULATION CONDITIONS

In the simulations, two different-sized BFs were
employed. The effects of coke layer thickness on solid flow
and stress distribution were investigated with a BF whose
inner volume was 5775 m3 and which had 40 tuyères. The
effects of particle diameter on solid flow and stress
distribution were investigated with a BF whose inner
volume was 1344 m3 and which had 24 tuyères. The

volume of the latter one was roughly two-thirds that of the
former one. Owing to computational difficulties, only
one-quarter and one-sixth of the revolutions were consid-
ered in the cases of the effects of coke layer thickness and
the effects of particle diameter respectively. The sectioning
wall was assumed frictionless, and the images reported in
this paper were taken at the middle of the control volume
of the simulation to remove the possible effect of the
frictionless sectioning wall. The schematic diagram of the
BF is shown in Figure 2(a) and the geometric dimensions
of the control volumes are listed inTable I. The calculation
region was approximated by dividing it into rectangu-
lar-coordinate tetrahedrons, as shown in Figure 2(b). To
analyze the effects of particle diameter on solid flow and
stress distribution, two cases were considered by changing
the coke and iron ore particle diameters from 0.3 and 0.15
to 0.15 and 0.075 m, respectively, as listed in Table II.
Likewise, to analyze the effects of coke layer thickness on
solid flow and stress distribution, three cases were consid-
ered by varying the particle layer thicknesses, i.e., by
changing the number of particles per layer, as listed in

Fig. 2—Schematics of (a) blast furnace geometry and (b)
computational grid for DEM.

Table I. Dimensions of Blast Furnace Control Volumes

Inner Volume (m3) 5775 1344
Number of Tuyères 40 24
H1 (m) 7.8 5.0
H2 (m) 8.6 5.7
H3 (m) 5.6 3.6
V1 (m) 5.5 3.4
V2 (m) 4 3.4
V3 (m) 3 3.4
V4 (m) 19 10
V5 (m) 2 2
Revolution Angle (deg) 90 60
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Table III. In case (a), the numbers of charged coke and ore
particles were roughly adjusted so that the thicknesses of
the coke and ore layers were equal to the diameters of 1
coke and 3 ore particles, respectively, if orderly arranged in
the BF-cohesive zone. In case (b), the coke layer thickness
was increased while the ore layer thickness was kept
constant. Thus, the ratio of ore to coke per layer was
decreased from 11 to 8.64. In case (c), the iron ore layer
thickness was increased again to produce the same
ore-to-coke ratio as in case (a).

Spherical particles were assumed in the simulations.
To accelerate the calculations, the particle diameters
were proportionally enlarged. The particle properties
and simulation conditions, listed in Table II, were taken
from previous studies.[43] Most of the physical properties
were obtained from Reference 43. Here, higher static
and rolling friction coefficients for the contact forces
between particles and between particles and the BF wall
were employed to take into consideration particle shape
factors. The value of coefficient of restitution was taken
from a value in the range of 0.2 to 0.6 suggested in
Reference 1 to form a stable layer on the top. The coke
particles were discharged from the raceway due to
gravitational force of its own weight through the holes
of the tuyeres naturally. The diameter of a tuyere hole
was taken as 1 m. Tuyeres were uniformly distributed
around the circumference.

IV. RESULTS AND DISCUSSION

A. Effects of Coke Layer Thickness on Solid Flow
and Stress Distribution

1. Burden layer arrangements
Initially, the BF was filled to the throat with coke

particles alone. As the coke particles were discharged
from the raceway, representing their consumption, iron
ore and coke particles were alternately charged from the

throat to maintain the stoke line at a fixed level, so that
a steady solid flow was maintained. As a result, a
multilayer consisting of a sequence of alternating iron
ore and coke particle layers was formed, as shown in
Figures 3(a) through (c), where red and green represent
the iron ore and coke particles, respectively.
The effects of the coke layer thickness on the solid

flow and stress distribution can be clearly observed by
measuring many parameters such as the stability of the
layers in the lower part of the BF, the height of
deadman, the particle descending velocity, and the stress
distribution. The burden layers indicated in Figures 3(a)
through (c) were formed by varying the number of coke
and iron ore particles per layer introduced into the BF.
The exact number of particles per layer and their relative
ratios are listed in Table III. In all three cases, despite
the variation in layer thickness, separate layers were
formed in the upper part of the BF. As the particles
descended, the layers became thinner in the BF-cohesive

