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ABSTRACT: A 3D discrete element method for the delamination process of D-type binary 

particles under the vertical rotational oscillation of a horizontal drum was simulated using a 

soft ball dry contact model. The mechanism of particle delamination was further explored based 

on the particle energy and overall flow state of particles. The particle motion behavior during 

particle delamination was analyzed. The separation mechanism of the D-type binary particle 

system under the vertical rotational oscillation of the horizontal drum can be rationally 

explained by three mechanisms, namely, void filling, sidewall driving, and particle convection 

combined with the particle flow state, and particle kinetic energy. When the filling rate is less 

than or equal to 50%, the granules appear to be layered up and down, and double convection 

rings appear during the delamination process. Meanwhile, the filling rate of the material in the 

pendulum drum has a significant influence on the convection strength of the particles and the 

phenomenon of particle delamination. The convection intensity increases with increasing 

particle packing rate. When the filling rate is large (75%), the particles of the material do not 

appear to be stratified up and down, and the segregation phenomenon in which the plastic 

particles are gathered in the middle of the ribbon appears. 

Keywords: Granular matter, Segregation, Drum, Discrete Element Method, Vertical 

Rotational Oscillation 

 

1 INTRODUCTION 

Granular matter is an assembly composed of a 

large number of discrete solid particles interacting 

with each other (Julio, 2005). It is an important 

form of matter that exists with solid matter and 

fluids in nature, and it has extremely wide 

applications in many fields, such as pharmacy, 

agriculture, mining, energy, and chemicals (Serrano, 

Medina and Ruiz Chavarria, et al, 2015; Bronfort 

and Caps, 2015; Vladimir, Golovanevskiy and 

Vasily et al, 2011; Moya, Aguado and Ayuga, 2013; 

Louati, Oulahna and Ryck, 2017). Compared with 

fluid and solid motions, the movement of particulate 

matter is more complex. Under the synergistic 

action of external excitation and internal stress, 

complex collective behaviors, such as convection, 

seepage, arching effects, and aggregation, occurs, 

leading to particle mixing, segregation, and 

layered character. The generation of stratification 

phenomenon and the study of these movement 

behaviors have important basic scientific 

significance and engineering application value 

( Horabik and Molenda, 2014; Li, Yu and Li, 2013; 

Abdoulaye Hama, Ouahbi and Taibi et al, 2016). 

Thus, granular systems are currently a research 

hotspot among many scholars. 

The granular matter is classified as S-type binary 

and D-type binary particle according to different 

sizes or different densities. The binary mixed 

particles under the D-type system can be mixed or 

separated by various methods, such as vertical 

vibration (Jiang, Lu and Hou et al, 2003), horizontal 

vibration (Mullin, 2002), and rotating drum (Ottino 

and Khakhar,2000). Among them, the separation 

and delamination of binary particles by the roller 

method is one of the most important research 

contents. The separation and delamination of the 

binary particles in the drum are divided into two 

types, namely, axial separation and delamination 

(Hill, Caprihan and Kakalios, 1997), which 

generally occur in the axially shorter radial drum, 

and the other is radial stratification, longer axially 

shorter rollers in the radial direction. For radial 

delamination, when the number of binary particles 

in the drum is small (the material filling rate is less 

than 1/2 of the drum volume), a “half-moon” 

separation state, where larger or higher density 

particles will move to the drum edges with smaller 

size or smaller density of particles accumulating in 

the core area of the drum, will occur (Eskin and 
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Kalman, 2000). When the particles in the drum are 

S-type binary particles in large amounts (i.e., the 

material filling rate is equal to or slightly greater 

than 1/2 of the drum volume), and the drum rotates 

at a low speed, the internal binary S-type particles 

exhibits a radial stripe separation state, that is, the 

large-sized and small-sized particles will mutually 

infiltrate in the two particle interface, resulting in a 

fluctuating interface and forming a radial stripe, 

according to its shape. It is also called the “petal 

pattern” (Hill, Gioia and Amaravadi, 2004) or “sun 

pattern”. However, the phenomenon described 

above is based on the premise of one-way rotation 

of the drum. There is still no systematic study on 

the movement behavior and separation phenomenon 

of the internal binary particles under the 

bidirectional oscillating rotation of the drum. 

