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Abstract: 

In numerical simulations of the blast furnace, the discrete element method (DEM) is a 

quite novel method. The accuracy of physical parameters of the method is a key issue 

for the reliability of the results. In this study, we first measured the parameters 

describing the interaction between pellets, sinter and coke, as well as between these 

three materials and a steel plate. The experimentally determined parameters include the 

Young’s modulus, Shear modulus and Poisson’s ratio, particle density, coefficient of 

restitution, as well as coefficients of static and rolling friction. The coefficients of 

rolling friction of non-spherical particles were obtained by comparing the repose angle 

of bulk materials in experiment and simulation. After these calibration steps, the DEM 

parameters were validated by a comparison of free surfaces of the conical piles formed 

in simulations and experiments. The experimental and calculated results show good 

agreement, which demonstrates that the measured DEM parameters are of sufficient 

accuracy to be used in simulation of burden distribution and descent in the blast furnace. 

 

Keywords: discrete element method (DEM), pellet, coke, sinter, DEM parameters, 
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1 Introduction 

The blast furnace (BF) is the principal process for production of pig iron in the world. 

Recently, due to a tougher competition and higher requirements of environmentally 

friendly operation of the plants, reliable control of large BFs has become an important 

issue to reduce costs and to guarantee smooth and efficient operation at low emission 

levels. For long, the BF was considered as a black box, because the process and the 

phenomena in it were difficult to understand. Numerical simulation methods, such as 

the discrete element method (DEM) and computational fluid dynamics (CFD), have 

recently been applied extensively to gain understanding of the internal phenomena of 

the BF, with the goal to control the operation. 

DEM is an advanced numerical method that was proposed by Cundall and Strack [1] in 

1979. This method can provide information about the location, velocity, stress and 

energy of each particle in a granular system. DEM coupled with other methods, such as 

CFD or other continuum models can be used to study the interaction between solid and 

fluid phases in the BF. Some researchers have used DEM to study sub-problems of the 

BF to tackle practical problems, including charging [2-7], burden profile estimation [8], 

segregation behaviors [9-11], solid motion in the shaft [12] and raceway [13].  

In the DEM calculation, the geometry, initial conditions and physical parameters have 

to be set, where the physical parameters are principal particle properties, which affect 

the simulated motion of the granular matter. Some of the DEM parameters are affected 

by surface shape and roughness, hardness and size of particles. Many researchers have 

studied the effects of these parameters on the simulation results, including the effects 

of physical parameters on repose angle [14-16] and packing density (or porosity) [17, 

18]: all investigators found that the DEM parameters clearly affect the results, and 

particularly when the parameter values are varied in certain ranges. In BF simulations 

by DEM [9, 19, 20], the physical parameters of pellets, coke and sinter are very different. 

In many DEM studies, the investigators simply used parameter values taken from the 

open literature in their studies without making any attempt to “measure” the parameters. 

If the parameters used are inappropriate, in the findings of the studied may be incorrect. 

http://www.baidu.com/link?url=ugOb65s03KrArgvLgqzeqJRYeEMR_QEgt0DqJJuVfcXx_kanlVc1qd4XmceKh3Y6UsnPwO0g9hRVVAviBNB0u-RNCEDWnLTcl9bRAzb7rmS


3 
 

Furthermore, the DEM parameters may be influenced not only by particle properties 

but also by the environment (e.g., moisture of particles and presence of dust on the 

surface of the particles). Therefore, it is motivated to design procedures by which these 

DEM parameters could be “measured”. 

The physical parameters can be divided into two main categories. One includes contact 

parameters, mainly coefficients of static, sliding and rolling friction, and coefficient of 

restitution. The other includes particle properties, e.g., particle density and size, 

Poisson’s ratio and Young’s modulus. The contact parameters will depend on the 

particular contact model used in DEM simulations, and the spring-dashpot contact 

model with rolling friction is commonly used. It is difficult to experimentally “measure” 

some parameters, such as the coefficient of rolling friction and coefficient of restitution. 

In addition, the validity of the physical parameters determined in impact load cell tests 

[21, 22], tribometer tests [23, 24] and particle drop tests [25] should be further verified 

by comparison of experimental and simulated results. 

In earlier work, some investigators attempted to “measure” DEM parameters in 

experiments validated by simulation. Wang et al. [26] presented a method to determine 

the coefficient of friction of the particle-particle collision of frozen maize in three 

dimensions. Hlosta et al. [27] also used a particle-particle collision method to determine 

the coefficient of restitution of corn, wood pellets and black coal. However, there are a 

only few publications about the measurements on the DEM physical parameters of raw 

materials used for ironmaking in the blast furnace. Li et al. [16] and Gustafsson et al. 

[28] only tested the Young’s modulus of iron ore particles by a universal tester. Barrios 

et al. [29] used a pin-on-disk tribometer to measure the friction coefficient of iron oxide 

pellets and presented a new method for the measurement of coefficient of rolling 

friction and restitution. Madadi et al. [25] made a study on the physical parameters of 

pellets, which included chemical composition and porosity, crushing strength and 

abrasion resistance, size distribution, Young’ s modulus and Poisson’s ratio, as well as 

the contact parameters, such as coefficient of friction and restitution of pellets. However, 

all these studies were concerned with iron oxide pellets, which have nearly spherical 

shape, which is relatively easy to verify by DEM simulation. The study of the physical 
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parameters of other non-spherical particles in the blast furnace, such as sinter and coke, 

should not be neglected. 