Table II. Calculation Parameters Used in DEM Analysis

Parameters

Layer Thickness Particle Size

Coke Ore Wall Coke Ore Wall

Particle Diameter (m) 0.3[43] 0.15[43] case 1 0.3 0.15
case 2 0.15 0.075

Coefficient of Restitution[1] 0.5 0.5 0.5 0.3 0.3 0.3
Static Coefficient of Friction[43] 1 1 0.7 1 1 0.7
Rolling Coefficient of Friction[43] 2.5 1.25 2.4 1.25
Apparent Density (kg/m3)[43] 1100 4000 1100 4000
Young’s Modulus (GPa)[43] 1 1 2 1 1 2
Poisson’s Ratio[43] 0.21 0.24 0.3 0.21 0.24 0.3
Time Step (s) 1.6 9 10�5 1.25 9 10�4

Table III. Number of Particles Per Layer for Analysis of

Layer Thickness in DEM

Case Coke Ore Ore/Coke

a 1000 11,000 11
b 1300 11,000 8.64
c 1300 14,300 11

Fig. 3—DEM simulation results. Green and red represent coke and
iron ore particles, respectively. (a) 1000 coke and 11,000 ore
particles, (b) 1300 coke and 11,000 ore particles, and (c) 1300 coke
and 14,300 ore particles per layer.
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zone. With the increasing ore-to-coke particle ratio for a
relatively thin coke layer, as in case (a), the coke and ore
layers became increasingly mixed and unstable in the
lower part of the BF, which may negatively affect the gas
permeability in the BF. In cases (b) and (c), on the other
hand, distinct layers were formed with the increasing
coke layer thickness, irrespective of the ore-to-coke
particle ratio, as shown in Figures 4(a) and (b). Here,
the deadman height seemed to depend on the ore-to-
coke particle ratio rather than on the coke layer
thickness.

The deadman, which served as the coke supply source
for combustion, is the conical deposit of coke particles
in the lower part of the BF just below the cohesive
zone,[58] as represented by the light gray particles in
Figures 3 and 4. As per the DEM calculations, the
deadman heights above the tuyère level were around 8,
5.6, and 7 m in cases of (a), (b), and (c), respectively,
suggesting that decreasing the coke layer thickness
increased the instability in the lower part of the BF. In
addition, reducing the overall coke consumption rate
would increase the deadman height. In Figures 3 and 4,
it took 641.4, 436.3, and 425.6 seconds of simulation
time to form the layers in (a), (b), and (c) cases,
respectively.

2. Normal stresses
Owing to interparticle collisions and collisions

between particles and the BF wall, descending particles
are subjected to contact forces. Increased stress during
BF operation may increase dust generation, which may
prevent the formation of permeable channels for gas
flow. Therefore, the effect of the coke consumption rate
on the normal stress should be investigated. The average
normal stress developed on an individual particle was
determined by dividing the resultant of all the forces
acting on the particle by its surface area. Thus, the
normal stress, rn, on each particle was calculated
by[37,43,47,48]

rn ¼
P

j Fn;ij

.
pd2i

½12�

where di is the diameter of particle i, and Fn,ij is the
normal force applied by either particle j or the wall on
particle i.

A typical normal force distribution in the whole BF is
shown for case (c) in Figure 5. The high and low normal
forces are indicated in red and blue, respectively. The
distribution shows that higher normal forces were
developed on the particles in the lower part of the BF
because particles descending from above applied more
pressure on the particles below owing to gravity. As
indicated in blue in Figure 5, the particles in the upper
part of the BF were subjected to the minimum average
normal force. The particles at the raceway clearly were
subjected to lower average normal forces than the

Fig. 4—Comparison of layers described in Fig. 3 considering only the lower part of BF. Green and red represent coke and iron ore particles,
respectively. (a) 1000 coke and 11,000 ore particles, and (b) 1300 coke and 11,000 ore particles per layer.

