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Abstract

:

A new simpler coarse-grain model (SCG) for analyzing particle behaviors under fluid flow in a dilute system, by using a discrete element method (DEM), was developed to reduce calculation load. In the SCG model, coarse-grained (CG) particles were enlarged from original particles in the same way as the existing coarse-grain model; however, the modeling concept differed from the other models. The SCG model focused on the acceleration by the fluid drag force, and the CG particles’ acceleration coincided with that of the original particles. Consequently, the model imposed only the following simple rule: the product of particle density and squared particle diameter is constant. Thus, the model had features that can be easily implemented in the DEM simulation to comprehend the modeled physical phenomenon. The model was validated by comparing the behaviors of the CG particles with the original particles in the uniform and the vortex flow fields. Moreover, the usability of the SCG model on simulating real dilute systems was confirmed by representing the particle behavior in a classifier. Therefore, the particle behavior in dilute particle-concentration systems would be analyzed more simply with the SCG model.
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1. Introduction


Powder simulations are commonly utilized in numerous industrial fields such as food, medicine, and ceramics to control powder processes and comprehend the powder phenomena. A representative method for analyzing the powder behavior is the discrete element method (DEM) [1,2,3,4,5,6,7], and the coverage of the analysis region has been expanding [8,9,10,11,12]. In the DEM, the powder behavior is represented by solving Newton’s motion equations of each particle composing the powder [13]. However, the calculation load is exponentially increased with the increase in the number of particles. Particularly, the load dramatically increases with decreasing the particle diameter. Namely, it is realistically difficult to simulate the behavior of the particles on a scale of actual processes due to the huge number of particles. Thus, it is desirable to realize faster and larger-scale calculations of the DEM simulation.



Coarse-grain models have been developed as an effective method to reduce the calculation load of the DEM simulation. In the coarse-grain models, the powder behavior is generally represented by coarse-grained particles (CG particles) that is equivalent to the original particles in something physical despite having a larger diameter. There are representative models that use the concept of the coarse-grain models already, such as the similarity model by Washino et al. [14], the imaginary sphere model by Sakano et al. [15], and the similar particle assembly model by Kuwagi et al. [16,17], to represent the particle behavior in fluidized beds. For instance, in the case of the imaginary sphere model, an imaginary sphere is the CG particle and is defined as a cluster of original particles. Collision force is assumed to occur between two imaginary spheres, while fluid drag force is calculated by the summation of fluid drag forces acted on the original particles in one imaginary sphere. Although these three models indicated that the particle behavior in fluidized beds could be represented, and that the calculation load could be reduced, the particle behavior cannot be represented with sufficient accuracy. Subsequently, for fluidized beds, numerous coarse-grain models have been developed to improve the accuracy and versatility of the models [17,18,19,20,21,22,23,24]. Sakai et al. proposed the more accurate coarse-grain model for the particle behavior in fluidized beds. In the model, a CG particle is assumed to compose of original particles that have the same volume. The forces acted on the CG particle are adjusted such that the kinetic energy of the CG particle coincides with the total of the kinetic energies of the original particles composed. It was confirmed that the model was able to represent the bubble diameter in the fluidized beds more accurately.



Recently, the coarse-grain models have been modified and improved, and are applied to the other powder processes and powder phenomena [25,26,27,28,29,30,31]. Nakamura et al. developed a “coarse-grained method for a granular shear flow (CGSF)” to apply the coarse-grain model to the mixing process [31]. In the CGSF, the four types of energies that include friction damping energy, kinetic energy, elastic energy, and viscous energy are modeled. The energies of the CG particles are matched with that of the original particles. The coarse-grain model has been evolving into a useful model dealing with various processes faster and complex powder phenomena, as in the examples above.



However, implementing the coarse-grain models to the DEM simulation becomes complex, and modeled physical phenomena would be difficult comprehend. Additionally, in expanding the application region of the coarse-grain models, the cases not requiring a complicated model is also increasing. The dilute particle-concentration processes are the typical instances: for example, investigation of a classification effect in a cyclone classifier and identification of a movement path of particles in a pneumatic conveyance are included. Furthermore, most of the reports applied the coarse-grain models to complex powder phenomena, however, fundamental particle behavior when no collision occurs has hardly been validated.