Whether or not the binary particle’s locomotor 

behavior and separation form changes when the 

filling rate of internal particles changes has not yet 

been reported. Convection phenomenon is a 

common and important movement behavior of 

particulate matter. Convective motion refers to the 

phenomenon of closed particle transport formed 

inside the particulate matter system. In 1831, 

Faraday (Faraday, 1831) first discovered that 

convective motion occurs in the particulate matter 

in a vertical vibration container. With the 

development of technology, the phenomenon of 

convection has been extensively studied. The 

researchers have discovered two types of 

convection through a numerous experimental 

studies and computer simulations. These two types 

are the conventional movement form and the 

anti-regular movement forms. These two forms 

exhibit different convection directions and 

conventional movement forms. Conventional 

movement form means that the particles near the 

center axis of the container move upward, and the 

particles near the wall of the container move 

downwards to form closed convection rings. By 

contrast, the particles in the anti-regular movement 

form moves in the opposite direction. In 1992, 

Gallas (J.A.C, Gallas et al, 1992) used molecular 

dynamics to perform two-dimensional computer 

simulations and found that the wall friction and 

vibration acceleration of containers were important 

factors affecting the direction and number of 

convection rings. In 2002, Hsian (Hsiau et al, 2002) 

and others found that the convective motion 

direction is related to the outwardly inclined angle 

of the wall, and the convective motion intensity 

increases with the increase of the tilt angle of the 

wall. Knight (Knight, Jaeger and Nagel, 1993) also 

discovered the phenomenon wherein when the wall 

is tilted outward beyond a certain angle, the 

direction of convection of the particles reverses. 

Grossman (Grossman, 1998) found that the tilt 

angle was 10° by computer simulation. However, 

the research objects of the above scientific results 

are all material particles in a flat-bottomed 

container under vertical vibration. No report has 

been made on the occurrence of convection 

phenomenon in the particles in a pendulum roller 

and on the study, as well as analysis, of the 

mechanism of the particle motion behavior. 

Discrete element method is a numerical 

approach developed in the 1970s to calculate the 

mechanical behavior of a bulk media system. It has 

been successfully applied in the field of mining 

engineering, mineral processing, geotechnical 

engineering, material separation, and other bulk 

engineering technologies. It is an effective 

numerical method for studying the behavior of 

particle systems. Therefore, based on the discrete 

element method, the separation process of D-type 

binary particle system under vertical rotational 

oscillation of horizontal drum can be numerically 

simulated, and the theoretical analysis of the 

separation mechanism and particle motion behavior 

of the particle system was carried out. Moreover, 

the influence of the material filling rate in the 

pendulum drum on the separation behavior of 

binary particles under the pumping vibration is 

discussed. In order to optimize the design and 

manufacture of roller-type machinery (such as drum 

granulator Drum granulator and drum mixer, etc.) 

and to further improve the theory of particle 

separation in the drum. (Bere, Paul; Berce, Petru; 

Nemes, Ovidiu. 2012) 

2 MATHEMATICAL MODEL 

The present paper discusses the contact, collision, 

loosening, and delamination processes of the 

particulate matter in horizontal pendulum vibration. 

Therefore, a soft ball dry contact model is adopted 

The movement of particles in this system is 

mainly affected by the multiple effects of 

self-gravity, centripetal force, normal force between 

particles, tangential force, tangential moment, and 

Coulomb friction moment. According to the 

literature (Zeilstra and Kuipers, 2008), when the 

studied particulate matter is a large particle (>1 

mm), the effect of air in the gap is negligible. 

According to Newton's second law, the equation of 

motion for the particle i (mass i
m , moment of 

inertia i
I ) is as follows: 
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In Equations (1) and (2), VI, ωi, and ri are the 

velocity, angular velocity, and distance from the 

center of revolution for particle I in units of m/s, 

rad/s, and m, respectively; g is the gravitational 

acceleration in units of m/S2. The normal force 

component, tangential component, tangential 

moment, Coulomb friction moment, and so on can 

be obtained by discrete element method. 