In this paper, we first report the measurement methods and the results of determining 

the main physical parameters, such as Poisson’s ratio, Young’s modulus, shear modulus, 

density, coefficient of restitution, and coefficient of static and rolling friction of pellets, 

coke and sinter. Then the “measured” DEM parameters are validated by comparison of 

the free surface of conical piles of three kinds of burden materials built in experiments 

and in simulation. 

2 DEM Equations and Parameters 

The open-source software LIGGGHTS 3.5.0 [30, 31] is a basic tool for DEM, which is 

an extension of the basic molecular dynamic code LAMMPS [31] that considers flow 

of granular matter and heat transfer. The elastic contact force model used in this work 

is non-linear Hertz-Mindlin no-slip model [32], which is classical model used in DEM 

investigations. In DEM simulations, two motion states of a particle are considered, 

translational and rotational motion, which are expressed by Newton’s second law of 

motion combined with a force-displacement correlation at the points of contact between 

particles, as shown in Fig. 1. The governing equations for a particle (i) in interaction 

with another (j) are Eqs. (1) and (2). The former describes the translational equation 

including the normal contact force and the tangential contact force, as well as the 

corresponding viscous damping forces (negative items) and gravity force, mig. Friction 

is expressed with a Coulomb-type friction law. The torque, (cf. Eq. (2)) on particle i 

includes a component from tangential force, 𝑴𝑟
𝑘 and another from the rolling friction 

force, 𝑴𝑟
𝑑. Young’s modulus (Y) and Poisson’s ratio (υ) are related to elastic constant 

and elastic damping constant for normal (γn) and tangential contact (γt), which can be 

seen from Eqs. (3-6). The coefficient of restitution (e) is mainly related to the 

viscoelastic damping constant, cf. Eqs. (5-6). Coefficients of static and rolling friction 

are used in Eqs. (7) and (8). For translational motion of a particle, the tangential force 

(Ft) is less than or equal to the normal force (Fn) multiplied by a factor, which is the 
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coefficient of static friction. A similar condition is also applied to rotational motion, but 

adding the concept of torque multiplied by the radius R. All these parameters in 

LIGGGHTS affect the equations and thus the results of the simulation. 

Newton’s law is applied in 

𝑚𝑖
𝑑u𝑖

𝑑𝑡
= ∑ 𝐹𝑡 + 𝐹𝑛

𝐾
𝑗=1 + 𝑚𝑖g = ∑ (𝐾𝑛𝛿𝑛𝑖𝑗 − 𝛾𝑛𝑣𝑛𝑖𝑗) + (𝐾𝑡𝛿𝑛𝑖𝑗 − 𝛾𝑡𝑣𝑡𝑖𝑗)𝐾

𝑗=1 + 𝑚𝑖g       (1) 

𝐼𝑖
dω𝑖

d𝑡
= ∑ (𝑀𝑟

𝑘 + 𝑀𝑟
𝑑𝐾

𝑗=1 )                         (2) 

where δn  defines the overlap distance of two particles, Kn and Kt  are the elastic 

constant for normal and tangential contact, respectively. In Eq. (1), vn and vt denote 

the normal component of the relative velocity of the two particles, and in Eq. (2)i is 

the angular velocity of particle i. The model parameters that appear in the above 

equations are expressed as 

 

𝑘𝑛 =
4

3
·

𝑌𝑖𝑌𝑗

𝑌𝑗(1−𝜗𝑖
2)+𝑌𝑖(1−𝜗𝑗

2)
√

𝑅𝑖𝑅𝑗

𝑅𝑖+𝑅𝑗
𝛿𝑛                      (3) 

𝑘𝑡 =
4𝑌𝑖𝑌𝑗

Yj(2−𝜗𝑖)(1+𝜗𝑖)+Yi(2−𝜗𝑗)(1+𝜗𝑗)
                        (4) 
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5

6
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𝛿𝑛·

𝑚𝑖𝑚𝑗

𝑚𝑖+𝑚𝑗

𝑌𝑗(1−𝜗𝑖
2)+𝑌𝑖(1−𝜗𝑗

2)
                 (5) 

𝛾𝑡 = −2√
5

6

𝑙𝑛 (𝑒)

√𝑙𝑛2(𝑒)+𝜋2

√
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𝛿𝑛·

𝑚𝑖𝑚𝑗

𝑚𝑖+𝑚𝑗

Yj(2−𝜗𝑖)(1+𝜗𝑖)+Yi(2−𝜗𝑗)(1+𝜗𝑗)
               (6) 

𝐹𝑡 ≤ 𝜇𝑠𝐹𝑛                                (7) 

|𝑀𝑟,𝑡+𝛥𝑡
𝑘 | ≤ 𝑀𝑟

𝑚 = 𝜇𝑟
𝑅𝑖𝑅𝑗

𝑅𝑖+𝑅𝑗
𝐹𝑛                          (8) 

where Ri and Rj are the radii of the particles, while mi and mj are the mass of them. Y 

is the Young modulus, υ is the Poisson’s ratio, e is the coefficient of restitution, while 

μs and μr are the coefficients of static and rolling friction. 