Thus, in this paper, we develop a new simpler coarse-grain (SCG) model in which physical meanings are intelligible and implementing the model is facilitated. The purpose of the SCG model is to represent the particle behavior in dilute particle-concentration systems such as a cyclone classifier and pneumatic conveyance. In the SCG model, the fluid drag force is only modeled because the particle motion in the dilute particle-concentration systems is governed by the fluid drag force [15]. To validate the SCG model when no collision occurs, the single CG particle behaviors simulated with the SCG model are compared with the single original particle behaviors on two simple flow fields (uniform and vortex flow fields). Moreover, to confirm the usability of the SCG model for representing the particle behavior in an actual process, the SCG model is applied to represent the particle behavior in a classifier, and the behaviors of a number of CG particles are compared with the original particles.




2. Simulation Method


It is assumed that the fluid flow field is constant and the particles do not affect the fluid flow, namely the one-way coupling is adapted. This is because the force acted on the fluid from the particles would be negligible when the particle concentration is dilute and the particle diameter is micron-order. Additionally, the micron-order particles follow the fluid flow due to the particles having small inertia. Thus, the particle Reynolds number could often be smaller than 0.1 because the relative velocity between the particles and fluid flow is close to zero. However, the particle Reynolds number could be larger than 0.1 in the calculation system. Alternatively, the quite simple Equation (7) can be derived when the    C d  = 24 / R e   is held. This leads to the SCG model being easily implemented into any DEM simulations without changing the simulation codes. Thus, in this paper, the    C d  = 24 / R e   is held because the SCG model places emphasis on the ease of the implementation into the existing DEM simulation codes. Furthermore, it is assumed that the particle–particle interactions are hardly acted on the particles due to the dilute particle-concentration and that the fluid drag force is mainly acted on the particles. In this paper, the dilute particle-concentration system is defined by the following [32]:


  S t ≡    τ v     τ c    =   4  π  n  ρ p    d ¯  4   |   u  r    |    18  μ f    < 100  



(1)




where   S t   denotes the Stokes number,    τ v    the momentum response time of a particle,    τ c    the average time between particle–particle collisions,  n  the number density of particles,    ρ p    the particle density,   d ¯   mean particle diameter,    u  r     relative velocity between fluid and a particle, and    μ f    the fluid viscosity. In general, the Stokes number is below 0.1 when the particle-concentration is dilute. However, the SCG model can be applied as long as the particles occasionally collide with each other. This is confirmed in Section 5.



The particle behavior is represented by the DEM, while the fluid flow field is given by the uniform and the vortex flows. In the DEM, the motion of the particles is tracked by the following transitional and rotational motion equations, respectively:


   m i    d  v i    d t   =   ∑   j = 1    k i     (   F  i j  n  +  F  i j  s   )  +  F D   



(2)






   I i    d  ω i    d t   =   ∑   j = 1    k i     (   1 2   d i   F  i j  s   )   



(3)




where    m i    and    I i    denote the mass and inertia moment of the i-th particle, respectively,    v i    the transitional velocity,    ω i    the rotational velocity,  t  time, and    d i    the i-th particle diameter.    F  i j  n    and    F  i j  s    are the normal and tangential collision forces, respectively.    F D    represents the fluid drag force and calculated by the following:


   F D  =  C d  A  ρ f     |   u r   |   2   u r   



(4)




where   A   is the projection area of a particle,    ρ f    the fluid density, and    u  r     the relative velocity between a particle and fluid.    C d    denotes the coefficient of fluid drag and is represented by the following when the Stokes’ law is valid (particle Reynolds number   R e < 0.1  ):


   C d  =   24   R e            (  ∵ R e =    d i   |   u r   |   ρ f     μ f     )   



(5)




where    μ f    fluid viscosity.