Fig. 5—Normal force distribution for steady descent in case (c).
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nearby particles in the lower part of the BF. The
particles in the deadman, on the other hand, were
subjected to the maximum normal force.

To investigate the effect of coke layer thickness on
normal particle stress distribution, variations in the
average normal particle stress over time are shown in
Figure 6. The six graphs in Figure 6 represent the
average normal stresses on the iron ore and coke
particles in cases (a), (b), and (c). The normal stresses
developed on both the iron ore and coke particles
gradually increased over time, and the iron ore particles
developed higher normal stresses than the coke particles
in all cases. The highest normal stress was developed on
the iron ore particles in case (a) when the coke layer
thickness was the minimum and the ore-to-coke particle
ratio was high. In contrast, the lowest normal stress was
developed on the coke particles in case (b) when the
coke layer thickness was the maximum and the
ore-to-coke particle ratio was low. Zhang et al. reported
that higher average normal stresses, as shown in case (a),
caused wall abrasion, especially in the lower parts of
BFs.[48] It is noteworthy that while maintaining a

constant coke layer thickness as the ore layer thickness
was increased, as shown in case (c), the average normal
stress could be decreased.

3. Average particle velocities
Figure 7 shows the average velocities of the coke and

ore particles in the BF over time for cases (a), (b), and
(c). In all the graphs, the average particle velocities were
roughly constant except for the intermittent high veloc-
ity peaks and the small fluctuations in particle velocity
between them. The average particle velocity was higher
in case (a) when the ore-to-coke particle ratio was the
maximum and the coke layer was relatively thin,
corresponding to exactly when the normal stress was
the maximum. The average particle velocity was lower,
corresponding to exactly when the normal stress was the
minimum, in case (b). Therefore, it seemed that the
thinner the coke layer, the faster the particles descended.
The average particle velocity slightly increased when a
constant coke layer thickness was maintained, while the
ore layer thickness was increased. Consequently, it is
expected that in ironmaking BF, the molten iron
production rate can be accelerated by decreasing the
coke’s consumption rate. However, since burden motion
is not a rate-limiting step in a real process, reduction,
carburization, and melt formation should be accelerated
simultaneously.

B. Effects of Particle Diameter on Solid Flow and Stress
Distribution

1. Burden layer arrangements
To investigate the effects of particle diameter on solid

flow and stress distribution, two cases in which the coke
particle diameter was twice the iron ore particle diam-
eter were compared for large and small particles. The
simulation burden layer patterns are shown in
Figures 8(a) and (b). For the smaller particles, as shown
in Figure 8(b), the burden layers were more stable and
ordered, even in the lower part of the BF. Obviously,
more burden layers were needed to fill the BF, and a
short deadman was formed. The smaller particles,
especially those in the lower part of the BF, also showed
the microscopic effects of collision with the BF wall. The
larger particles, on the other hand, showed some layer
disruption in the lower part of the BF, as shown in
Figure 8(a). The BF was filled with fewer burden layers,
and the height of the deadman was increased. As per the
DEM calculations, the deadman heights above the
tuyère were around 4.58 and 1.77 m for the larger and
smaller particles, respectively, suggesting that increasing
the particle diameter to enhance the gas permeability
may yield instability in the lower parts of BFs operating
under hydrogen-enhanced conditions. It took 471.31
and 153.7 seconds of simulation time to form the layers
in (a) and (b) cases of Figure 8, respectively.

2. Normal stresses
The variations in the average normal stresses of the

particles over time are shown in Figure 9. The average
normal stresses developing on the large and small coke
and iron ore particles gradually increased over time, as

Fig. 6—Effect of layer thickness on average normal stresses on
particles in blast furnace.