Some practical means to determine DEM physical parameters are shown in Fig. 2. In 

the present research, Y, G and υ of pellets were measured by a dynamic elastic modulus 

tester. Particle density was measured by a pycnometer. Coefficients of restitution of 

pellet-pellet (P-P), pellet-steel plate (P-steel), sinter-sinter (S-S), sinter-steel plate (S-
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steel), coke-coke (C-C) and coke-steel plate (C-steel) were measured by a drop-bounce 

experiment using a high-speed industrial camera. Three kinds of friction factors were 

measured by the high-speed industrial camera combined with a simple device, which is 

an own design to be described in detail in Section 3. In the end, DEM parameters of 

pellets, coke and sinter were verified by a comparison of the shape of conical piles 

formed in experiments and simulations.  

 

Fig. 1. Depiction of interaction forces between two particles (i and j) in DEM 

 

 

Fig. 2. Means to determine DEM physical parameters. P-P, S-S, C-C, P-steel, S-steel and C-steel 

represent the coefficients between pellet-pellet, sinter-sinter, coke-coke, pellet-steel plate, sinter-

steel plate and coke-steel plate, respectively. 
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3 Materials and Methods 

3.1 BF Raw Materials 

The BF burden materials are mainly pellets, sinter and coke. In this research, the blast 

furnace burden particles studied were obtained from an iron and steel company of China. 

In order to reduce random errors of experiments, particles with similar size were chosen, 

as shown in Fig. 3 and the size is also reported in Table 1. In the DEM simulations, 

pellets were approximated as spherical particles, but for sinter and coke, equivalent 

spherical diameter (ESD) was used to represent the particle size because of the irregular 

shape. 

 

Fig. 3. Images of pellet, sinter and coke particles from an iron and steel company of China 

 

Table 1 Size of pellet, sinter and coke particles in the experiments 

Materials Pellet Sinter Coke 

Size (radius/ESD, mm) 13-15 16-20 24-26 

 

3.2 Experimental Measurements of DEM Parameters 

3.2.1 Measurement of Poisson’s Ratio, Young’s Modulus, Shear Modulus and 

density of Iron Ore 

Poisson’s ratio, Young’s modulus and Shear modulus are all properties that characterize 

the elasticity of the material. Poisson’s ratio (υ) defines the ratio between transverse 

strain (et) and longitudinal strain (el) in the elastic loading direction, i.e., υ = –et/el. 

Isotropic materials satisfy the condition –1 ≤ υ ≤ 0.5. For most well-known solids, such 
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as metals, polymers and ceramics, the condition 0.25 < υ < 0.35 holds true [33]. 

In this study, a dynamic elastic modulus tester shown in Fig. 4 was used to measure the 

three parameters according to the ASTM E1876-01 standard test method for dynamics 

Young’s modulus, Shear modulus and Poisson’s ratio. The shape and size requirements 

for the test samples are rectangle samples and the minimum size is 3 mm×4 mm×40 

mm. It is known that these three elastic constants are independent of material shape and 

size. Therefore, we prepared rectangular iron ore samples to satisfy the size requirement 

for the tester. These samples made by magnetite powder are shown in Fig. 5 and the 

size is 5 mm×20 mm×80 mm. The preparation process can be simply described as 

follows. A small amount of fine bentonite (weight percent 2%) was added to magnetite 

powder with 95% of the size ＞74 µm and was mixed properly. Next, an appropriate 

amount of water was poured into the mixture to form a slurry. After this, the slurry was 

fed into a mold and kept there for 10 min and green samples were obtained after 

removing the mold. Finally, the samples were heated up to 1250C in nitrogen 

atmosphere and kept at this temperature for 30 min. The porosity of the iron ore samples 

is 24-29%, which is close to the true value of iron oxide pellets in the steel plant and 

they also have the same mechanical behavior and properties. 

After this preparation, the sample was placed into a dynamic elastic modulus tester, and 

a pulse excitation signal of the sample was generated by a suitable external force on the 

end of the modulus tester. When the frequency of the excitation signal was consistent 

with the natural frequency of the sample, resonance occurred and the wave was received 

on the other end of modulus tester. The wave was converted into electrical signals by 

the transmission of microphones and the frequency interval of the wave was also 

recorded. It measures the natural frequencies of the samples and thus the values of υ, Y 

and e of the pellets can be calculated. 

Particle density was measured three times by a pycnometer (Micrometrics 

AccuPyc1340), which is based on Archimedes principle-gas expansion replacement 

method. Firstly, we dumped several particles in containers at a time and then put the 

containers in the measurement system. Using the ideal gas law (PV = nRT), the volume 

of the sample can be accurately measured by detecting the change of gas volume in the 
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sample test chamber. Thus, the particle density is obtained from the definition, i.e., the 

ratio of mass and volume. 

