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Abstract: The lumpy zone in a blast furnace is composed of piles formed naturally during burden
charging. The properties of this zone have significant effects on the blast furnace operation, including
heat and mass transfer, chemical reactions and gas flow. The properties of the layers mainly include
the angle of repose and porosity distribution. This paper introduces two methods, the Discharging
Method and the Lifting Method, to study the influence of the packing method on the angle of repose
of the pile. The relationships of the angle of repose and porosity with physical parameters are
also investigated. The porosity distribution in the bottom of a pile shows a decreasing trend from
the region below the apex to the center. The coordination number of the particles is employed to
explain this change. The maximum of the frequency distribution of it was found to show a negative
correlation to the static friction coefficient, but becomes insensitive to the parameter as the static
friction coefficient increases above 0.6.

Keywords: pellet pile; Discrete Element Method; porosity distribution; angle of repose;
coordination number

1. Introduction

The lumpy zone of the blast furnace (BF) is composed of layers of piled burden formed naturally
during charging. Two significant variables characterize the properties of the layers: The angle of
repose and porosity distribution, which reflect the external shape and internal structure, respectively.
The former reflects the stability and surface profile of the piles. The latter is a direct reflection of the
permeability of the burden, which is closely connected to the gas flow resistance and heat exchange
efficiency between the burden and gas in the blast furnace. Therefore, an improved understanding
of the formation mechanism and internal state of a pile is important when measures are to be taken
to improve the efficiency of the conditions in the upper part of the blast furnace. The coordination
number (CN) is an important parameter reflecting the internal structure of the granular pile, which
is closely related to porosity. However, it is difficult to gain a deep understanding of the flow and
packing of granular materials by experimental methods, due to the complex behavior of granular
materials in bulk systems [1,2]. Therefore, numerical simulation has become an interesting and viable
option, and, in particular, the discrete element method (DEM). This method can provide estimates of
the position, velocity and stress information of each particle in a granular system.

The angle of repose is a fundamental property of a pile, which usually reflects the liquidity
potential of it. By simulation, it has been found that the angle of repose is related to DEM parameters,
such as the rolling and static friction coefficient [3]. Elperin et al. [4] and Coetzee et al. [5] revealed that
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the angle of repose is positively correlated with the friction coefficient, but when the friction coefficient
increases to a certain value, the angle of repose does not any longer increase or instead even decreases,
due to the collapse of the pile. Alizadeh et al. [6] also found that the angle of repose is strongly affected
by the particle shape. Furthermore, the particle size [7,8] and packing method [9] also influence the
angle of repose.

Porosity is closely related to the permeability of the packed bed. Thus, by adjusting the porosity in
the BF can help control the gas distribution, and thus, the heat transfer and reactions in the lumpy zone.
It has been observed that the gas permeability of the stock column will deteriorate rapidly when the
porosity is reduced to or below 0.3. It is easier to measure the porosity of particles in a container either
in an experiment or in simulation than in the real process. Zou and Yu [10] presented experimental
research on porosity by using a cylindrical container and found that the initial porosity of a pile is
strongly dependent on both particle shape and packing method. Another simulation work by the same
authors [11] concluded that particle size also influenced the porosity. However, there are only a few
publications on the porosity distribution in a three-dimensional particle pile, which is of interest for
the distribution of gas flow in industrial applications, such as in reactors, moving and fluidized beds.

Iron oxide particles are used as the main raw material in the blast furnace. Still, many papers
on the simulation of gas-solid two-phase flow in the blast furnace have not considered the radial
distribution of porosity, even though the porosity distribution is known to be non-uniform. Therefore,
it is an important aspect to consider. The present work studied the effects of DEM parameters and
packing method on the properties of pellet piles, with the aim to provide insights that can be used in
modeling and further research on the porosity distribution of burden in the blast furnace.

Packing density, as the opposite of porosity, has also been studied by many investigators. Most
studies focus on packing density of spherical [12–14] and non-spherical particles [15–20] in a container
by dense or loose packing [15]. However, as it is hard to measure the porosity distribution of a conical
pellet heap, there are still few publications in this field, due to the anisotropic properties of granular
materials, the complexity of pile structure and the opaque mechanism by which the packing evolves in
three dimensions [1]. DEM has become a viable choice for studies on the properties of granular piles,
and therefore this modeling method has become popular in blast furnace investigations [21–24].