3. SCG Model for Fluid Drag Force


The motion of the CG particle must be equal to that of the original particle when the accelerations of the particles are the same. Here, the acceleration ratio of the CG particle to the original particle is calculated by the following:


         a  CG      a O        =    F  D , CG   /  m  CG      F  D , O   /  m O           =    C  D , CG    A  CG    ρ f     |   u r   |   2   u r  /  4 3  π    (     d  CG    2   )   3   ρ  p , CG      C  D , O    A O   ρ f     |   u r   |   2   u r  /  4 3  π    (     d O   2   )   3   ρ  p , O            =    π 8   C  D , CG    ρ f   d  CG  2   |   u  r    |   u  r   /  π 6   d  CG  3   ρ  p , CG      π 8   C  D , O    ρ f   d O 2   |   u  r    |   u  r   /  π 6   d O 3   ρ  p , O            =    π 8    24 μ    d  CG    u  r    ρ f     ρ f   d  CG  2   |   u  r    |   u  r   /  π 6   d  CG  3   ρ  p , CG      π 8    24 μ    d O   u  r    ρ f     ρ f   d O 2   |   u  r    |   u  r   /  π 6   d O 3   ρ  p , O            =   1 /  ρ  p , CG    d  CG  2    1 /  ρ  p , O    d O 2         



(6)




where subscripts O and CG denote the original particle and the CG particle, respectively,  a  the particle acceleration,  d  the particle diameter, and    ρ p    the particle density. Consequently, the accelerations of original and CG particles are equaled when the following rule is satisfied:


   ρ  p , CG    d  CG  2  =  ρ  p , O    d O 2   



(7)







Thus, in the SCG model, the CG particle density only decreases with the increasing of the CG particle diameter to follow Equation (7).




4. Comparisons of Particle Behaviors on Simple Flow Fields


The behaviors of the original and the CG particles on two simple flow fields are compared to validate the SCG model when the model represents the single particle behavior. First of all, the CG particle behaviors in a uniform flow field represented by the DEM with the SCG model are compared with the particle behaviors without the SCG model. Figure 1 shows the schematic diagram of the simulation system for analyzing the particle behaviors in the uniform flow field.



The original particle and three CG particles are positioned for their centers to be lined up on the same straight line. Table 1 shows the simulation conditions of the particles. The densities of the CG particles are calculated by Equation (7). The fluid density and viscosity are set to   1.2   kg /  m 3    and   1.8 ×   10   − 5     Pa ·  s, respectively.



Figure 2 shows the snapshots of particle behaviors by the DEM with and without the SCG model. Further, Figure 3 shows the change of the particle speeds in time. In the case without the SCG model, the particles move faster with decreasing particle diameters, and the centers of the particles are far apart from each other. This is because the inertia of particles is proportional to the third power of the particle diameters, while the fluid drag force is to the second power. Alternatively, with the SCG model, all of the particles move at the same velocity. Thus, it is suggested that the inertia of the CG particles could be precisely represented by using the SCG model. In Appendix A, Figure A1 and Figure A2 show the particle behaviors and the particle speeds when the CG particle masses are set to the same as the original particle mass, respectively. It is found that the larger CG particles move faster due to overestimating the fluid drag force.



The behaviors of micron-order particles are also compared in a vortex flow field in order to validate the SCG model in the flow field closer to the real dilute particle-concentration processes. Figure 4 shows the schematic diagram of the simulation system for analyzing the particle behaviors in the vortex flow field. The vessel diameter is set to 1.0 mm, and the vessel height is infinity.



The centers of one original particle and three CG particles are placed on the straight line vertical to the vessel. Figure 4 also shows the vortex flow velocity field of the cross-section of the vessel. The field is created by superposing the forced-vortex field with the flow field toward the vessel’s center. In this case, the rotational speed of the forced-vortex is set to 300 rpm, and the speed of the field toward the center is set to 10 % of the flow velocity in the forced-vortex field. There is no velocity distribution in the vertical direction of the vessel. Table 2 shows the simulation conditions of the particles. The fluid density and viscosity are set to   1.2   kg /  m 3    and   1.8 ×   10   − 5     Pa ·  s, respectively. The densities of the CG particles are calculated by Equation (7) in the same manner as Table 1. Figure 5 shows the particle trajectories in the vortex flow field represented by the DEM with and without the SCG model. Further, Figure 6 shows the change of particle speeds in time.