 

Fig. 4. Dynamic elastic modulus tester (RFDA, IMCE, Belgium) 

 

 

Fig. 5. Iron ore plate with dimensions 

3.2.2 Measurement of Coefficient of Restitution 

The coefficient of restitution defines the ratio of the final (v) to initial velocity (u)  

between two objects after collision (cf. Eq. (9)) and is related to the hardness and shape 

of the material and the specifics of the collision. It reflects the elastic ability of an object 

(A) after collision with another (B) 

 

𝑒 =
𝑣B−𝑣A

𝑢B−𝑢A
                              (9) 

 

In the experiments, particles (object A) were dropped onto a fixed table (object B), so 

vB and uB are considered zero. Thus, Eq. (9) simplifies to 

𝑒 =
𝑣A

𝑢A
                               (10) 

In the study, the coefficients of restitution of P-P, S-S, C-C, P-steel, S-steel and C-steel 

were studied. In order to fix object B, three kinds of “particle plates” (Fig. 6) were made 

to measure the coefficient of restitution for particle-particle interaction. The particle 

plate was composed of a 5 mm thick plank and similar size particles, which were glued 
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on the plank surface. The sizes of the glued pellet, sinter and coke were 13-15 mm, 5-

8 mm and 8-14 mm, respectively. In order to reduce the effects of particle shape, a flat 

part of each particle was fixed to face upwards on the plate to yield a possibly smooth 

plate. 

In order to reduce random errors and ensure the accuracy of the experiments, five 

particles were collected and each experiment was repeated ten times. By observing the 

recorded video, we regarded an experiment with particle rotation after the “bouncing” 

as a failure and abandoned it from the calculation. Therefore, clear outliers were 

eliminated. It has been demonstrated that the dropping height has little effect on the e 

[29], so a fixed dropping height of 1 m was used in this part. A high-speed industrial 

camera (see Fig. 7 (1) and Table 2) was used to record the process and follow the 

particle trajectory. The relationship between the displacement and time of the 

movement of particle can be established from the video which had a short time interval 

per frame (1/800 s), and the detailed calculation process will be given below 

Table 2 Parameters of high speed industrial camera 

Device type Lens name Image size Shutter speed Frame rate 

VW-9000 Z100 640×480 1/500 s 800 fps 

 

Some assumptions have to be made in the post-processing of the images captured by 

the high-speed camera. (1) Only the vertical movement of particles was considered and 

the motion in other directions was ignored; (2) Small rotational motion of particles was 

neglected; (3) Only two-dimensional photos were considered and a fixed standard point 

(P) of the particle (shown in Fig. 8) was selected for the calculation of the particle 

displacement. The point P was considered the center of the pellet. For sinter and coke, 

circumscribed circles of the particle of the two-dimensional graphs were used to 

determine the point P, as described in detail as follows. 

There are mainly two kinds of particle shapes, i.e., square and oblong, for sinter and 

coke. An illustration of the procedure for the selection of the measurement points for 

these two irregular particles, labelled (1) and (2), is shown in Fig. 8. For particles of 

square shape (1), mark the vertexes of the particles and then draw circles circumscribing 
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all combinations of three vertices. A “master” circle of minimum radius is drawn such 

that the centers of all other circles fall within it, as depicted by dotted line in the figure, 

and the point P is the center of the dotted circle. For particles of oblong shape (2), one 

of the centers of the circumscribed circles will be eliminated, indicated by the yellow 

small dashed circle in Fig. 8. The point P is chosen based on the circumscribed circles 

except the one with the yellow dashed center point. 

A schematic diagram of the measurement of the coefficient of restitution is presented 

in Fig. 7, part (2). Displacement and time values of the particles were obtained by 

intercepting the frames at the three positions a, b and c. The velocity of particles 

colliding before and after the table can be calculated by  

𝑢𝑎𝑡1 +
1

2
g𝑡1

2 = 𝑥1                                (11) 

𝑢1
2−𝑢𝑎

2

2g
= 𝑥2                                 (12) 

  𝑣1𝑡2 −
1

2
g𝑡2

2 = 𝑥3                                (13) 

where 𝑢𝑎  is the speed of the particle at position a, 𝑡1 is the time between a and b, 

which can be calculated by 𝑛1/800 s, where 𝑛1 is the number of frames between a 

and b. As for distances, 𝑥1 is the displacement between a and b, 𝑥2 between b and o, 

and 𝑥3 between o and c, while 𝑡2 is the time elapsed between o and c. Finally, the 

coefficient of restitution can be calculated by Eq. (10). 

 

Fig. 6. Pellet plate (left), sinter plate (middle) and coke plate (right) 

   

(1) (2) 
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Fig. 7. (1) High-speed industrial camera, (2) measurement of the coefficient of restitution 

 

 

Fig. 8. Selection of measurement points for irregular particles: (1) square and (2) oblong shape 

3.2.3 Coefficient of Friction (COF) 

Coefficients of static and rolling friction are two main DEM parameters. Fig. 9 (1) 

shows schematic diagrams related to the static friction of two objects. A sphere is on an 

inclined surface and is subjected to gravity (m1g), support force (Fs) and friction force 

(Ff). The static friction is defined as a trend of relative sliding between two objects in 

contact, but the objects remain relatively stationary.  