The present work introduces several novel aspects, including the treatment of the porosity
distribution in the pile and the fact that industrial-scale pellets are studied, as well as the 1:10
scale-charging system used. The paper studies the angle of repose and porosity distribution of a pile
of iron oxide pellet by experimental and numerical methods. Section 2 introduces the experimental
work, including the methods and apparatus. The simulation theories and conditions are presented
in Section 3. In Section 4, the angle of repose and porosity distribution of a pellet pile are studied to
validate the DEM physical parameters determined by the discharging method. The effects of packing
method on the angle of repose are also discussed. Finally, the conclusions of the work are proposed.

2. Experimental Work

The experimental study is based on iron oxide pellets. As the shape of the pellet is close to that of
a sphere, spherical particles were used in the simulations to be presented. In fact, particle shape affects
the porosity of the pile, but since we focus of pellets, particle shape was not considered. The reader is
referred to Reference [25] for more information about this matter.

Pellets used in the experiments come from a steel plant in China. About 10,000 pellets were
selected after applying sieves with aperture size in the range 13–15 mm. The experimental apparatus
is illustrated in Figure 1a, which is a 1:10 scale charging system of a BF. A stable pellet pile was
formed on a table by the discharging method. In order to study the profiles of the arising pile, a
camera with the lens level along with the desktop was used to take photographs from four different
directions of the pile. The angle of repose was obtained by analyzing the profile of the heap using
photograph-processing technology.



Processes 2019, 7, 561 3 of 12

The same method was used to form a pile for measuring the porosity distribution. Seven 25 mL
(plexiglass) breakers placed beforehand to be buried in the pellet pile were slowly removed afterwards
to be able to measure the porosity (P), expressed b y

P =
V1

V
× 100%, (1)

where V1 and V denote the void volume (mL) of beakers full of particles and the volume of the empty
beaker, respectively. In order to reduce the errors, the experiment was repeated nine times, and the
average result was reported.
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3. Simulation Method and Conditions

3.1. Discrete Element Method (DEM)

The simulation part of this research is based on DEM, which was firstly proposed by Cundall
and Strack [26]. This method considers two types of motion of a particle, translation and rotation,
which are governed by Newton’s second law of motion. The elastic contact force expression used in
this work is the non-linear Hertz-Mindlin no-slip model [27], which is illustrated in Figure 2. The
basic expressions are given in Equations (2) and (3). The former is the translational equation, which is
composed of gravitational force, mig, contact force and viscous contact damping force, where Kn, Kt, γn

and γt express the normal elastic constant, tangential elastic constant, normal damping constant and
tangential damping constant, respectively. A particle with the mass of mi contacts with K particles, and
the contact force between them depends on the deformation between particles, δn. In the equation, ui,
vn and vt represent the translational velocity, and the component of relatively velocity for the normal
and tangential directions.

mi
dui
dt

=
K∑

j=1

(
Knδni j − γnvnij

)
+

(
Ktδni j − γtvti j

)
+ mig (2)

Equation (3) represents the rotational movement of particles, where Mk
r and Md

r are two torques,
which are caused by a tangential force and rolling friction. A Coulomb-type friction law is used to
express the friction between the two particles. Ii and ωi denote the moment of inertia and rotational
velocity, respectively.

Ii
dωi
dt

=
K∑

j=1

(Mk
r + Md

r ) (3)
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Table 1 presents the formulas used to calculate the forces and torques between the particles. In
this work, we use the open-source software LIGGGHTS 3.5.0 [28] implementation of DEM.

 

Figure 2. Depiction of forces acting particle i in contact with particle j.

Table 1. Detailed description of the parameter expressions in discrete element method (DEM).

