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Abstract 

An investigation has been made to calibrate contact parameters for wet coal by 

utilizing the flow dynamics in an L-shaped box. Through the experiment, 

predetermined values for bulk density, static friction and cohesive strength were 

established, Following the calibration of the coefficient of restitution for both 

particle-particle and particle-lining plate interactions, the adjustment of the 

rolling friction coefficient was subsequently performed. This procedure aimed to 

achieve concordance between the simulated and experimental flow profiles. The 

results displayed the average height error has decreased from 24 mm to 5 mm, 

consistently within a controlled range of 4%. Thereby confirming the precision 

involved in capturing the flow characteristics of wet coal during transportation. 

Keywords: COR calibration, Flow dynamics, Inclined plate test, Rolling friction 

adjustment, Shear test.  
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1.  Introduction 

The suspension of wet coal transportation is associated with challenges such as 

blockage, uneven loading, and spillage events. As a result, ensuring an efficient 

coal transportation system becomes crucial for maintaining a stable and reliable 

energy supply chain. Despite the challenges persist in understanding the complex 

flow dynamics of wet coal. So, the application of discrete element analysis methods 

in bulk material transportation has gained significant attention. Wang et al. [1] 

emphasized the significance of discrete element analysis in the field of bulk 

transportation, it can obtain many complex behaviour information, especially in the 

challenging measurement of flow dynamics. However, obstacle endure in 

calibrating discrete element parameters for particles. These include issues such as 

the effectiveness of measurement parameters and the time-consuming nature of the 

calibration process. which ultimately hampers the transportation for bulk materials. 

Windows-Yule and Neveu [2] summarized that these challenges primarily arise 

from the large number of actual bulk material particles, their varied shapes, and the 

irregular distribution of particle sizes. Replicating identical shapes and sizes in 

discrete element analysis proves to be impossible. 

Therefore, numerous scholars have been conducting explorations in this area. 

For example, Aboul Hosn et al. [3] conducted that the macroscopic behaviour of 

the granular assembly was mainly influenced by the initial packing density and the 

model parameter that fixes the plastic rolling moment at contacts, thus effectively 

minimizing the number of variables. Cabiscol et al. [4] identified sliding and rolling 

friction coefficients as pivotal parameters requiring precise calibration. Meanwhile, 

Schmelzle and Nirschl [5] proposed a novel liquid bridge force to simulate wet 

cohesive particles, thereby discovering the occurrence of hetero agglomeration in 

the wet mixing process. Additionally, Xia et al. [6] applied the Box-Behnken design 

and ANOVA to determine the significance order of each factor in influencing 

accumulation characteristics.  

Similarly, Mohajeri et al. [7] employed the Non-dominated Sorting Genetic 

Algorithm to determine three input parameters for the chosen contact model: 

sliding friction coefficient, pull-off force constant, and surface adhesion energy. 

The foundation for parameter calibration was laid by the aforementioned research, 

encompassing pinpoint key factors, wet models. However, in the calibration of 

contact parameters for wet coal, the process is relatively complex and lacks 

straightforward effectiveness. Consequently, the L-box test, recognized for its 

simplicity and effectiveness, is commonly employed to calibrate DEM analysis 

parameters.  

For instance, Cui et al. [8] introduced discrete element simulation of the L-

box to validate the flow characteristics of self-compacting concrete. In addition, 

Liu et al. [9] conducted the calibration of simulation parameters for potato 

minituber utilizing the L-box test, while Zheng et al. [10] employed the similar 

approach to calibrate the accumulation angle for cabbages. To meet the demands 

of wet coal transportation, this study based on L-box flowability testing to 

calibrate the contact parameters.   