Rolling friction is the force resisting the rotational motion and is usually expressed in 

terms of a torque. A schematic diagram related to the rolling friction between two 

objects is given in Fig. 9 (2), where F is thrust force, and m2g expresses the gravity 

force. In addition, r is the radius, d is the distance between A and the vertical line 

through o. α expresses the included angle of the connection of Ao and the vertical line. 

If the ball is rolling on the table at a constant speed, it can be described according to the 

moment equilibrium equation as  

 𝐹𝑟 cos α = 𝑚2𝑔𝑑                            (14) 

If α is very small, we have cos α ≈ 1, so 𝐹 ≈
𝑚2𝑔·𝑑

𝑟
.  

Fc can be treated as a resultant force of rolling friction force Ffr and support force N 

from the table. If the ball is rolling on the table at a constant speed, F = Ffr, N = m2g. 

When the ball rolls from an inclined surface, the support force N can be described 

as 𝑁 = 𝑚2g cos θ. The energy consumption (Qr) by rolling friction can be expressed 

https://en.wikipedia.org/wiki/Motion_(physics)
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by Eq. (15), where μr is the coefficient of rolling friction, L is the length of the slope, r 

is the radius of the particle and θ is the included angle of the slope.  

  𝑄𝑟 = 𝐹𝑟𝐿 =
𝑚𝑔 cos 𝜃·𝑑𝐿

𝑟
=

𝜇𝑟𝑚𝑔 cos 𝜃·𝐿

𝑟
                  (15) 

In this study, we designed a simple device to measure the two kinds of COF. Figure 10 

(1) shows a front and left view of the device while (2) is three-dimensional presentation. 

The device is mainly composed of plates, hinges, connecting rods and other 

components. When the upper slope rotates, the particles will move downward along the 

slope. The specific measurement methods for different coefficients of friction are as 

follows. 

 

Fig. 9. Schematic diagrams of forces between two objects: (1) static friction, (2) rolling friction, 

where (1) Fs is normal force, m1 is particle mass and g = 9.8 m/s2 is acceleration of gravity; Ff 

defines the static friction force. (2) F is thrust force, Ffr is the rolling friction, N and m2g express 

support force and gravity, and Fc is a resultant force in point A. In addition, r is the radius, o 

defines the sphere center, d is the distance between A and the vertical line through o. α expresses 

the included angle of the connection of Ao and the vertical line. 

 

    

(a) 
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(b) 

Fig. 10. Measurement device of COF: (a) main view and left view and (b) three-

dimensional representation of device. 1. Particle plate, 2. Upper slope, 3. Support rod, 4. 

Lower slope, 5. Slider, 6. Transmission mechanism, 7. Protractor.  

 

A. Coefficient of static friction 

In this part, we studied the coefficient of static friction of particle-particle and particle-

steel plate. In order to ensure that particles only slip and do not roll on the upper slope, 

we glued particles on a small plate (cf. (b) in Fig.10). The upper slope (2) rotated to the 

position where particles started slipping on the surface. In the experiment, we found 

that if the rotating speed is too high, we could not capture the instant of particle moving. 

Therefore, the speed of rotation had to be kept as low as possible. Before the formal 

experiment, many trial experiments were conducted to determine that a speed is about 

2×10-3 m/s was suitable. The equipment is a semi-automatic system. We used a 

transmission mechanism (6 in Fig. 10 (a)) to move the bottom slider, and then the upper 

slope (2) would be lifted by the support rod (3 in Fig. 10 (a)). Therefore, the rotation of 

the inclined plane (potential energy of particle) is transformed into translation velocity 

of particle on the inclined surface (kinetic energy). However, the movement of the 

bottom slider is artificial; when the speed is low enough, we can assume that the speed 

is constant. During the test, the inclination angle (θ) of the protractor at the bottom of 

the device was recorded. The tangent value of θ represents the coefficient of static 

friction (𝜇𝑠). The equations are reported in Table 3, including the coefficient of static 

friction of particle-particle and particle-steel plate. At the same time, in order to reduce 

the experimental errors, many repetitive experiments were undertaken. Four particles 

of similar size and shape glued on the plate were released at three positions (top, middle 
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and bottom) of the upper slope, which is shown in Fig. 10 (b). The experiments were 

repeated fifty times for every particle at each position. 

 

Table 3 Summary of measurement of COF. θ is the included angle of the device, v1 and v2 express 

the initial and final velocities, L is the displacement of particle on the upper slope. 

