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Abstract

:

In chemical production processes, the most suitable operation regime for A-Type powders such as typical FCC particles is high-speed fast fluidization owing to their uniquely advantageous properties. Discrete element method (DEM) for modelling fast fluidization with A-Type powders has rarely been reported. How to appropriately select the DEM time step and the stiffness coefficient is one of the most critical problems for stable and accurate calculation. This article mainly discusses the effect of the stiffness coefficient and DEM time step on simulations of A-type FCC particles. In order to describe the effect of both parameters and their complex interaction, a dimensionless relative DEM time step is introduced. In total, nine cases with different numbers of relative time steps are adopted for modelling a microfluidized bed of A-Type FCC particles, the regime of which is proved to be fast fluidization. Results show that three bifurcations occur in all the simulations. Only the moderate relative time step possesses the capability of modelling the process of particle collision and thus predicts the right flow regime with asymmetric and heterogeneous typical fast fluidized structures. When the relative time step increases to large rank, simulations predict untrue fluidization regimes with symmetric and homogeneous structures. Moreover, both over-large and over-low relative time steps cause excessive particle overlap and thus a divergence of simulation. The further optimization of moderate relative DEM time step in relation to real particle property is unidentifiable and is thus an outstanding issue. That the range of the moderate relative time step is limited indicates that the common soft-sphere model is poor at modelling fast fluidization of A-Type particles. It is suggested that possible future work should be focused on improving the simulation frame and employing the molecular dynamics model to more appropriately deal with particle contact.
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1. Introduction


Gas–solid fluidized beds are widely applied in many industrial fields such as environment, energy, chemical engineering, etc. [1]. The non-intrusive accessibility of real facilities causes it to be difficult to obtain the detailed measurement data in the experimental study of fluidized beds. Therefore, numerical simulations have become complementary research means in cognition of the fluidization dynamics. Because the discrete element method (DEM) [2,3,4,5] deals with the solid phase as discrete elements, it is advantageous in providing the particle level information. Therefore, DEM is a desired tool in fluidized bed studies for design and operation purposes. Nowadays, more and more DEM simulation studies have been carried out on different regimes of fluidization of different particle types.



The behavior of different particle groups fluidized by gases falls into four clearly recognizable types characterized by density difference and mean particle size [6]. C-Type particles are usually considered difficult to be fluidized, and D-Type particles are just fluidizable. Compared with C-Type (or ultra-fine) and D-Type (or coarse) particles, A-Type and B-Type particles are more suitable for fluidization. A-Type particles (or fine particles) generally have a mean size smaller than 100 μm and/or a low particle density of less than about 1400 kg/m3. They exhibit a unique type of behavior, with fluid catalytic cracking (FCC) particles being typical examples. Compared with B-Type particles, A-Type particles are advantageous in high bed expansion ratio, high gas-solid mass transfer rate, and high heat transfer rate. Generally, A-Type particles are thought to be the most fluidizable materials. Furthermore, beds of powders in this group expand considerably before bubbling commences. Moreover, to model the fluidized A-Type particles, the cohesion of which is stronger and non-negligible needs to account for van der Waals forces.



The reliable applications of DEM simulations for various fluidized operations and particle types need to be further validated in the problem of selecting collision parameters such as time step, stiffness coefficient, and damping coefficient. Selection procedures for the former two parameters may vary from different types of particles and operation conditions. The reasonable selection of both parameters plays an important role in guaranteeing the authenticity of the calculation.



Note that the DEM time step must be smaller than the minimal oscillation period of the spring–mass system that can be determined by the stiffness coefficient. Tsuji et al. [2] found that the maximum permissible DEM time step should be ten percent of the minimal oscillation period according to the convergent dissipation of total kinetic energy during the free settling process. Although this critical time step is widely recognized in the selection of the DEM time step, there is still a wide range of artificial choice. The simulated motion of particles discharging from a rectangular hopper had been compared with the experimental data by Yuu et al. [7]. It was shown that the simulated results could qualitatively describe those in the experiments, although the artificially selected stiffness coefficient of the calculations is greatly different from the reality of the materials. It was also shown that the discrepancy between the simulation results and the real granular flow would not decrease as the DEM time step was decreased.