3 NUMERICAL SIMULATION AND 

ANALYSIS 

The inner diameter of the horizontal drum 

simulated in this paper was 12 cm, length was 4 cm, 

drum wall thickness was 3 mm, and the drum 

material is plastic. Select two binary particles with a 

radius of 2mm, but different materials, which are 

steel balls and plastic balls, and make the number of 

the two in the drum the same.，and the specific 

simulation parameters (Jayasundaraa, Yanga and 

Yua et al, 2008) [24] are shown in Tables 1 and 2. 

 
Table 1 Physical parameters of the material 

Material Poisson's ratio Shear modulus/Pa Density/(Kg/m3) 

steel ball 0.29 79.92×109 7860 

plastic drum/plastic ball 0.36 4.3×108 900 

 
                                  Table 2 Contact parameters of various materials 

Materials Elastic recovery coefficient Static friction coefficient Rolling friction coefficient 

plastic–plastic 0.45 0.5 0.05 

plastic–steel 0.45 0.5 0.01 

steel–steel 0.7 0.2 0.01 

 

The first step of the simulated calculation is to 

place the particles into the horizontal drum. To 

obtain a mixed binary particle system, the steel ball 

and the plastic ball particles were generated at the 

same height in the drum and at a random rate of 

1000 particles per second. Falling body moved 

downward to the bottom of the drum. The particle 

load is half the volume of the drum and the total 

number of particles is 3600. The steel and plastic 

balls each account for 1,800. All particles were 

produced in 1.8 s. The D-type binary particle 

system was uniformly mixed (Fig. 1), in which the 

plastic particles were dark and the steel particles 

were light. 

After the granules were loaded, the plastic drum 

exhibited a vertical oscillating motion with the 

horizontal axis as the center of rotation. The wobble 

parameter of the drum was determined by the 

amplitude A and the frequency f, where amplitude A 

represents the maximum swing angle of the drum 

with respect to the equilibrium position in the 

vertical plane, and the frequency f represents the 

number of oscillations per second of the drum. 

Under strong vibration (high frequency and large 

amplitude), the particles in the drum obtained huge 

energy, and the movement behavior was too active 

to show four splashes and throws. Observation of 

the stable experimental phenomenon was difficult, 

and under weak vibration (low frequency and small 

amplitude), the extremely slow movement or even 

stagnancy of the material particles in the drum is 

not conducive to the production and observation of 

experimental phenomena. After repeated simulation 

experiments, considering the simulation speed and 

effect synthetically, 15 Hz was selected as the 

frequency f, and 20° is the amplitude A as an analog 

vibration parameter. After the granules were filled, 

the drum began to move and continued to oscillate 

for 80 s. 

In order to facilitate observation of the 

movement of particles in the drum at each time, the 

start time of the vibration is 0 s. From the initial 

movement of the container to the end state, the 

initial mixing state of the vibration (0 s) and the 

initial state of the vibration process (20 s) are 

intercepted. The state diagrams of the three states at 

the end of the vibration process (80 s) and the axial 

section of the container and the granules as a whole 

are shown in Figure 1. 

From the final overall effect, the D-type binary 

particles in the drum exhibited a clear up and down 

delamination phenomenon under the excitation of 

the plastic drum. The bottom of the material layer 

was occupied by a large number of steel particles 

(light-colored particles) and was doped with a small 

amount of plastic particles. The axial section shows 

that during the layering process, the movement of 

plastic particles (dark particles) was more active, 

and most of the plastic particles rose to the top of 

the material layer. When t = 20 s, a certain degree of 

aggregation occurs in the middle area above the 

material layer. At the end of t = 80 s, the layering 

effect tends to be stable (Figure 1). 
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t = 0 s            t = 20 s 

 
    t = 80 s                              

Fig. 1. Particle distribution in the drum at various 

times during vibration 

3.1 Generation of gaps 

One of the main features of the particle system is 

the continuous contact between the particles, and 

the internal momentum transfer is achieved by 

contact. The point contact or micro-surface contact 

between the particles, the mechanical behavior of 

the particle system is considered to be determined 

by the particle contact force. The external stress 

disturbance can break the particle balance and the 

force chain network evolves. Therefore, the analysis 

of the contact force chain of the particle system is 

very important for the exploration of the particle 

motion mechanism. 