The objective of this paper is to attain a proper match and validation of the 

flow behaviour of wet coal particles, leading to decrease computational time in 

the discrete element method and enhanced design for the rapid response of wet 

coal transportation. 
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2. Experiment  

2.1. Measurement of basic parameters for bulk coal 

The basic parameters of wet coal include solid density (ρs), bulk density (ρb), 

coefficient of restitution (COR), wall friction angle (α), and internal friction angle 

(φ). These parameters, determined through experimental testing, serve as a solid 

foundation for investigating the flow characteristics of bulk coal particles, For 

instance, ρs and ρb could be utilized to determine the void fraction. Meanwhile, 

COR, a crucial parameter quantifying energy dissipation during collisions, has been 

validated by Haron and Ismail [11]. In addition, the flowability of wet coal is more 

directly influenced by α and φ. In this study, a comprehensive set of tests was 

conducted on bulk coal samples averaging 6 mm in size to gather crucial data for 

fundamental parameters, with an average moisture content of 5%. To maintain 

precision in moisture content control, the coal underwent initial drying in an oven, 

followed by meticulous adjustments through the addition of water to counteract 

potential environmental influences. 

The COR is defined as the ratio between the normal separation velocity after the 

collision and the normal approach velocity before the collision. In practical 

applications, The COR can be calculated by measuring the initial drop height and the 

maximum rebound height of particles. As illustrated in Fig. 1, the particles fall freely 

from a height H and then rebound to a height h after the collision. By applying the 

principle of energy conservation, Eq. (1) can be derived to establish the relationship 

between the coefficient of restitution and the rebound height in a free-fall scenario. 

𝐶𝑂𝑅 =
𝑉2

𝑉1
= √

2𝑔ℎ

2𝑔𝐻
                                                                                                 (1) 

 

Fig. 1. Experimental schematic of coefficient of restitution (COR). 

The experimental process for COR mainly  involves employing a high-speed 

camera (PhantomV611) with specific parameters: Maximum shooting speed: 

680000 fps; Shooting speed at a resolution of 1280 x 800: 7530 fps. The 

experimental setup, depicted in Fig. 1, includes a ruler, and the experiment is 

conducted in a controlled environment, resembling a glass room, featuring a strong 

light source and no air movement. it still encounters the challenge of potentially 

necessitating timely focus adjustments when tracking rapidly moving objects. The 

height H is set to 0.1 m. Through the collision recovery experiment, it becomes 

possible to measure the COR between particles and the COR between particles and 

lining plate.  
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The acquisition of the wall friction angle (α) is depicted in Fig. 2. Wet coals are 

uniformly placed on a horizontally inclined plate, and the angle of inclination is 

gradually increased using a rotating handle. The initial angle, at which particle motion 

starts to deviate from the inclined plate, is measured to determine the static friction 

coefficient between the wet coal particles and the plate.Ten sets of experiments were 

conducted, with values read from the angle gauge and averaged to eliminate errors. 

However, challenges still exist in observing actual discrepancies in particle flow. The 

testing principle for the internal friction angle is depicted in Fig. 3 using the Jenike 

Shear Tester with a shear rate of 2.7 mm/min, and a shear ring diameter of 95.3 mm. 

A weight (2 kg) is applied to the shear cover to apply normal pressure. A motor-

driven push rod exerts force on the top pin of the shear cover, causing the shear ring 

to undergo shearing motion on the interface between the shear ring and the base ring. 

The shear stress was measured following ASTM D6128-06, and the internal friction 

angle between bulk coal particles and the cohesive strength of the particles are 

determined using the law of Coulomb law as shown in Eq. (2). The experimental data 

for the fundamental parameters of wet coal are presented in Table 1. 

𝜏 = 𝜎× TAN(𝜑) + 𝑐                                                                                                                     (2) 

  

Fig. 2. The test of  

wall friction angle. 
Fig. 3. The test of internal friction angle. 

Table 1 Basic parameters of bulk coal. 