Moreover, both Tsuji et al. and Yuu et al. used coarse D-Type particles in the above-mentioned studies. The simulation of A-Type particles needs much more calculation loads and much more elaborate mathematical and numerical models. Tracking a large number of particles usually requires prohibited computational costs, even in a small laboratory facility. In addition, the major difference of A-Type particles to B- and D-Type particles is the strong interparticle cohesive force which becomes significant when the particle size turns small. Therefore, the cohesive force, i.e., van der Waals force, should be accounted for in DEM simulations of A-Type particles. Unfortunately, early studies of DEM simulations mainly chose D-Type particles. Up until now, there have been relatively few studies using real A-Type particles among those thousands of DEM simulation studies. Some indirect validation studies can be available, including the critical fluidization and bubbling conditions [8,9,10,11,12,13,14], the pressure drop hysteresis [10,15,16,17,18], and the bed expansion [19,20,21,22]. In addition, direct validation studies have been performed by the use of A-Type FCC particles [23,24]. These were all devoted to studies on low-speed classical fluidization. As is known, for A-Type powders such as typical FCC particles, the most suitable operation regime is high-speed fast fluidization owing to their uniquely advantageous properties.



As for high-speed non-classical fluidization, a micro fast-fluidized bed of A-Type FCC particles has been modeled in our previous study [25] by using an EMMS-based structure-dependent drag model. Large clusters, gas–solid back-mixing, and a little lower but much more violently fluctuating solid outlet flux were captured in the simulations. Beyond that, DEM simulations of the fast fluidization of A-Type powders have hardly been reported. How to appropriately select the DEM time step and the stiffness coefficient is one of the most critical problems for the stable and accurate calculation in the DEM simulation of fine particles’ high-speed fluidization. This article mainly discusses the effect of stiffness coefficient and DEM time step on simulations of A-Type FCC particles. In order to describe the effect of both parameters, a dimensionless relative DEM time step is introduced. In total, nine cases of relative DEM time step are used in the simulations. Some results and empirical rules are also found to be of actual value for simulation practice.




2. Simulation Methods


Gas motion is controlled by the Navier–Stokes equations as


    ∂ (  ε g   ρ g  )   ∂ t   + ∇ ⋅ (  ε g   ρ g   u  ) = 0  



(1)






    ∂ (  ε g   ρ g   u  )   ∂ t   + ∇ ⋅ (  ε g   ρ g   u u  ) = −  ε g  ∇ p −   S  p  − ∇ ⋅ (  ε g    τ  g  ) +  ε g   ρ g   g   



(2)




where  p  is gas pressure,   u   is gas velocity,     τ  g    is viscous stress tensor, and the source term     S  p    is calculated as


    S  p  =     ∑  i = 1    N k      A i    F   D i       A V    



(3)




where    N k    is the number of particles overlapped with grid  k ,     F   D i     is the drag force on particle  i ,  A  is the area of particle disk,    A i    is the promotional disk area of particle  i  overlapped with grid  k , and  V  is the quasi-three-dimensional volume of the grid with a suppositional thickness of    d p   .



The two-dimensional porosity    ε   2 D      of a grid can be transformed into the three-dimensional porosity    ε   3 D      according to Hooman et al. [4] as


   ε   3 D    = 1 −  2    π  3        ( 1 −  ε   2 D    )    3 2     



(4)







The finite volume method based on the collocated grid is adopted to discretize the Navier–Stokes equations. The uniform velocity at the bottom layer grid is specified as the inlet boundary conditions. The pressure outlet and impermeable wall are also specified as the boundary conditions. The Simi-Implicit Method for Pressure-Linked Equation Revised (or SIMPLER algorithm [26]) is used as the solver of the discretized equations.



So far as two-dimensional simulation is concerned, particles are just disks. The process of particle contacts or collisions is dealt with according to the well-known soft-sphere model. The wall is considered an infinitely big particle with its mass infinitely large. Then, the transitional motion for each particle  i  is computed according to Newton’s second law of motion as


   ρ p   V i    d   v  i    d t   =  ρ p   V i   g  +  F  D i   +  F  V i   +  F  V i   −  V i  Δ  p i   



(5)




where     F   V i     is the van der Waals force,     F    C  i     is the collision force,    p i    is the local gas pressure, and the drag force     F   D i     can be computed by Wen and Yu correlation [27].



The rotational motion of each particle  i  is computed as


  I   d   ω  i    d t   =   T   C i    



(6)




where  I  is the inertia movement of the particle,     ω  i    is the particle angular velocity, and     T   C i     is the torque due to collision.