 
Fig. 2. Variations of particle contact vector and time 

of particle exposure over time at adjacent moments 

 

The inset of Figure 2 shows the particle contact 

vector diagrams at different points in time. In 

contrast, the number of contact vectors and the 

arrangement of the two illustrations are quite 

different. This is because the granules have fluid 

properties. Under the excitation of the plastic drum, 

it is difficult to form a stable structure and a force 

chain network. The particles collide with each other, 

and the force chain is repeatedly destroyed and 

reconstituted and reciprocated until the external 

excitation stops. Therefore, at different times, the 

particle contact state is different, the particle system 

structure is loose, the particle gap is large, resulting 

in a decrease in the contact vector, and the 

continuity of the contact vector network is poor. 

In order to further explore the influence of the 

contact behavior between particles on the particle 

structure, the quantitative discussion is discussed 

from the point of particle contact. As the 

stratification of the particle system is gradually 

completed, the particle structure tends to be less 

stable and fluctuating. In order to make the data 

more representative, the data of the particle contact 

times in the ten seconds (0s-10s) stage before the 

start of the vibration is analyzed in the early stage of 

particle stratification. Figure 2 is a graph showing 

the change in the number of particle contacts with 

time. The graph shows that the number of contact 

with particles is fluctuating violently, indicating that 

the collision between particles is frequent and 

intense, the gap between particles appears 

continuously, and the overall structure of the 

particle system is loose. As the vibration progresses, 

the number of collisions generally decreases. It 

shows that the particles are more compact and dense 

in contact with each other, the particle gap is 

reduced, and the overall structure of the particle 

system is gradually stabilized. 

All in all, it shows that under the excitation of 

the drum in the early stage, the gap between the 

particles is constantly present, which provides a 

prerequisite for the change of the position of the 

particles. 

3.2 Annular convection of particles 

The movement of individual particles obeys 

Newton’s laws of motion. When the particle system 

is subjected to small external disturbances, the 

granular system can exhibit a nearly solid state. 

When the external excitation is strong, the internal 

stress conditions change and the particle system 

undergoes fluidization or localized fluidization. The 

nature of the fluid is manifested, and a stream of 

particles is formed. When the plastic drum oscillates 

back and forth with the center axis as the center of 

rotation, the energy is transferred to the binary 

particles that are in direct contact with the plastic 

drum through friction. Then, the particles transfer 

energy to the entire particle system through friction, 

collision, and vibration between each other. 

Therefore, when the drum is oscillating, the cyclical 

movement of the drum will directly affect the 

particle movement state. The movement law of the 
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plastic drum exhibits periodicity and repeatability. 

The particle movement state in the drum is also 

regular. After analysis, the granules in the drum are 

driven by the frictional force with periodic changes 

in direction and the granules repeatedly transition 

from the high-speed state to the low-speed state. 

When the drum moves in a certain direction, the 

movement of the underlying particles in the drum 

demonstrates a high degree of consistency, the 

direction of the overall movement coincides with 

the direction of the rotation of the drum, and the 

movement of the fluid microclusters of the various 

parts of the underlying particles does not interfere 

with each other, presenting a movement pattern 

similar to that of laminar flow, and the formation of 

vortex flow in the middle of the granular material 

layer (Figure 3a). When the direction of rotation of 

the drum changes, the friction between the wall and 

the particles causes disruption and disruption to the 

flow state of the previously formed particles. The 

flow of particles is destabilized, showing a high 

degree of disorder, mixing the doping motion 

behavior with each other. Eventually a turbulent 

flow pattern is formed (Figure 3b). 

 
a                     b 

Fig. 3 Flow pattern of material particles under 

different movements of the roller 

Dividing the internal grain system of the drum 

into a middle area and two side areas (left inset of 

Fig. 4). The velocity data of the particles in the 

middle region and both sides of the vibration 

process are measured in the vertical direction. The 

data are recorded from the start of vibration to the 

end of vibration, and a graph is drawn (Fig. 4). The 

particle velocity of the particle flow in the middle 

region maintained a negative fluctuation, which 

indicated that the overall flow direction of the 

middle layer particle stream was downward. The 

The particle velocity of the particle flow in both 

sides maintained a positive fluctuation, indicating 

that the overall flow direction of the particle flow 

on both sides was upward. The line graph in Fig. 4 

shows that in the first 40 s of the vibration, both 

particle velocity curves converge toward zero, 

indicating that the particle velocities in both the 

middle region and both regions gradually decrease. 