The CG particles move quite differently from the original particle without the SCG model, while all the CG particles move in the same way and speed of the original particle with the SCG model. Thus, it is suggested that the SCG model would represent the behavior of particles in the dilute systems.




5. Comparison of Particle Behavior in Classifier


The behaviors of a number of CG particles in a classifier are compared with the behaviors of original particles to confirm the usability of the SCG model for representing the particle behavior as closely as possible to the real dilute systems. Figure 7 shows the geometry of the classifier and fluid velocity field in the classifier. The CG and the original particles are fed from the upper wall of the classifying vessel, and the 7.0 m/s feeding velocity is given to all of the particles. The flow field is created by superposing the forced-vortex field with the flow field toward the classifying vessel’s center. In this case, the rotational speed of the forced-vortex is set to 5000 rpm, and the speed of the field toward the center is set to five times of the flow velocity in the forced-vortex field. Further, the 1.0 m/s constant vertical flow velocity is set where the radial distance from the center is below the outlet nozzle radius, and the classified smaller particles are drained from the outlet nozzle.



Table 3 shows the simulation conditions. The particles with four different diameters are used to observe the classifying behavior. The volume ratio for each particle diameter is the same, and the total feeding volume of the CG particles and the original particles are also the same. The diameters of the CG particles are set to twice the diameters of the original particles. The CG particle densities are calculated by Equation (7). The fluid density and viscosity are set to   1.2   kg /  m 3    and   1.8 ×   10   − 5     Pa ·  s, respectively.



Figure 8 shows the comparison of the calculation time for representing the behaviors of the original particles and the CG particles with and without the SCG model for 0.1 s. The calculation time for representing the behavior of the CG particles with the SCG model is approximately one-fifth shorter than that of the original particles. This indicates that the SCG model can reduce the calculation time.



Figure 9 shows three patterns of particle behaviors in the classifier after 0.25 s passed: the original particle behavior and the CG particle behaviors with the SCG model and without the SCG model. The motions of the original particles are different depending on each particle diameter; the particles’ existing radial distances increase with the increase of the particle diameter due to the centrifugal forces being strengthened. Additionally, a part of the smaller particles (100.0 and 160.0 mm) is drained from the outlet nozzle. The CG particle motions with the SCG model are similar to the original particles. However, the CG particles without the SCG model revolve at the places of the longer radial distances than the original particles and the particles are rarely drained from the outlet nozzle. To confirm the similarity in particle behavior, radial distance distributions are calculated. Figure 10 shows the radial distance distributions for each particle diameter of the original particles and the CG particles with the SCG model and without the SCG model. The distributions are cumulated for 0.1 s after 0.2 s passed. The radial distance distributions of the original particles are roughly separated by the particle diameters: the smaller particles (100.0 and 160.0 mm) revolve at the place of the shorter radial distance, while the larger particles (220.0 and 280.0 mm) revolve at the place of the longer radial distance. Namely, the original particles are classified by the classification effect, and the classifying particle diameter of the original particles is between 160.0 and 220.0 mm. The radial distance distributions of the CG particles with the SCG model are similar to those of the original particles for all particle diameters, while those of the CG particles without the SCG model differ from the original particles. This indicates that the SCG model can analyze the classification effect and the motion of the particles in the classifier, and that the SCG model could be applied to simulate a real dilute system that has a number of particles and different particle diameters. Moreover, the Stokes number   S t   is approximately 10–100 in the simulation conditions of this section. It is suggested that the SCG model can be applied even though particle collisions occasionally occurred.