In Equation (5), the van der Waals force on particle  i  due to particle  j  is calculated according to


    F   V i j   =    H a   d p    e   i j     24 (  d  i j   −  d p  )    



(7)




where    H a    is the Hamaker constant,    d  i j     is the distance between particle  i  and particle  j , and     e   i j     is the unit vector from particle  i  to particle  j . The van der Waals force on particle  i  due to the wall is calculated according to


    F   V i j   =    H a   d p    e   i w     24 (  d  i w   −  d p  )    



(8)




where    d  i w     is the distance between particle  i  and the wall and     e   i w     is the unit vector from particle  i  to the wall.



The Hamaker constant    H a    is specified as 1 × 10−21 Nm for the present simulations of Type-A FCC particles. In order to avoid the divergence of the calculation when body surfaces approach infinitely, a so-called cut-off distance H0 is introduced. The cut-off distance H0, i.e., the minimal value of    d  i j   −  d p    and    d  i w   −  d p    for the particle–particle and particle–wall surface distances, respectively, is specified as 0.4 nm in the present work. See [25] for more details.



Particles are set as static and randomly homogeneous in a miniature riser, with the geometry of W × H = 2.5 mm × 40 mm at the initial moment for nine cases in total. During the simulations, particles are import-and-export balanced. Table 1 shows the other fixed parameters for particles and gas. The particle property and operation conditions are both similar to those in [25] to guarantee the real fast-fluidized regime. As is shown, the DEM time step is also fixed; however, the stiffness coefficient is variable.



In order to implore the interaction effect of the stiffness coefficient and the DEM time step on simulations, we define a dimensionless parameter called relative DEM time step in the following.



According to the equation of the single-degree elastic system, the minimal system oscillation period can be determined as


   t m  = 2 π      ρ p   V p   κ     



(9)




where  κ  is the stiffness coefficient. Then, the critical DEM time step    t c    theorized by Tsuji et al. [2] is ten percent of    t m   . That is,


   t c  =  π 5       ρ p   V p   κ     



(10)







Then, the relative DEM time step is calculated as


   t r  =   Δ  t p     t c     



(11)







Table 2 shows the variable parameters and the ranks of the relative DEM time step.




3. Results and Discussion


3.1. Over-Large Relative Time Step


Figure 1 shows the simulated particle distributions in the microfluidized bed at 0.031 s with    t r  = 2   and   κ = 2000   N/m. The right snapshot of Figure 1 is the magnification of the marked region in the left snapshot. As is shown in the right snapshot, there are quite a few occasions of particles’ excessive overlap, far beyond the limited overlap of one percent of the particle diameter. These excessive overlap occasions may lead to the divergence of fluid field calculations due to excessively large source terms applied to fluid. Therefore, before 0.032 s, simulations often terminate automatically. Therefore, for the fast fluidization of A-Type particles, an over-large relative DEM time step can lead to excessive overlap and thus the divergence of simulation. As is often encountered, for low-speed bubbling fluidization of coarse particles, the calculation is converged so long as the DEM time step keeps the same magnitude with the critical safe time step. Here, although the DEM time step is two times the critical time step or ten percent of the oscillation time, the calculation is divergent.




3.2. Over-Low Relative Time Step


Figure 2 shows the simulated particle distributions at 0.014 s with    t r  = 0  . 0  2   and   κ = 2000   N/m. The right snapshot of Figure 2 is the magnification of the marked region in the left snapshot. As is noticed in the right snapshot, there are also quite a few occasions of excessive particle overlap. Before 0.015 s, simulations also terminate automatically. As has been found by Yuu et al. [7], selection of an excessively low DEM time step may not improve the simulation results. Furthermore, here it is proven that the selection of over-low    t r    even causes excessive particle overlap and thus divergent calculation.




3.3. Large Relative Time Step


Figure 3 shows the simulated particle distributions with large    t r    = 0.64 and 0.2. As can be seen from Figure 2a, particles are initially randomly set and are homogeneous. In no more than 0.1 s, the stable flow state is achieved with a dilute-top/dense-bottom axial structure and a homogeneous radial structure. The latter homogeneous structure is untrue and belongs to none of the typical flow types of A-type particles’ fluidization. As can be seen from Figure 2b, in no more than 0.2 s, the stable flow state is also achieved, with an axially homogeneous structure and a radially heterogeneous structure. Both structures are atypical, especially the latter dilute-core/dense-wall structure, which has been reported to be encountered only in the fluidization of special light cork particles [28].