After 40 s, the The particle velocity of the particle 

flow in both regions stably fluctuates around a 

nonzero value. The combination of the 

determination of the volume concentration of the 

plastic particles in the upper layer and the variation 

of the total energy of the particles showed that 

during the first 40 s of the gradual accumulation of 

plastic particles in the upper region, the structure of 

the particle layer tends to stabilize, resulting in a 

gradual decrease of the convection effect. However, 

graph 4 shows that after 40 s, the particle velocity 

of the particle flow in the middle region and both 

sides did not decrease to 0 but remained stable at a 

lower level. This shows that the convection 

phenomenon continued to occur for 40 s, and the 

whole particle still migrated in the form of double 

convection. The plastic particles in the top layer 

migrate toward the bottom layer under the effect of 

convection. The plastic particles are continuously 

transported to the top layer under the action of the 

side walls. The transfer rate of the two conveying 

processes was maintained in a dynamic equilibrium, 

that is, the quantity of plastic particles at the top 

layer remained unchanged. The shape of the double 

convection circle formed by the movement of the 

particles during the vertical wobble is shown in the 

right figure in Figure 4. 

 
Fig. 4 Variation of the particle velocity of the particle 

flow in the drum divided into the middle zone and 

both sides, as well as in each zone over time, and the 

shape of the double convection ring due to the 

movement of the particle group. 

 

The analysis of the flow velocity in the middle 

area and on both sides indicated that under the 

action of the drum-swing vibration, the barrel wall 

transfers kinetic energy directly to the particles that 

directly contact the side wall through friction. 

Under the action of the sidewalls, the particles 

climb along the sidewalls towards the top layer, and 

a large number of bottom particles migrate from the 

bottom to the top layer at the same time, causing the 

loose structure of the bottom particles. As a result, 

the upper layer particles in the middle region move 

downward in the form of similar collapses under the 
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action of gravity, and the bottom region is filled 

with particles. Under the action of the circulation, 

the particle flow as described above is formed. At 

the same time, from the analysis above, we can see 

that gravity is the main factor that affects the 

particle motion behavior in this system. Steel 

particles are heavy and cannot easily climb; thus, 

they are more likely to remain in the bottom layer. 

On the other hand, the plastic particles are lighter 

and are more active in the upward movement under 

the stimulating effect. They tend to accumulate on 

the top of the particles, which eventually leads to 

the occurrence of particle delamination. 

Tracing part of the particle trajectories and 

plotting the trajectory (Fig. 5), demonstrate that the 

material particles first climb along the wall surface 

to the top of the drum under the action of the 

sidewall drive and then migrate downwards by 

gravity in the form of landslides. It shows that 

double-convection exists and perfectly confirms the 

previous theoretical analysis of convection 

behavior. 

 

Fig. 5.Tracking part of the particle trajectory 

 
 

3.3 Effect of filling rate on separation 

However, the above discussion and analysis of 

particle convection effect and stratification under 

the pendulum roller are based on the premise that 

the filling rate is 50%. In order to examine the effect 

of different filling rates on the above phenomena, 

keeping the other conditions constant will reduce 

the number of material particles by 40%, 25%, and 

25%. That is to say, the numerical simulation 

calculations were carried out for the material 

particle filling rates of 10%, 25%, and, 75%. After 

80 s of vibration excitation, the binary particle 

separation effects under the three filling rates is 

shown in Fig. 6. 

 

 

Fig. 6 Separation of binary particles at 10%, 25%, 

and 75% fill rates 

Similar to the 50% filling rate, the material 

particles at 10% and 25% filling rate demonstrate a 

clear up-and-down delamination phenomenon. The 

bottom of the material layer is occupied by steel 

particles (light-colored particles), and the upper 

layer of the material layer is occupied by plastic 

particles, while the observation at 75% filling rate is 

quite different. That is, the plastic particles occupy a 

large amount of space in the vertical direction of the 

middle region. Strips segregate out and divide steel 

particles mixed with a small amount of plastic 

particles into two parts. 

For the interpretation of the upper and lower 

layering phenomenon of the material particles in the 

drum at the filling rate of 10% and 25%, reference 

can be made to the layering mechanism of the 

material particles under the above 50% filling rate. 