Parameters Equations

Kn, Kt Kn =
4
3
γ∗
√

R∗δn,Kt = 8G∗
√

R∗δn

γn, γt γn = −2

√
5
6
β
√

snm∗ � 0, γt = −2

√
5
6
β
√

stm∗ � 0

Sn, St Sn = 2γ∗
√

R∗δn, St = 8G∗
√

R∗δn

β β =
ln(e)√

ln2(e) + π2

1
γ∗

1
γ∗

=

(
1− v1

2
)

Y1
+

(
1− v2

2
)

Y2
1

G∗
1

G∗
=

2(2− v1)(1 + v1)

Y1
+

2(2− v2)(1 + v2)

Y2
1

R∗
,

1
m∗

1
R∗

=
1

R1
+

1
R2

,
1

m∗
=

1
m1

+
1

m2
∆Mk

r ∆Mk
r = −kr∆θr, kr = kt·R∗2∣∣∣∣Mk

r,t+∆t

∣∣∣∣�Mm
r

Mk
r,t+∆t = Mk

r,t + ∆Mk
r , Mm

r = µrR∗Fn

Md
r,t+∆t

Md
r,t+∆t = −Cr

.
θr(

∣∣∣∣Mk
r,t+∆t

∣∣∣∣< Mm
r )

Md
r,t+∆t = −Cr

.
θr(

∣∣∣∣Mk
r,t+∆t

∣∣∣∣= Mm
r )

Cr = ηrCcrit
r , Ccrit

r = 2
√

Irkr

Ir =

 1
Ii + mir2

i

+
1

I j + m jr2
j


−1

In the expressions, G, Y, e and υ represent the Shear modulus, Young’s modulus, coefficient of restitution and
Poisson’s ratio, respectively, while µr and µs represent the rolling and static friction coefficient, respectively.
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3.2. Simulation Conditions

The apparatus of the Discharging Method in the simulation consists of a hopper, a baffle and a
table, just like the components used in the experiments. In the Lifting Method, the apparatus is only a
column barrel. The geometric models are both shown in Figure 1b. DEM parameters of pellet were
chosen according to the results of previous work by the authors [29] and are presented in Table 2. In
the simulations, we studied the effects of the DEM parameters on the angle of repose and porosity
distribution. Furthermore, the effects of different drop heights of the Discharging Method, as well as
the effects of lift speed and barrel size in the Lifting Method, on the angle of repose of the pile were
also investigated.

Table 2. Physical and contact parameters used in DEM simulation, including pellet particle and walls.

Parameters Values

Particle number 100,000
Particle density 4837 kg/m3

Time step 10−5 s
Young’s modulus 2.5 × 1011 Pa (pellet), 2 × 1011 Pa (steel plane), 7.2 × 1010 (plexiglass)

Poisson ratio (p-p; p-w; p-g) 0.25, 0.3, 0.2
Coefficient of restitution (p-p; p-w; p-g) 0.4, 0.35, 0.2

Coefficient of friction (p-w; p-g) 0.4, 0.25
Rolling friction coefficient (p-w; p-g) 0.4, 0.15

Size of pellet 8 mm, 14 mm, 20 mm

In the table, p-p, p-w and p-g represent the coefficients for pellet-pellet, pellet-wall and pellet-plexiglass (breaker)
interaction. Some parameter values were from the literature [17,18].

For the simulation of porosity, we used seven boxes (5 cm × 10 cm × 5 cm) placed along the
diameter of the bottom of the pile to measure the bottom porosity distribution (BPD). In determining
whether a particle belongs to the box, its central coordinates were used. The porosity of the bed in each
box can be calculated by

P =

(
1−

nVp

V

)
× 100%, (4)

where V is the volume of the box and Vp is the volume of a single pellet, and n is the number of
particles in the box.

4. Results and Discussion

4.1. Simulation and Experimental Study of Angle of Repose

4.1.1. Angle of Repose by the Discharging Method

We first studied the influence of DEM parameters on the angle of repose of the pellet pile.
As the effect of a physical parameter is studied, the other parameters were kept unchanged at the
values reported in Table 2. From work reported in the literature [2], it is known that the angle of
repose is sensitive mainly to the rolling and static friction coefficients between the particles. Vertical
cross-sections of the pellet pile with different rolling and static friction coefficients are shown in Figure 3.
It was observed that when the rolling and static friction coefficients increase from low (0.01) to high
(0.99) values, the shape of the pile changed a lot, especially for the latter parameter. The results of
contour extractions of the heap are shown in Figure 4. It is obvious that the height of the pile increases
and then tends to be stable.

