

  energies-12-01801




energies-12-01801







Energies 2019, 12(9), 1801; doi:10.3390/en12091801




Article



A Mixing Behavior Study of Biomass Particles and Sands in Fluidized Bed Based on CFD-DEM Simulation



Heng Wang[image: Orcid] and Zhaoping Zhong *





Key Laboratory of Energy Thermal Conversion and Control of Ministry of Education, School of Energy and Environment, Southeast University, Nanjing 210096, China









*



Correspondence: zzhong@seu.edu.cn; Tel.: +86-(0)25-83794700







Received: 19 March 2019 / Accepted: 6 May 2019 / Published: 12 May 2019



Abstract

:

The present paper studied the mixing characteristics of biomass and sands in a fluidized bed. A three dimensional model is calculated on the basis of computational fluid dynamics (CFD) and the discrete element method (DEM), while the lab-scale experiments under similar conditions are conducted. To investigate the mixing behavior of biomass and sands, particle distribution, particles time averaged kinetic motion and the Lacey index are analyzed and the effects of gas velocity and biomass size are discussed. Gas velocity provides the basic motion for particle movement and biomass particles gain a lot more kinetic motion than sands due to their large size. The biomass mixing process in a horizontal direction is more sensitive to gas velocity than in a vertical direction. Biomass size could slightly affect the mixing quality and a well mixing in fluidized bed could be reached if the size of biomass to sands is smaller than 4 times.
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1. Introduction


Biomass has been used as a primary fuel source ever since fire was discovered, and was later substituted with fossil fuel in recent human history. Researchers today are refocusing on biomass, a clean and renewable energy source which can be transformed into fuel and chemicals and more importantly, mitigate global warming. Most methods of biomass utilization e.g. combustion [1,2], gasification [3] and pyrolysis, have profitable efficiency when conducted in fluidized beds. Fluidized beds have been widely used because of their good performances such as gas-solid contacting, controllable temperatures and high heat transfer.



The properties of biomass particles i.e. low density, large size and irregular shapes would lead to undesirable fluidization. However, good fluidization is the basis of well mixing, heat transfer, and chemical reactions. To optimize the fluidization process, fluidization mediums such as silica sands or calcite are applied. With these inert mediums, the hydrodynamic characteristics of biomass particles are improved and so are the chemical processes. However, the mixing behavior of biomass and inert particles is quite complicated because of the large difference between these two particle types. Many researchers have attempted to understand the fluidization of mixing biomass with inert medium in recent years using both experimental and simulation approaches. Some researchers conducted experiments to analyze the relation of minimum gas velocity and the concentration of biomass particles [4,5,6,7], while others compared the biomass fluidization process with or without inert particles [8,9,10,11,12]. However, the limitation of some experimental technology could affect the accuracy of the results and conclusions. The measurement of gas and particles would disturb the flow process because it is hard to get the particle information during the fluidization process [13]. Particle sampling size and sampling distribution also influence the evaluation result of particle mixing behavior.



Compared to the experimental method, numerical simulation could avoid these drawbacks and has better performance on elucidating the mechanisms governing mixing [14,15]. Coupled computational fluid dynamics (CFD) and discrete element method (DEM) have proven to be a powerful method for realizing the complex hydrodynamics of mixing particles in a fluidized bed. The CFD-DEM method has been widely applied on the simulation of fluidized beds [7,16], spouted beds [17,18] and circulating fluidized beds [19]. Fluid motion could be analyzed at mesh size scale by the CFD method in a Euler frame [20]. Moreover, the movement of individual particles could be investigated at the particle size scale using the DEM method, allowing for complete analysis of the mixing behavior of particles.



Some researchers studied the mixing behavior of same particles: Oke et al. [21] and Liu et al. [22] studied particle lateral mixing system in fluidized beds; Amiri et al. [23] conducted simulation to compare the effect of particle size and density in particle mixing process; Luo et al. [24] investigated particle mixing characteristics at different gas velocities. There has also been increasing research on the mixing behavior of binary particles by CFD-DEM method gas flow behavior in fluidized beds: Ma et al. [25] studied the mixture of binary particles in 2-D simulation in which particle shape was considered; Feng [26] et al. provided a mixture model of particles 1 mm in diameter and 2 mm in diameter and explored the factor of mixing and segregation process. Most of the mentioned studies were conducted in a 2-D model. Gas and particle movement may be different when loss one dimension. Surya et al. [27] provided a comparison model of 2-D and 3-D and proved that 3-D simulations could predict predict the bubble characteristics far away from the distributor plate. Particle collision and gas-solid interaction force could not be ignored, especially when particles have large differences of size and density. In the Narrower Direction, the relative displacement of the particles is greater in proportion to the distance traveled. It is necessary to build 3-D model for particle mixing behavior investigation. Some research focused on the effect of biomass particle shape. The shape of particles is also crucial and has been studies separately and reported in our former studies [28,29,30,31]. However, compared to non-spherical shapes, biomass in a spherical shape is widely applied in present simulation studies for further utilization of biomass, so it is necessary to conduct further study using a 3-D model and provide detailed theoretical support.