Coefficient of 

friction 

Functions Test objects 

Static 𝜇𝑠 = tan 𝜃 
P-P, P-steel, S-S, S-

steel, C-C, C-steel 

Rolling 𝜇𝑟 =
[2𝑔𝐿  sin 𝜃 − (𝑣2

2 − 𝑣1
2)] · 𝑟

2𝑔 cos 𝜃  · 𝐿
 P-steel 

 

B. Coefficient of rolling friction 

The coefficient of rolling friction of P-P used by investigators in DEM studies vary a 

lot, e.g., 0.01 [34], 0.05 [9, 35] , 0.1 [36], 0.25 [37], 0.15 [19] and 0.2 [10]. Therefore, 

it is clear that an experimental study of the parameter is motivated. In our work, a direct 

measurement method was applied for the coefficient of rolling friction of spherical 

particles (pellet). As for non-spherical ones (coke and sinter), an indirect method (back-

calculation) was used, which will be discussed in detail below. We measured the 

coefficient of rolling friction between P-P and P-steel because of its spherical shape. 

We also used iron ore plate for the measurement of coefficient of rolling friction of P-

P. The apparatus of the physical experiment consist of a hopper and a table, which are 

shown in the left part of Fig. 11. Sinter and coke came from a steel plant in China and 

the selected particle size are 8-13 mm and 8-15 mm after sieving, respectively. In 

measuring μr, an industrial high-speed camera was used to capture the movement of 

particle along the upper slope (orange plate) of the device (cf. Fig. 10). In order to 

ensure the accuracy of the experiment, three nearly perfect spherical pellets were 

chosen and every test was repeated 10 times. The principle of calculation of the 

instantaneous velocity is the same as that used in the measurement of the coefficient of 

restitution: the initial (v1) and final velocities (v2) of the particles at one segment 

displacement (L) of the slope were calculated. Finally, the coefficient of rolling friction 

was calculated according to the conservation of energy from Eq. (16). The equations of 
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the two friction coefficients are all provided in Table 3. 

1

2
𝑚𝑣2

2 −
1

2
𝑚𝑣1

2 = 𝑚𝑔 sin θ · 𝐿 − 𝑄𝑟                      (16) 

The coefficient of rolling friction of non-spherical sinter and coke particles were 

determined combining experiment and simulation by the repose angle of a pile; this is 

a common method applied in blast furnace simulation where the non-spherical burden 

is approximated as spherical particles with different coefficients of rolling friction [38, 

39]. Thus, it is worth noting that we used spherical particles to represent sinter and coke 

in simulation part. In some studies, researchers use the multi-sphere method in order to 

more realistically reproduce the shape of irregular particles, but this significantly 

increases the computational time required for the numerical simulation. Therefore, it is 

usually preferred to uses simple spheres, if possible, such as in the application of large 

systems with a huge number of particles. 

In the experiment, particles were poured into the hopper to form a stable material layer, 

and then the bottom port of the hopper was opened to let particles fall freely under 

gravity, forming a stable material pile on the underlying table. To guarantee the 

consistency of the results, three repeated experiments were carried out for each kind of 

particles. A fixed camera at the same level as the table took photographs of the pile 

shape from two different directions. Then the photos were processed to obtain the 

repose angle of the pile. There are two types of image data in the studies: images of the 

shape in experiment and screenshots of simulation results when the heap was at rest. 

We used photo analysis software to obtain the coordinates of the free surface of the pile, 

and then plotted these points in a graph. The right and the left half of the profile were 

fitted by a straight line to obtain the slope k, finally yielding the repose angle as  𝜃 =

arctan (𝑘) × 180°/𝜋.  
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Fig. 11. Experimental apparatus (left) and the size of the hopper (right) used in simulation, which 

is of identical dimensions as the experimental one. 

3.3 Simulation setup 

In order to measure the coefficient of rolling friction of non-spherical particles and 

verify the measured physical parameters, simulations using LIGGGHTS 3.5.0 [30, 31] 

were carried out based on all the contact parameters and DEM properties of pellet, sinter 

and coke particles measured in this study. Other physical parameters are given in Table 

4. The right panel of Fig. 11 shows the geometry used in the simulation, which is 

identical to that of the physical apparatus. We performed a complete 3D simulation of 

the system. In the beginning, many particles were created in a 3D space at the top of 

the hopper. Then, particles dropped down and formed a stable bed in the hopper. Finally, 

hopper outlet was opened and the free falling particles formed a pile on the plane (table) 

below. The boundary style is non-periodic and shrink-wrapped, but bounded by 

specified limits, such as a unit box. In this simulation, the unit box was defined by 

1.5x1.5, -1.2y1.2, -0.2z1.2. The kinetic energy of the final state of the 3D pile 

was required to be  5×10-9 J to guarantee that the formed pile is “at rest”. 

Table 4 DEM parameters used in the simulation. Time step is 20-30% of Rayleigh time and 

depends on particle velocity.  