Figure 4 shows the variations of outlet solid flux with time through the use of large    t r    = 0.2 and 0.64. When    t r    = 0.64 corresponding to   κ = 200   N/m, there is no evidence of cluster formation because the vibration amplitude of the flux wave is very weak. The dissipated energy is so high, mainly in the form of particle–particle and particle–wall collisions, that the system energy for particle suspension and transportation is very low. Therefore, the mean outlet solid flux is no more than 20 kg/m2s. On the contrary, when    t r    = 0.64 corresponding to   κ = 20   N/m, there is obvious evidence that particle clusters can form all along the axial direction. Moreover, there is a large part of system energy for particle suspension and transportation. Therefore, the outlet solid flux is far higher at    t r    = 0.2 than at    t r    = 0.64.




3.4. Moderate Relative Time Step


Figure 5 shows the particle distributions with moderate    t r    from 0.032 to 0.14, corresponding to  κ  = 0.5 to 10 N/m. It is shown that significantly heterogeneous structures appear with large clusters and frequent formation and breakup. According to frequent existence regions of large clusters, all of the five snapshots possess a whole flow regime of a dilute-top/dense-bottom and dilute-core/dense-wall structure, which is obvious evidence of fast fluidization. Note that the operation condition and particle property in the present simulations are both the same as those in our previous simulations [25]. The present simulated fast fluidization becomes the right flow regime.



Figure 6 shows the particle distributions with moderate    t r    = 0.064. The right snapshot of Figure 7 is the magnification of the marked region in the left snapshot. In the left snapshot, some particles aggregate to form extremely dense clusters along the riser wall of the sectional drawing area. As the sectioned area is near the outlet, clustering particles are also high-speed ones. The sectioned area are the most identifiable trouble spots where particles are easy to excessively overlap. As is noticed in the right snapshot, particles can get fully close to or even in contact with each other, but without excessive overlap. In Figure 7,    t r    = 0.064, which is enough to guarantee the good performance in the simulation of particle collision. Here, the stiffness coefficient of particle  κ  = 2 N/m, which is artificially brought down for the safe setting of relatively large time steps to reduce the calculation load.



Figure 7 shows the variations of outlet solid flux with time by use of moderate    t r   . It is noticed that for all of the five cases, the simulated outlet solid flux reaches a globally steady state after 0.1 s. The average outlet solid flux ranges from approximately 90 to 110 kg/m2s. The instantaneous values predicted by the use of moderate    t r    fluctuate much more violently than those predicted by use of large    t r   , indicating a more disordered and unstable status in the riser due to its large cluster nature. This indicates the effectiveness of the moderate relative DEM time step in guaranteeing the simulation accuracy. As is also noticed in the figure, the highest average outlet solid flux is achieved at    t r    = 0.032, while the lowest is at    t r    = 0.14. However, the average outlet solid flux is similar when    t r    = 0.046, 0.064, and 0.1. There is no obvious evidence to support the tendency that the higher    t r   , the lower the average outlet solid flux.



After repetitive verification of four other cases of moderate relative DEM time steps, it is concluded that moderate    t r    is the most preferable for simulation of A-type FCC particles. From Figure 5 and Figure 7, it is hard to quantitatively discern the best value of    t r   . The further optimization of the moderate DEM time step is thus unidentifiable. Moreover, note that the range of the moderate time step is too limited, which also indicates a narrow range of both real DEM time steps and stiffness coefficients. It seems that the common linear collision soft-sphere model is poor at modeling fine particles with high velocity. In contrast, many studies have shown that the use of a molecular dynamics model is more appropriate for dealing with fine particles. It is suggested that possible future work should be focused on improving the simulation frame and employing a molecular dynamics model to more appropriately deal with particle contact [29].





4. Conclusions


How to appropriately select the DEM time step and the stiffness coefficient is one of the most critical problems for the stable and accurate calculation in DEM simulation of fine particles’ high-speed fluidization. This article mainly discusses the effect of the stiffness coefficient and DEM time step on simulations of Type-A FCC particles. Some empirical rules found regarding the bifurcation occurrence with respect to relative time steps are the following:




	(1)

	
An over-large relative DEM time step leads to divergence of simulation. When the absolute time step is higher but keeps the same order with the critical time step, exception occurs worse than in the simulation of low-speed traditional fluidization of coarse particles.




	(2)

	
An over-low relative DEM time step may also lead to divergence of simulation. This is not reported in past simulations.




	(3)

	
Although a large relative DEM time step does not lead to the divergence of simulation, it predicts an untrue fluidization regime. This is also worse than in simulations of low-speed traditional fluidization.