Figure 5 shows the angle of repose with different rolling and static friction coefficients, with error
bars indicating the deviation of the angle of repose in different directions of the pile. The angle of
repose shows a positive correlation with the friction coefficients. When the static and rolling friction
coefficients change from 0.01 to 0.99, the angle of repose of the pellet pile changes about 8◦ and 20◦,
respectively, which indicates that static friction coefficient has a stronger impact on the angle of repose.
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In general, high static friction is always accompanied by high rolling friction, and the latter depends
on the physical properties on the particle surface. However, there is a decreasing trend when µr > 0.6
or µs > 0.8. A reason may be that the heap has reached the maximum stable angle at this point, and a
further increase in the friction coefficient will cause the heap to collapse.

In addition to the effects of the DEM parameters on the angle of repose, the external conditions,
such as the drop height cannot be ignored. Figure 6a shows the angle of repose for different drop
heights for pellets with different static and rolling friction coefficients. It reveals that when the drop
height increases, the angle of repose decreases and this trend will weaken when the friction coefficients
increase. It was found that with an increase in the drop height, the bottom size of the heap decreased.
Therefore, we define the normalized effective diameter (NED) to express the size, which is the diameter
of the bottom circle of the heap where most particles gather, neglecting the particles scattered around
the heap because there is an obvious boundary of the high-density particle area and the scattered
particle area. Figure 6b shows that for particles with a large coefficient of static friction, the NED of
the pile is small. In addition, the NED decreases sharply initially and then levels out when the drop
height increases. The reason is that particles will have large kinetic energy when dropping from a high
location, and when the particles collide with the packed bed, they more easily bounce and scatter
around the heap.
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inserted subfigure in (b) is a top view of the simulated pile.

4.1.2. The angle of Repose by the Lifting Method

In the simulation of the Lifting Method, we designed four different cases (Table 3) to study the
influence of the barrel size and lift speed on the angle of repose. Case 1 and Case 2 have the same
coefficient of friction, but different barrel size. All the cases were considered with four different lifting
velocities (0.005 m/s, 0.01 m/s, 0.02 m/s and 0.03 m/s). Figure 7 shows the angle of repose with different
lifting velocities. The angle of repose tends to decrease when the lifting velocity increases, and this
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trend is weakened as the friction coefficient increases because a small lifting velocity makes it easier to
keep the particles in their original positions. Through comparing Cases 1 and 2, it can be seen that the
angle of repose will increase if the barrel size gets smaller. The dotted pink line and solid pink line in
Figure 7 represent the angle of repose with different packing methods, but the same DEM parameters,
which reveals that the angle of repose formed by the Lifting Method is larger than that determined by
the Discharging Method.

Table 3. Different cases studied by the Lifting Method.

Cases Rolling Friction Coefficient Static Friction Coefficient Barrel Size (Diameter: m)

Case1
0.05 0.15

0.1

Case2
0.15Case3 0.12 0.15

Case4 0.12 0.45
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4.1.3. Simulated vs. Experimental Angles of Repose

The average of the experimentally determined angle of repose of the pellet pile is about 25◦.
Comparing it with the simulated results in Figure 5, we found that when µr = 0.12 and µs = 0.15, the
experimental and simulated results agree well. Thus, these two values can be used to study the BPD
and average porosity of pellet piles. The profiles of the experimental and simulated heaps seen in
Figure 8 as black and red lines illustrate the agreement. The figure also shows that the Lifting Method
gives a higher heap and a larger angle of repose than the Discharging Method.
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4.2. Porosity Distribution of Pellet Pile