Parameters of wet coal Value 

Solid density（ρs） 1450 kg/m3 

bulk density（ρb） 650 kg/m3（moisture content 5%) 

Coefficient of restitution

（COR） 

Particle-to-particle 0.48 

Particle-to- lining plate 0.52 

Wall friction angle（α） Particle-to-lining plate 28° (moisture 

content 5%） 

Internal friction angle（φ） 
Particle-to-particle 33°（moisture 

content 5%） 

Cohesive strength（c） 3500 Pa 
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2.2. Scale-up coal particles 

The scaling up of wet coal particles is primarily based on the actual shape and size 

of the particles. In discrete element analysis models, when the particle size is too 

small, it becomes impractical to accurately represent individual particles, and it 

becomes less significant since engineering calculations primarily concentrate on 

the overall flow behaviour of bulk coal particles. For instance, Zhang et al.[12] took 

into consideration the computational capabilities of computers and the requirement 

to scale up the actual particle sizes. After sieving, as shown in Fig. 4, wet coal 

particles can be classified into four size categories: small particles (≤ 10 mm), 

medium particles (10 mm < x ≤ 20 mm), large particles (20 mm < x ≤ 35 mm), and 

coarse particles (35 mm ≤ x). Based on weight percentage, the particle size 

distribution follows a roughly normal distribution. The weight percentage of small-

sized particles is approximately 20%, and similarly, the weight percentage of 

coarse-sized particles is around 15%. Most of the weight is concentrated in the 

medium and large particle sizes, accounting for approximately 35% and 30% of the 

total weight, respectively. Therefore, particles with diameters ranging from 10 mm 

to 35 mm are the primary bulk coal particles. 

 

Fig. 4. Particles size distribution. 

To assess wet coal particles, distinctive shapes are assigned to various size 

categories: small-sized particles (≤10 mm) exhibit spherical shape, medium-sized 

particles (10 mm < x ≤ 20 mm) take on an elliptical form, large-sized particles (20 

mm <x≤ 35 mm) resemble triangular spheres, and coarse-sized particles (35 mm ≤ 

x) exhibit cubic shapes. These shapes are analysed in discrete element models to 

determine the equivalent diameter of spherical or superimposed spherical particles 

that would yield a similar volume as the representative shapes. This forms the basis 

for proportionate scaling of the shape and size of wet coal particles as depicted in 

Fig. 5. Spherical particles are used for small-sized particles due to their relatively 

small diameter and approximate circular shape. For particles larger than the 

medium size, superimposed spherical particles are employed. For instance, Rossow 

and Coetzee [13] utilized two, three, or four superimposed spheres to represent 

irregular particle shapes. In this paper, four particle shapes are employed in discrete 
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element models to capture the characteristics of wet coal particle shapes. The 

particle size distribution is aligned with the measured data of bulk coal.  

 

Fig. 5. Scale-up DEM particles. 

2.3. Calibration experiment for L-shaped box 

Particle parameters of the DEM model are utilized to characterize the properties of 

wet coal particles. However, directly correlating these parameters with real material 

properties such as moisture content can be challenging. Hence, an L-shaped box 

experiment is utilized to calibrate the parameters of the discrete element model for 

wet coal particles. During the process of avalanching, the material can influence 

the flow and accumulation of particles. To verify the suitability of parameters 

obtained from slump tests for constrained flow conditions, an experimental 

apparatus was devised. The experimental setup comprises an L-shaped box 

constructed from transparent acrylic glass, with dimensions that correspond to 

those depicted in Fig. 6. The baffle was gradually raised at a velocity of 0.05 m/s 

[9], and smooth acrylic glass was chosen to alleviate challenges from elevated 

velocity and wall friction on the piled profile to some extent.  

 

Fig. 6. L-shaped experimental box. 

