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1. Introduction

Generally, spherical particles are employed in

processing where a large amount of particles are

used. Sharp edged and slander particles can affect the

surface of the workpiece excessively, which is why

spherical particles are used. In recent years, much

attention has been paid to magnetic polishing, in

which polishing and magnetic particles are mixed and

used. However, even in magnetic polishing, spherical

particles are utilized[1-4]. Nonetheless, shot peening or

shot blasting processing, in which surface hardness is

more important or scale peeling is more influential

than surface roughness, may use grit ,which has a

slenderness ratio[5]. Naturally, surface roughness varies

significantly depending on the use of spherical

particles or grit.
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One problem of the Discrete Element Method is the assumption of a spherical particle shape, which reduces

the computing time but significantly limits the application of the DEM to analysis. This limitation can be

overcome by a recently developed rigid-rod model. However, the rigid-rod model has an essential problem

related with friction: it always contains friction error because of the bumpy surface. To overcome this issue, we

suggest a superposed rigid-rod model in this paper. The superposed rigid-rod model is notably consistent with

the theoretical value in terms of the velocity and angular velocity after the collision. The estimated error is

negligible(less than 2%). Then, the developed model is applied to hopper discharging. The developed model

shows no problem in the discharging flow from the hopper.
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Fig. 1 The shape of diatomite

Fig. 2 Rigid rod model

The dynamic behavior of a large number of

particles has been largely dealt with in powder

technology. Even in the powder technology field, the

shape of such particles has been known to be

significantly influential on experiments. In particular,

the fact that the shape can affect the particle fluidity

significantly is well-known. Moreover, spherical

particles are rarely present and the shapes of particles

found in nature are generally considerably random[6].

However, most analyses are conducted assuming

that the shapes of particles are all spherical because

of the difficulties in analysis or calculation in

practice[7]. This is directly related to the problem of

defining the particle size, so it is applied to

equivalent volume diameter or equivalent surface

diameter etc. That is, it is expressed by a spherical

diameter that has the same volume or surface area as

the actual particle's volume or surface area.

(a) Normal spring

(b) Tangential spring

t

Fig. 3 Particle-particle contact force[10]

This assumption causes an inevitable error. For

example, the fluid flows with spherical particles and

fluid flows with slander particles, such as diatomite,

as shown in Fig. 1, will have a significant difference

in the viscosity coefficient.

The same problem is also found in the general

discrete element method (DEM), which has been most

widely used in numerical analysis on particle flow in

particle technology. DEM usually assumes that all

particles are spherical to simplify the calculation of

the distance between particles[8].

To solve this, polyhedral elements have been
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utilized, but the calculation time increases

exponentially. Thus, some researchers have developed

a rigid bar element where spherical particles are

attached consecutively[9]. In addition, the

two-dimensional model has been developed by the

author[10]. However, a rigid bar element, as shown in

Fig. 2, involves an excessive level of bumpiness on

the particle surface, resulting in the problem of over

emphasizing the friction between particles. Thus, this

study developed a model that can minimize the effect

of bumpy shape by the intended superposition

between particles and verified the model. In addition,

the model's compatibility was verified by applying the

verified model to the hopper flow, like the previous

study.

2. Discrete element method

2.1 General model

In general DEM, only gravitational force and

contact force that occurred due to the motion of each

of the particles are considered. The contact force is

then divided into the normal force that acted in the

normal direction of the collision and the tangential

force that acted in the tangential direction. Generally,

the collision of particles is regarded as the

spring-mass system to calculate the contact force. The

spring is shown in Fig. 3.

The acceleration and angular acceleration of each

particle can be obtained by dividing the force and

moment calculated by these springs using the mass

and mass moment of each particle. After this, the

speed, acceleration, position, and rotation amount can

be calculated through numerical integration.

2.2 Rigid bar model

The general rigid bar model makes a slander shape

connecting the number of particles by one row, as

shown in Fig. 2. Thus, individual particles are

restricted to relative motion so that both translational

Fig. 4 Schematics of superposed rigid rod model

and rotational motions are not possible. That is, the

location of each particle is determined by the location

and angle of the bar in a relative manner. However,

the force and moment applied to the bar are

calculated based on the particle unit so that the total

force and moment applied to the bar are calculated.

2.3 Superposed rigid rod model

A number of particles are arranged in a short

distance, as shown in Fig. 4, to create a superposed

rigid model. The same as the general rigid bar

model, the relative motion of all particles is restricted

and can be calculated only by the relative location in

a bar. That is, the position of the particle is

expressed relatively based on the bar's position. The

contact force between superposed particles in a bar is

ignored. Thus, the particle diameter in the superposed

rigid bar model is expressed by two kinds in contrast

with the general rigid bar model. That is, it can be

divided into dr, which represents the bar's diameter,

and drf, which represents the particle's diameter except

for particle superposition. Other physical properties

are the same as those in the rigid bar model.