Unlike other drums with smaller filling rates, the 

material particles at 75% fill rate are large and 

exhibit fluid properties. Similar to the law of 

increasing water pressure, the particle system is 

characterized by a stronger interaction between the 

particles. The particles are in close contact with the 

wall surface of the drum, and the material particles, 

as well as the wall surface, have a larger area under 

a high filling rate. From the previous analysis, we 

can see that the root cause of convection is the side 

wall driving effect. That is, the sidewalls transfer 

energy to the material particles through contact 

friction with the particles. Therefore, the material 

particles at a high filling rate will obtain greater 

kinetic energy, manifesting a stronger convection 

effect. To verify if the convection intensity increases 

with the increase in the particle fill rate of the 

material, the material particles in the middle area 
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under the filling rates of 10%, 25%, and 75% were 

selected as the study objects (inset in Fig. 7), and 

the average flow velocity data of the material 

particles in the vertical direction in the area was 

determined. Figure 7 shows the variation of the 

particle velocity with time in the respective middle 

region at different filling rates. 

The graph 7shows that as the filling rate 

increases, the flow velocity of the particles in the 

middle region increases significantly. When the 

filling rate is too low, the particle velocity in the 

middle zone is close to zero, indicating that the 

convection phenomenon almost disappears. This is 

an excellent demonstration of the correctness of the 

theoretical analysis of the convection intensity 

affected by the filling rate. 

 
Fig. 7. Division of the middle region of material 

particles at different fill rates and the average velocity 

of material particles in the middle region in each 

filling rate changes with time in the vertical direction. 

 

The interpretation of the band-like segregation 

phenomenon caused by the material particles at a 

filling rate of 75% can be analyzed by the above 

factors. The same point is that the plastic particles 

accumulate at the center of the top turn of the 

material particles at various filling rates. However, 

the difference is that when the filling rate is 15%, 

25%, 50%, the contact area between the material 

particles and the roller is limited, the excitation 

provided by the roller to the particle system is weak 

and the effect of the roller on the material particles 

is more similar to the lateral vibration. . The 

convection effect of the particle system at a lower 

filling rate is weaker or even almost non-existent. 

Therefore, the plastic particles aggregated on the 

top layer of the granular material can be stably 

maintained at the upper position, and finally the 

whole granular system exhibits an upper and lower 

stratification phenomenon. When the filling rate is 

75%, the contact area between the material particles 

and the drum is large, and the excitation provided 

by the drum to the particle system is stronger, and 

the convection intensity is larger. The bottom 

particles are continuously transported to the top 

along the side wall of the drum by the side wall 

drive. After the plastic particles are gathered at the 

center of the top rotation, the plastic particles are 

difficult to exist stably in the upper layer under the 

strong convection. As the convection falls to the 

bottom in the form of a landslide. After descending 

to the bottom, it is again transported to the upper 

side along the side wall of the drum by the side wall 

drive, and is again collected at the center of the 

rotation of the top layer of the pellet, thereby 

circulating. 

4. CONCLUSIONS 

The DEM discrete element method was used to 

numerically simulate the delamination process and 

motion behavior of D-type binary particles 

composed of steel balls and plastic balls under 

vertical pendulum vibration. The mechanism of 

particle stratification from the overall flow state of 

the particles is further explored, and the particle 

motion behavior during particle stratification is 

analyzed to obtain the following conclusions: 

1). Particle convection was observed in the D-type 

binary particle system under vertical vertical 

shaking of the horizontal drum. 

2). When the material particle filling rate is 50% or 

less than 50%, under the vertical pendulum 

excitation of the drum, the upper and lower 

stratification of the plastic particles in the upper 

steel particles is finally formed. 

3). The material filling rate in the pendulum drum is 

a key factor affecting the strength of the convection 

phenomenon. The higher the material particle filling 

rate, the stronger the convection phenomenon. 

4). When the material particle filling rate is large 

(75%), the material particles will not appear upper 

and lower stratification, but under the influence of 

high-intensity convection effect, the plastic particles 

will be segregated in a strip shape in the middle 

region. 

5). Discrete element method is an effective 

numerical simulation method, which can accurately 

simulate and predict the separation behavior of 

particle system, and provide reference for the 

research of particle separation theory. 
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