Physical parameters pellet sinter coke 

Mean particle size (mm) 14 11 10 

Number of particles    5000    5039  9911 

Time step (s)    1×10-5 
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4 Results and Discussion 

4.1 Poisson’s Ratio, Young’s Modulus and Shear Modulus and density of Pellets 

Table 5 shows the Young’s modulus, Shear modulus and Poisson’s ratio of the iron ore 

plate tested by the dynamic elastic modulus tester. For a sample, the experiment was 

repeated five times to make the results more accurate. A conclusion that can be drawn 

is that the Young’s modulus, Shear modulus and Poisson’s ratio of the iron ore (pellet) 

plate are 126 GPa (1.26×1011 Pa), 50.9 GPa (5.09×1010 Pa) and 0.24, respectively. Li et 

al. [16] also measured the Young’s modulus of iron ore granular matter by a universal 

tester. However, their results (3.3×107 Pa) is quite far from our value and from what 

others have reported in the literature [8, 34, 36]. On the one hand, compared with the 

green pellets used in the literature, the iron ore plate in our test has been calcined at 

high temperature so that the strength was greatly improved. On the other hand, the 

dynamic elastic modulus tester is more accurate than the universal tester for measuring 

Young’s modulus.  

The particle density of pellet is 3990 kg/m3 and was measured by a pycnometer. The 

properties of pellet and sinter were taken from the literature [29, 40] or databases and 

are summarized in Table 6.  

Table 5 Young’s modulus, Shear modulus and Poisson’s ratio of iron ore plate  

Mass

（g） 

First order 

frequency 

Second order 

frequency 

Young’s modulus

（GPa） 

Shear modulus

（GPa） 

Poisson’s 

ratio 

49.51 5991 12209 126.04  50.91 0.238  
5981 12206 125.62 50.89 0.234  
5990 12206 125.99 50.88 0.238  
5994 12210 126.18 50.91 0.239  
5994 12207 126.15 50.90 0.239 

Equal 

  
126.00 50.90 0.24 

 

Table 6 Particle properties used in DEM from the literature [29, 40] or database 

 coke sinter steel 

Young’s modulus (Pa) 5.4×108 3.5×109 2×1011 
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Poisson’s ratio 0.22 0.25 0.3 

Density (kg/m3) 1050 3300 7800 

 

4.2 Coefficient of Restitution (e) 

Figure 12 shows images of particles at the positions schematically indicated in the right 

panel of Fig. 7. Panels a and b depict the falling process of a particle, while panel c 

shows the bouncing. Table 7 summarizes the average value and standard deviation of 

e. No significant differences (at 95% confidence) appear between samples. The 

standard deviation is within acceptable limits, which demonstrates the reliability of the 

results. It can be seen that e of P-P is smaller than that of P-steel, so more energy will 

be consumed when a particle collides with a particle, because the hardness and the 

stiffness of the steel plate are bigger than that of the particle, which means that it is 

more difficult to produce elastic deformation in the former case. Restitution coefficients 

of pellets and cast iron reported in the literature show quite large variation, e.g., 0.7 in 

[9] and 0.15 in [16], and these values are different from our result (0.42). It is, however, 

known that the coefficient of restitution between pellets and cast iron is 0.3-0.6, so a 

value of 0.15 seems unreasonably low. Barrios et al. [29] combined experimental and 

simulation methods and found that e = 0.48 for P-P, which is very close to our results. 

During collision, the loss of momentum becomes significant, especially for non-

spherical particles. Therefore, the restitution coefficient of the two non-spherical 

particles is not as accurate as that of pellets, but the accuracy is still deemed sufficient 

for simulation of blast furnace burden-layer formation and descent.  

 

(1) 
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Fig. 12. Images before (a, b) and after (c) impact of particle-particle and particle-steel plate in 

test: (1) P-P; (2) S-S; (3) C-C; (4) P-steel; (5) S-steel; (6) C-steel 

 

Table 7 Measurement results of COR by falling experiment and its standard deviation (σ) 

Contact type P-P S-S C-C P-Steel S-Steel C-Steel 

COR 0.42 0.35 0.39 0.62 0.4 0.42 

Standard deviation (σ) 0.013 0.030 0.016 0.069 0.015 0.042 

 

(2) 

(3) 

(4) 

(5) 

(6) 
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4.3 Coefficient of Friction (COF) 

According to the measurement methods for COF outlined earlier, four pellets 

respectively glued on the plate were randomly chosen to measure the coefficient of 

static friction from three positions of the upper slope of the device. Table 8 shows the 

repeated results, where a total of 4 (particle)×3 (positions)×50 (times) = 600 angles 

and coefficients of static friction were determined. The level of error is 5% of all values 

and differences between the values are statistically significant (at 95% confidence). The 

maximum static friction angle is 33.2°giving μs = 0.65. The value is larger than the 

one reported by Barrios et al. [29], who measured the value by pin-on-disk tribometer. 

A reason may be that, in their studies, the thin layer of iron ore resin covering the 

rotating plate does not properly represent the actual pellet properties; measuring only 

the surface properties of pellets is likely to lead to lower values. In fact, there are two 

different measurements of static frictions: an indirect approach through the angle of 

inclined plane (as in the present work) and a direct approach by the definition of static 

friction (as in Barrios work [29]). Theoretically, the two approaches should give a 

similar value, but the different setup will influence the resulting value in practice. 