3. Model verification

To validate the model's effectiveness, the

drop-and-bounce test was conducted, as shown in Fig.
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5. A bar was shot to the floor at a constant speed

without angular velocity with an initial angle, and

then the bouncing speed and angular velocity from

the floor were measured to compare them with the

theoretical values. As shown in Fig. 5, the bar

maintained the initial angle without any rotation until

it collided with the floor, and the bouncing speed as

well as angular velocity due to the collision were

generated after collision.

The mass moment of inertia, which was essential

to calculate the angular velocity, can be obtained as

below, the same as in the previous rigid bar

model[9,11].

  
  

  




  


 

 (1)

Here, N refers to the number of particles in a

single superposed rigid bar model, M refers to the

total mass of the superposed rigid bar model, and drf

refers to the diameter of the particle except for

superposition.

The same as in the rigid bar model, the angular

velocity in the rigid bar model after collision is

expressed as below




 
  









∙
 (2)

Here, L is a length of the superposed rigid bar

model  is the initial angle,  is the coefficient of

restitution, and 
 is the speed at the mass center

in the superposed rigid bar model prior to collision.

Similarly, the speed of the rigid bar model after

collision is expressed by a function of the coefficient

of restitution and angular velocity of the particle after

collision in the following equation.

Fig. 6 Angular velocity after collision

 
   

  


 


 (3)

The parameter values used in the validation are

presented in Table 1.

Fig. 5 Snapshots for drop-and-bounce test

Parameter Value

Mass of a particle,   2.659e-04

Number of particles, N 7

Diameter of particle, d[m] 0.01

Mass of fiber,   1.861e-03

Length of fiber, L [m] 0.03

Resitution coefficient,  0.8

Velocity before collision, 
  -2.0

Normal spring stiffness,  2.006×1007

Normal damping coefficient,  15.807

Table 1 Parameters used in the calculation
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Fig. 7 Velocity after collision

Since the bar velocity of the mass center prior to

collision is 2m/s, the bounding speed of the particle

is theoretically 1.6 m/s. However, this bouncing

velocity can differ depending on the initial angle.

Thus, the bounicing velocity calculated by Eq. (3)

and by DEM simulations are shown in Fig. 6. As

shown at Fig. 6, the theoretical and simulation values

were nearly the same and all measurement errors

were within 1.5%, which indicated high accuracy.

The velocity after collision varies depending on the

angular velocity after collision, as presented in Eq.

(3). Thus, it is necessary to compare angular

velocities before and after collision. In this paper, for

angular velocities after collision, the theoretical value

calculated via Eq. (2) and angular velocity measured

through simulation are shown in Fig. 7. The angular

velocity after collision also had an ignorable level of

error within 2%, the same as shown in the velocity

case above. The largest error was shown at around

50 degrees, and the smallest error was shown at

around zero and 80 degrees.

4. Application of the developed model

Particles are used in many industrial processes, and

a hopper or silo is a typical facility for storing

Fig. 8 Snapshots for hopper discharging

particles for a long or short period of time.

Simulations were conducted to verify whether the

superposed rigid bar model was effectively applied to

discharging processes after storage.

Initially, the superposed bar was layered on the

upper side of the hopper. The layering was performed

for 1 sec and then discharged for 1 sec. As shown

in Fig. 8, layering started at T=0.2 sec and was

nearly finished at T=1.0 sec. Afterward, discharging

started at T=1.2 sec so that a large number of

superposed bars were discharged to the lower side

through the outlet. At T=2.0 sec, most particles were

already discharged, as shown in the figure. As

expected, the superposed rigid bar model effectively

simulated the flow of particles with a high

slenderness ratio, the same as shown in the general

rigid bar model.

5. Conclusion

To solve the problem related to the use of spherical

particles, which has been pointed out as a limitation
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of the general DEM, a rigid bar model has been

widely used. However, the rigid bar model inevitably

causes the bumpiness problem. Thus, this study

proposed a superposed rigid bar model by allowing

superposition and connecting a number of particles

consecutively to overcome the bumpiness problem.

The proposed model was verified through the

drop-and-bounce test, and the test results verified that

both the speed and angular velocity had a negligible

level of errors within 2%. In addition, the developed

model was applied to the hopper flow to verify the

applicability of the model.
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