	(4)

	
A moderate DEM time step possesses the best capability of modelling the process of particle collision and thus predicts the right flow regime. Under the moderate relative time step, the stiffness coefficient can be artificially brought down to far lower than the real value for the safe setting of a relatively large time step to reduce the calculation load.









Although use of a moderate DEM time step can successfully simulate fast fluidization of A-type particles, there is still a range of artificial choice. The optimization of a moderate DEM time step is unidentifiable and thus is an outstanding issue. Moreover, as the range of the moderate DEM time step is too limited, it seems that the common linear collision soft-sphere model is poor at modeling fine particles with high velocities. It is suggested that possible future work should be focused on improving the simulation frame and employing a molecular dynamics model to more appropriately deal with particle contact.
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Nomenclature




	
A

	
particle disk area, m2




	
C

	
drag coefficient




	
d

	
particle diameter or distance between particle, m




	
F

	
force on particle, N




	
G

	
outlet solid flux, kg·m−2·s−1




	
g

	
gravity acceleration, m/s2




	
H

	
bed height, m




	
Ha

	
Hamaker constant, N·m




	
H0

	
cut-off distance, m




	
I

	
inertia moment of the particle as spherical, kg·m2




	
i, j, k

	
particle or grid indexes




	
N

	
particle number




	
p

	
pressure, Pa




	
Re

	
Reynolds number of particle




	
T

	
torque, N·m




	
t

	
time, s




	
u

	
inlet gas velocity, m·s−1




	
u

	
gas velocity, m·s−1




	
V

	
particle volume, m3




	
v

	
particle velocity, m·s−1




	
Greek letters




	
  β  

	
momentum exchange coefficient, kg·m−3·s−1




	
  ε  

	
porosity




	
  κ  

	
stiffness coefficient, N·m−1




	
  μ  

	
gas viscosity, N·s·m−2




	
  π  

	
ratio of circumference




	
  ρ  

	
density, kg·m−3




	
   τ   

	
viscous stress tensor, Pa




	
   ω   

	
particle angular velocity, s−1




	
  ξ  

	
restitution coefficient




	
Subscripts




	
2D

	
two-dimensional




	
3D

	
three-dimensional




	
C

	
contact




	
c

	
critical




	
D

	
drag




	
g

	
gas




	
i, j, k

	
particle or grid indexes




	
m

	
minimal




	
p

	
particle




	
r

	
relative




	
V

	
van der Waals force type




	
w

	
wall
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Figure 1. Particle distributions at 0.031 s with over-large    t r  = 2  . 
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Figure 2. Particle distributions at 0.014 s with over-low    t r  = 0.02  . 






Figure 2. Particle distributions at 0.014 s with over-low    t r  = 0.02  .
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Figure 3. Particle distributions with large    t r   . (a)    t r    = 0.64. (b)    t r    = 0.2. 
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Figure 4. Outlet solid flux with large    t r   . 
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Figure 5. Particle distributions with moderate    t r   . 
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Figure 6. Particle distributions with moderate    t r    = 0.064. 
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Figure 7. Outlet solid flux with moderate    t r   . 
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Table 1. Fixed parameters for particle and gas.






Table 1. Fixed parameters for particle and gas.









	Particle
	Gas





	Density ρp = 930 kg·m−3
	Viscosity μg = 1.7 × 10−5 N·s·m−2



	Particle diameter dp = 54 μm
	Density ρg = 1.28 kg·m−3



	Porosity at minimum fluidization εmf = 0.5
	Inlet gas velocity u = 1.7 m·s−1



	Particle number in riser 8230
	CFD time step Δtg = 2 × 10−6 s



	Friction Coef. μ = 0.3
	Grid number 10 × 160



	Restitution Coef. ξ = 0.9
	



	DEM time step Δtp = 2.5 × 10−7 s
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Table 2. Variable parameters.






Table 2. Variable parameters.





	    Stiffness   Constant    κ n     
	    Relative   DEM   Time   Step    t r     
	    Rank   of    t r     





	2000 N·m−1
	2
	Over-large



	0.2 N·m−1
	0.02
	Over-low



	200 N·m−1
	0.64
	Large



	20 N·m−1
	0.2
	Large



	2 N·m−1
	0.064
	Moderate



	10 N·m−1
	0.14
	Moderate



	5 N·m−1
	0.1
	Moderate



	1 N·m−1
	0.046
	Moderate



	0.5 N·m−1
	0.032
	Moderate
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