Images of the measurement of the coefficient of rolling friction of P-P and P-steel are 

shown in Fig. 13，where panels a, b and c are used to determine the initial velocities 

of the particle, and panels d, e and f are used to determine the final velocities. The 

velocity of the middle position (b and e) can be calculated by the distance between a 

and b, b and c, d and e, e and f and the time interval. For ease of calculation, we kept 

the same time interval (0.05 s) between consecutive images. The coefficients of rolling 

friction of P-P (0.24) and P-steel (0.16) and the standard deviation are summarized in 

Table 9. The difference between the two values was found to be statistically significant 

(at 95% confidence). μr of P-P is larger than that of P-steel, which demonstrates that 

iron ore pellets show a stronger resistance to particle rolling than a smooth steel plate. 

Barrios et al. [29] studied rolling friction by comparing the rolling angle observed in 

experiments and DEM simulations. Their results, summarized in Table 9, indicate aμr 
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of P-P close to our results, while the value for of P-steel is much larger. A reason may 

be differences of the type of the steel plate. 

Table 8 Angle and coefficient of static friction, standard deviation (σ) of other contact types 

Contact type P-Steel S-Steel C-Steel P-P S-S C-C 

Angle 19.62   27.36   26.5    33.17 37.25   40.88   

Coefficient 0.36 0.52 0.5 0.65 0.76 0.87 

σ 0.013 0.032 0.045 0.022 0.065 0.054 

 

 

Fig. 13. Images of the measurement of the coefficient of rolling friction  

 

Table 9 Coefficient of rolling friction and standard deviation for P-P and P-steel 

Material Pellet-pellet Pellet-steel plate 

Present results 0.24 (σ = 5.27×10-4) 0.16 (σ = 1.57×10-4) 

Barrios et al. [29] 0.21 0.25 

 

DEM simulations of the system with different coefficients of rolling friction were 

undertaken, and the repose angle was compared with the experimental value, as shown 

in Fig. 14. The red dotted curve depicts the experimental value of the repose angle, 

while the black curve is the simulated repose angle for different values of the coefficient 

of rolling friction. Thus, the intersection point of the two curves should indicate an 

appropriate coefficient. The value of coefficient of rolling friction was estimated for 

each contact type, yielding μr = 0.46 for C-C and μr = 0.38 for S-S. 

Barrios et al. [29] also used spheres and overlapping spheres to study the coefficient of 

rolling friction and confirmed that if particles are assumed to be spheres, then the value 

of coefficient of rolling friction was required to be artificially raised compared with its 
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real value. Therefore, compared with the actual value, the coefficient of rolling friction 

between sinter and coke should have larger values when spherical particles are used in 

the simulations. 

  

Fig. 14. DEM simulations of the repose angle with different values of coefficient of rolling 

friction and comparison with experimental data: coke (1), sinter (2). 

4. 4 Validation of the DEM Parameters  

Figure 15 shows a comparison of free surfaces of piles obtained by calculation and by 

experiments using pellet, coke and sinter particles when the coefficient of rolling 

friction of the three materials are 0.24, 0.38 and 0.46, respectively. The inserted figures 

of every graph show the experimental and simulation results of the stable heap. It can 

be seen that the simulated and experimental results show relatively good consistency. 

Some researchers applied mill tumbling test using a drum to validate parameters that 

were estimated from single particle tests. For instance, Barrios et al. [29] found a good 

agreement between results from experiments and DEM simulations in both slump and 

mill tumbling tests. However, for the large-scale engineering application of blast 

furnace burden distribution, verification through the angle of repose is a common 

method of DEM parameter estimation, also used by other researchers in the 

community[16]. 

The results demonstrate the validity for the bulk behavior of the parameters estimated 

in single particle tests. Thus, single-particle tests constitute a viable option for 

estimating material and contact parameters for DEM simulation of the blast furnace 

burden behavior using the no-slip Hertz–Mindlin contact model.  



24 
 

 

Fig. 15. Comparisons of the free surface of simulated piles and experimental ones.  

5 Conclusions 

In DEM simulations, parameter values characterizing the particles play a decisive role 

for the relevance and accuracy of the simulation results. Some key parameters of three 

main burden materials (pellet, sinter and coke) in the ironmaking blast furnace process 

were measured directly or indirectly in this work. The former includes particle density, 

Young’s modulus, Shear modulus, Poisson’s ratio, coefficient of static and rolling 

friction between spherical particles and coefficient of restitution. The latter mainly 

refers to the coefficient of rolling friction between non-spherical particles. The methods 

and results can be highlighted as follows: 

The Young’s modulus, Shear modulus and Poisson’s ratio of pellets were measured by 

a dynamic elastic modulus tester, yielding the values 1.26×109 Pa, 5.09×108Pa, and 

0.24, respectively. Particle density was measured by a true pycnometer. A high-speed 

camera was applied in a simple falling experiment to determine the coefficient of 

restitution of particle-particle and particle-steel plate. A simple device was created to 

measure the coefficient of friction, including static and rolling friction. The coefficient 

of rolling friction of non-spherical particles was obtained by combining experiments 

and simulations by measuring the repose angle of bulk materials. Falling experiments 

were also carried out to verify the accuracy of the measured DEM parameters. The 

experimental and calculated results showed good consistency, which demonstrates that 

the measured DEM parameters are accurate enough to be used in simulations of more 

complex conditions encountered in different parts of the ironmaking process. 
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