The flowability experiment of wet coal was illustrated in Fig. 7, showing the 

initial height (H1), initial width (L1), remaining height (H2), flow distance (L2), and 

the static angle of repose (θ). The experimental results show that the height (H2) is 

312 mm, and the flow distance (L2) is 500 mm, resulting in a static angle of repose 

(θ) of 32° for the wet coal. In the experiment, the flow profile of wet coal in the L-

shaped box was documented. The calibration was considered consistent when the 
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average profile height error was within 20 mm. If the error exceeds 20 mm, the 

corresponding angle of repose surpasses 2°. These measurements establish a 

foundation for comparing and assessing the consistency of particle dynamics and 

contact physics at the macro scale with numerical models.the simulation like Fig. 8 

illustrated. 

 

(a) Before Experiment, (b) After Experiment 

Fig. 7. Experiment of bulk coal flow in L-shaped box. 

3. Results 

In this study, nonlinear Hertz-Mindlin no-slip model with added viscosity was 

employed, following the work of Jebahi et al. [14]. Discrete element simulations in 

L-shaped boxes were conducted for comparison with experiments, as shown in Fig. 

8, revealing that COR values in the DEM model exceed those from single-particle 

experiments. Additionally, the influence of the rolling friction coefficient on the 

flowability of wet coal, was found to be relatively minor in comparison to the 

coefficient of restitution.  

 

(a) Before Simulation, (b) After simulation 

Fig. 8. Simulation of bulk coal flow in L-shaped box. 

The impact of the COR on the profile of wet coal particles are presented in Fig. 

8. For a COR of 0.48 between particles and a COR of 0.52 between particles and 

the lining plate, a significant disparity was observed between the simulated profile 

within the L-shaped box and the measured profile, with a maximum height error of 

40 mm, accompanied by an average error of 24 mm. (refer to Fig. 9). This 

observation was primarily rooted in the COR testing experiment conducted on 

individual shaped particles, indicating a distinction from the elastic recovery when 
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multiple shaped particles were together. Meanwhile, Comparing the impact and 

rebound velocities revealed a strong correlation between the COR of spherical 

particles and the input value. However, the average simulated coefficient of 

restitution (COR) for shaped particles was observed to be lower than the input 

value. This phenomenon can be attributed to the rotational motion generated by 

oblique impacts among two or more spherical particles within an agglomerate, 

leading to energy dissipation and velocity reduction. Grima and Wypych [15] have 

provided an explanation for this effect.  

Therefore, adjustments were made to the measured COR to address collision 

losses among particles. The simulated rebound velocity to align with its 

experimental counterpart was implemented to enhance the simulated COR. The 

COR values for particle-particle interactions and particle-lining plate interactions 

were increased from 0.65 and 0.70 to 0.72 and 0.78, respectively. As a result, the 

errors in the flow profile of the wet coal particles in the L-shaped box were 

significantly reduced, resulting in a close alignment of the profile shape with the 

measured counterpart. The enhancement of the coefficient of restitution (COR) 

yielded a 10% profile error, characterized by an average deviation of 16 mm.  

 

Fig. 9. The influence of coefficient of restitution (COR) on flowability. 

To achieve better alignment with the flowability test in the L-shaped box, the 

parameters of DEM model were calibrated efficiently to minimize computational 

costs. The approach involved setting the inter-particle friction to the measured static 

friction coefficient (μs=0.65, internal friction angle of 33°) and the particle-lining 

plate friction to the measured wall friction coefficient (μs=0.53, internal friction angle 

of 28°). Moreover, the discrete element model incorporated COR (particle-particle) 

and COR (particle-lining plate) values of 0.72 and 0.78, respectively, along with a 

cohesive strength of 3500Pa. The contact model considered a rolling friction 

coefficient; however, as rolling friction coefficient testing was not available at this 

stage, a fixed variable method was employed. The rolling friction coefficient (μr) was 

adjusted iteratively until the profile of the L-shaped box closely matched the 

experimental measurements, enabling a detailed examination of its impact on particle 

flow. A lower rolling friction coefficient leads to a more uniform distribution of 
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kinetic velocities among particles in the pile was demonstrated by Wang et al. [16]. 