Fig. 7—Effect of layer thickness on average velocities of particles in
blast furnace.
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in the burden layer thickness simulations discussed in
Section IV–A–2. The smaller particles were subjected to
higher normal stresses than the larger ones owing to the
higher packing density of the smaller particles, and the
iron ore particles were subjected to higher normal
stresses than the coke particles. However, the overall
trend was slightly different for the larger particles, as
shown in Figure 10. Early in the simulation, owing to
layer mixing and instability, the larger iron ore particles
seemed to be more stable than the larger coke ones, and
the larger coke particles were subjected to higher normal
stresses. As a result, the average normal stress developed
on the larger coke particles was slightly higher than that
developed on the larger iron ore ones except when the
iron ore and coke were charged. However, the larger
particles stabilized over time, and the normal stress
developed on the larger iron ore particles became higher
than that developed on the larger coke particles starting
from around 300 seconds. Figure 11 compares the
average normal stresses developed on the large (dia
= 0.3 m) and small (dia = 0.15 m) coke particles. The
periodic tall peaks were generated when the iron ore was
charged. The periodic medium peaks between the tall

peaks were generated when the coke was charged. The
periodic small peaks between the medium peaks were
generated by the interparticle collisions and slipping
motions of the descending particles. The difference
between the peak heights when the iron ore and coke
were charged was attributed to the difference in the
particle densities. In the simulation for the large
particles, the gaps between the periodic tall peaks,
representing the iron ore charging intervals, were large,
indicating that the larger particles took more time than
the smaller ones to accumulate even a single particle
layer in the simulations.

3. Average particle velocities
The average particle velocities showed steady particle

flows, which is almost the same trend as that shown by
the layer thicknesses. The velocity distributions of the
large- and small-diameter coke and iron ore particles are
presented in Figure 12. Clearly, the average velocities of

Fig. 8—DEM simulation results for effects of particle diameters on
solid flow and stress distribution. Green and red represent coke and
iron ore particles, respectively. (a) Coke and iron ore particle
diameters = 0.3 and 0.15 m, respectively; 600 coke and 3600 iron
ore particles per layer. (b) Coke and iron ore particle diameters =
0.15 and 0.075 m, respectively; 5000 coke and 13,000 iron ore
particles per layer.

Fig. 9—Effects of particle diameter sizes on average normal stresses
of particles in blast furnace.

Fig. 10—Distributions of average normal stresses among coke and
ore particles.
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the smaller particles were higher than those of the larger
ones during the simulations, suggesting that increasing
the diameters of the particles in BFs may reduce molten
metal production rates. However, as mentioned in
Section IV–A–3 in a real process, reduction, carburiza-
tion and melt formation should be accelerated to
increase the production rate.

V. CONCLUSIONS

In this study, a three-dimensional discrete element
method was used to analyze the coke and iron ore
particle flows in a BF for operations. The effects of
particle diameter and coke layer thickness on the solid
flow and stress distribution in a BF were demonstrated
by calculating parameters such as burden layer

arrangements, average particle velocities, and normal
particle stress distributions for large and small coke and
iron ore particles and for three different coke layer
thicknesses.
The particles were subjected to the highest average

normal stress in case (a) when the ore-to-coke particle
ratio was the highest and the coke layer was relatively
thin. The particles were subjected to the lowest average
normal stress in case (b) when the ore-to-coke particle
ratio was the lowest and the coke layer was thicker. In
case (c), the particles were subjected to average normal
stress between those to which the particles in cases (a)
and (b) were subjected when the ore-to-coke particle
ratio was the highest and the number of coke particles
per layer was the same as that in case (a). The highest
average particle velocity was obtained when the
ore-to-coke particle ratio was the highest and the coke
layer was relatively thin, exactly when the normal stress
was the highest. Therefore, the thinner the coke layer,
the faster the burden layers descended. However,
thinner coke layers may lead to instability and layer
mixing in the BF-cohesive zone. Consequently, case (c)
showed the optimal reactor operating conditions
because the burden layers descended quickly, and the
particles were subjected to average normal stresses,
while distinct coke and iron ore layers were formed.
The average normal particle stress increased over time

owing to more interparticle collisions as more particles
were introduced into the BF. The smaller particles were
subjected to higher average normal stresses than the
larger ones during the simulations. All the particles
steadily descended apart from the small fluctuations in
particle velocity observed when the iron ore and coke
were charged. During the simulations, the smaller
particles showed higher average velocities than the
larger ones, suggesting that operating BFs with
larger-diameter particles may enhance gas permeability,
which may decrease the molten iron production rate.
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