4.2.1. Simulated vs. Experimental BPD

The BPD of the pile is used to specifically and quantitatively describe the pile porosity. Figure 9
shows the simulated and experimental BPD of the pellet pile measured by the containers. The simulated
results include porosity distribution in containers and in-unit boxes. The coordinate 0.00 on the abscissa
represents the center position of the pile, and ±0.15 represent the edges. The trends of the curves are
seen to be the same in the experiments and simulations. The porosity distribution shows a V-shaped
appearance, where the central value is lower than that at the edge. In fact, the experimental and
simulated values measured by the containers are all larger than the real ones (without containers)
because of the so-called wall effect. The difference of the simulated results (equal value of BPD) with
containers and without containers can be used to quantify this effect. We found that the wall effect
would result in an error of 3.3 percent points compared with direct measurement without a container.
In Figure 9, the experimental porosities are a little larger than the simulated ones because a drainage
method was used to measure the porosity in the experiments, and the operation loss of water leads to a
larger porosity. In order to further study the distribution of the porosity, the coordination number (CN)
was employed, where CN expresses the number of particles in contact with one particle. Figure 10,
where different colors represent different values, indicates that CN increases from the edge to the
center of the pile, because of the compact packing of particles in the center. These results coincide with
the findings on the porosity distribution. The central position of the heap is formed by the vertical
falling particles, which have greater kinetic energy, causing a more compact structure of the pile. After
the formation of the initial heap, the pile with the continuous falling particles will collapse, and the
edges form.
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4.2.2. Effects of Rolling and Static Friction on BPD

Figure 11 shows the BPD of the heap when the rolling and static friction coefficients change, where
the inserted graphs show the average value of BPD. When the static and rolling friction coefficient
change from 0.01 to 0.99, the average porosities change by 7 and 3 percent points, respectively, which
means that the static friction coefficient has a greater impact on porosity. This conclusion is also
supported by findings reported in the literature [3,6,30–33].
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seven points on a curve) with different (a) static and (b) rolling friction coefficients.

Figure 12 depicts the frequency distribution of CN for different static and rolling friction coefficients,
showing a maximum value of the frequency at CN ≈ 4. Thus, most particles are in contact with four
neighboring particles. The static friction coefficient affects the frequency distribution, but mainly for
µs < 0.6, and the rolling friction seems to have no effect. As seen in Figure 13, when the static friction
coefficient increases, the CN of the heap decreases, but the decrease is small for µs > 0.6. The reason
may be that if the CN is small, the porosity is large. The average CN of the heap is only affected by the
rolling friction when the coefficient is very small.
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5. Conclusions

The angle of repose, coordination number (CN) and bottom porosity distribution (BPD) of pellet
piles were studied by DEM simulation and experimental methods. A charging system mimicking
that of a blast furnace, but in 1:10 scale was designed to simulate the pile formation of iron oxide
pellets. The effects of DEM parameters and packing method on the angle of repose were also studied,
including the drop height in the Discharging Method and properties (lifting velocity, barrel size) of the
Lifting Method. Some of the results are highlighted in the following.

The angle of repose shows a positive correlation with static and rolling friction coefficients. The
angle of repose formed by the Lifting Method is bigger than that obtained by the Discharging Method.
When the drop height increases, the angle of repose decreases, but this trend will weaken when the
static friction coefficient becomes large. In the Lifting Method, the angle of repose tends to decrease
with an increase in the lifting velocity or in the barrel size, but the trend is less clear for pellets with
large friction coefficients. The size of the bottom circle of the heap is significantly reduced with an
increase in the friction coefficient. Appropriate values of the rolling and static friction coefficients for
the pellets were found to be 0.12 and 0.15, respectively.

The porosity distribution in the bottom of the heap (BDP) along the heap diagonal shows a V-type
behavior, where the value in the center is smaller than those at the edges. The BPD shows an increasing
trend with the increase of the friction coefficient. CN is an important parameter reflecting the internal
structure of the pile, and expectedly, it shows a negative correlation with porosity. The maximum of
the frequency distribution of CN, which occurs at CN ≈ 4, exhibits a negative correlation with the static
friction coefficient and eventually remains unchanged when the coefficient grows larger than 0.6. CN
is not significantly affected by the rolling friction coefficient.
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