Consequently, μr was initially set at 10% of μs. In addition, Zhou et al. [17] hold that 

an increase in the coefficient of rolling friction leads to a proportional decrease in the 

tangential contact force, resulting in a reduction in rotational kinetic energy. 

Therefore, subsequent increments in the rolling friction coefficient from its initial 

value were implemented to calibrate the discrete element parameters. 

As shown in Fig. 10, the matching between the L-shaped box profile and the 

actual flow profile of wet coal was improved compared to Fig. 8. This analysis 

focuses on the impact of the rolling friction coefficient on flowability while keeping 

other parameters constant. Figure 9 illustrated that within a specific range, a higher 

numerical value of μr results in a closer resemblance to the actual flow profile. 

Increasing the rolling friction coefficients μr (particle-particle) and μr (particle-lining 

plate) to 0.09 and 0.07, respectively, reduces the average profile error to 5 mm. 

However, it should be noted that a higher value of μr does not always yield better 

results. When the μr (particle-particle) and μr (particle-lining plate) are further 

increased to 0.12 and 0.10 respectively, the profile errors in the L-shaped box 

significantly increase, with the average profile error reaching 15 mm. Consequently, 

compared to the coefficient of restitution, the rolling friction coefficient has a 

relatively smaller impact on the flowability of wet coal. Nevertheless, fine-tuning the 

rolling friction coefficient can contribute to an improved matching of the flow profile. 

Therefore, based on the flow characteristics of wet coal in the L-shaped box, 

the parameters of the discrete element model for wet coal (with a moisture content 

of 5%) were calibrated as follows: a static friction coefficient of 0.65, a particle-

lining plate friction coefficient of 0.53, a coefficient of restitution (COR) of 0.72 

for particle-particle interactions, a COR of 0.78 for particle-lining plate 

interactions, a cohesion force of 2500Pa, and rolling friction coefficients μr 

(particle-particle) of 0.09 and μr (particle-lining plate) of 0.07. These adjustments 

resulted in an average profile error of 5 mm, effectively maintaining the error within 

a controlled range of 4%. Utilizing these calibrated parameters, the discrete element 

method allows for effective simulation of the transportation of wet coal with a 5% 

moisture content. The simulation predictions establish a robust groundwork for 

improving wet coal flow in transportation, thereby aiding in alleviating challenges 

like blockage, uneven loading, and spillage and so on. 

 

Fig. 10. The influence of rolling friction coefficient  μr) on flowability. 
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4. Conclusions 

This study presents a method for conducting comprehensive experiments to assist 

in the calibration process of crucial parameters associated with wet coal. The 

conclusions are as follows: 

• Wet coal particles were scaled up in the DEM model and categorized into four 

distinct size classes with unique shapes, thereby simplifying the DEM 

calibration process. 

• The calibration process of the DEM model involves maintaining the constancy 

of other experimental parameters. Crucially, the coefficient of restitution plays 

a crucial role, followed by the rolling friction coefficient. 

• An effective calibrated method was built to validate the flow behavior of wet 

coal using the L-shaped box, maintaining a controlled error range of 4%. This 

advancement resulted in reduced computational time and heightened 

responsiveness in the design for wet coal transportation. 

While this method proves effective for calibrating wet coal, it still possesses 

certain limitations, including sensitivity to initial conditions, parameter interactions, 

non-uniqueness, and others. Future research is necessary to address these aspects. 
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Nomenclatures 
 

c Cohesive strength, Pa 

g  Gravity, m/s2  

h Rebound height, m 

H Initial height, m 

V1 Initial velocity, m/s 

V2 Rebound velocity, m/s 
 

Greek Symbols 

σ Pressure, Pa 

φ Internal friction angle, rad 
 

Abbreviations 

COR Coefficient of Restitution 

DEM Discrete element method 
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