6. Conclusions


We developed the simple coarse-grain (SCG) model for the fluid drag force, intending to analyze the particle behavior in the dilute particle-concentration systems by using the DEM simulation. In the SCG model, the CG particles moved in the same way and speeds of the original particles in fluid flow by changing the CG particle density to follow    ρ p   d 2  = const  . The features of the SCG model are summarized as follows:




	(1)

	
The model can be implemented without changing simulation codes because the CG particle density is only changed to follow    ρ p   d 2  = const  .;




	(2)

	
Physical meaning of the model is simple because the CG particle density is only modeled such that the acceleration of the CG particles is the same as that of the original particle;




	(3)

	
The model is specialized to the particle behavior in the dilute particle-concentration systems in which the particles rarely collide.









Furthermore, it was confirmed that the behaviors of the CG particles coincided with those of the original particles in the uniform, the vortex flow fields, and in the classifier. Therefore, the particle behavior in dilute particle-concentration systems would be analyzed more simply with the proposed SCG model. In the future, we will confirm that the SCG model can used to represent the particle behaviors in actual processes.
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Appendix A


The mass-equivalent model, in which the CG particle densities are changed such that the CG particle masses are equal to the original particle one, is also conceivable. Thus, the CG particle behaviors using the mass-equivalent model compared with the original particle behavior on the uniform flow field is in the same manner of the discussion in Section 4. Figure A1 and Figure A2 show the particle behaviors and particle speeds, respectively. It is found that the movements of the CG particles are different from that of the original particle.
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Figure A1. Comparison of particle behaviors on uniform flow field represented by DEM when the CG particle masses equal to the original particle. 
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Figure A2. Comparison of particle speeds on uniform flow field represented by DEM when the CG particle masses equal to the original particle. 






Figure A2. Comparison of particle speeds on uniform flow field represented by DEM when the CG particle masses equal to the original particle.
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Figure 1. Initial positions of original and CG particles and schematic diagram of uniform flow field. 
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Figure 2. Comparison of particle behaviors on uniform flow field represented by DEM with and without the SCG model. 
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Figure 3. Comparison of the particle speeds on uniform flow field represented by DEM with and without the coarse-grain model. 
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Figure 4. Initial positions of the original and the CG particles and schematic diagram of vortex flow field. 
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Figure 5. Comparison of the particle trajectories from 0.0 to 3.0 s on vortex flow field represented by DEM with and without the SCG model. 
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Figure 6. Comparison of the particle speeds in vortex flow field represented by DEM with and without the SCG model. 
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Figure 7. Geometry of the classifier and the flow field. 
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Figure 8. Comparison of calculation time for representing the behaviors of the original particles and the CG particles with and without the SCG model for 0.1 s. 
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Figure 9. Snapshot of particle behaviors in the classifier after 0.25 s passed. 
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Figure 10. Radial distance distributions for each particle diameter in the classifier. 
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Table 1. Simulation conditions (uniform flow field).
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Particle Diameter [mm]

	
Particle Density [g/cm3]




	
Without SCG Model

	
With SCG Model






	
1.0 (original particle)

	
1.0

	
1.0




	
2.0

	
1.0

	
0.25




	
4.0

	
1.0

	
0.0625




	
8.0

	
1.0

	
0.015625
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Table 2. Simulation conditions (vortex flow field).






Table 2. Simulation conditions (vortex flow field).





	
Particle Diameter [μm]

	
Particle Density [g/cm3]




	
Without SCG Model

	
With SCG Model






	
10.0 (original particle)

	
1.0

	
1.0




	
20.0

	
1.0

	
0.25




	
40.0

	
1.0

	
0.0625




	
80.0

	
1.0

	
0.015625
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Table 3. Simulation conditions for particles in the classifier.






Table 3. Simulation conditions for particles in the classifier.










	Original particle
	
	



	 Diameter
	100, 160, 220, 280
	μm



	 Density
	0.1
	g/cm3



	CG particles with SCG model
	
	



	 Diameter
	200, 320, 440, 560
	μm



	 Density
	0.025
	g/cm3



	CG particles without SCG model
	
	



	 Diameter
	200, 320, 440, 560
	μm



	 Density
	0.1
	g/cm3
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