The objective of this study is to analyze the mixing behavior of biomass particles and sands in a fluidized bed by 3-D modeling in Euler-Lagrange frame. This study focuses on investigating the relationship of mixing quality and fluidized parameters such as gas velocity and particle size. The hydrodynamic characteristics binary particle systems are analyzed. Finally, the mixing mechanism is discussed.




2. Methodology


2.1. Particle Model


In Lagrange frame, the movement of biomass particles and sands is tracked individually. Newton’s second law for a particle p is given as


mpdupdτ=fc+fd+fpg+Gp



(1)






Isdwsdt=Ts



(2)




where mp is the particle mass, up is the particle velocity, fc is the contact force, fd is the gas-solid drag force, fpg is pressure gradient force, Gp is the particle gravity. Is and Ts are particle momentum of rotation inertia and torque.



The drag force fd represents the fluid effects on particles:


fd=βVp1−α(uf−up)



(3)




in which, Vp is the particle volume, uf is the gas velocity, β is the interphase momentum transfer coefficient expressed by the classical drag force model, Ergun [32] or Wen & Yu equations [33]:


β={μf(1−α)dp2α[150(1−α)+1.75Re)]  α≤0.834CDμf(1−α)dp2α−2.65Re  α>0.8



(4)




in which, μf is gas dynamic viscosity, dp is the particle diameter. CD is the drag force coefficient of a singe particle [34]:


CD={24[1+0.15(αRe)0.687]/(αRe)  αRe≤10000.44    αRe>1000



(5)




where, Reynolds number Re is given by:


Re=|up−uf|ρfdpμf



(6)







Particle-particle and particle-wall contact force are computed by soft sphere model in the present work. A soft sphere model was proposed by Cundal and Strack [35] in 1979 and was first introduced to gas-solid flow simulation by Tsuji [36] in 1993. Compared with a hard sphere model in which the collisions are assumed to be instantaneous and only occur between one and the other particle, the soft sphere model is suitable for the model with multiple particle collision. In the soft sphere model, the deformation of particles and the collisions of each particle are fully resolved. The forces are calculated as a model of spring, dashpots and a slider. This method is suitable for biomass particles and sands mixture because the calculation is based on individual particles and the different particle properties such as Young’s modulus and Poisson ratio could be considered separately. The relative formulations are listed in Table 1.




2.2. Governing Equations of Fluid Phase


Gas phase is treated as continuous fluid phase. Considering the volume of particles, governing equations are given as


∂(αρfuf)∂τ+∇⋅(αρfufuf)=−α∇p+∇⋅κ+αρfg−∑i=1NVp,iβVcell(1−α)(uf−up,i)



(7)




where, ρf is the gas phase density, uf is the gas velocity, p is the gas phase pressure, g is the acceleration of gravity, κ is the tensor of stress, which is given by:


κij=μf(2Dij−23δij∇⋅uf)



(8)




δij is the Kronecker delta function:


δij={1i=j0else



(9)




Dij is strain tensor:


Dij=12(∂uf,i∂xj+∂uf,j∂xi)



(10)







The last item on the right hand side of Equation (7) is the coupling force between the particle and fluid in each cell. N is the quantity of particles in each cell, Vp,i is the volume of particle i, Vcell is the volume of cell, α is the gas volume fraction in each cell, up,i is the velocity of particle i.




2.3. Particle Mixing Index


Mixing rate is an important index in particle mixing research. In this study, the Lacey mixing index [38] is introduced to evaluate the mixing quality. The expression of the Lacey mixing index is:


M=(σ02−S2)/(σ02−σr2)



(11)






σ02=c¯(1−c¯)



(12)






σr2=c¯(1−c¯)/n



(13)






c¯=1N∑i=1Nci



(14)







σ02 is the variance of complete separated particles in statistical grids; σr is the concentration variation of particles when fully mixed. c¯ is the mean of sampled concentration and ci is the local concentration. S2 is the sample standard deviation.



The Lacey mixing index is 1 when particles are fully randomly mixed and is 0 when particles are totally separated. It is clear that the higher Lacey mixing index indicates better mixing quality. Particles are supposed to be well mixed when the Lacey mixing index is larger than 0.8.





3. Experiment and Simulation Conditions


3.1. Experiment Details


Experiments are conducted on a lab-scale fluidized bed (30 mm × 120 mm × 1000 mm) to certify the simulation results. The schematic drawing of fluidized bed system is shown in Figure 1a [31]. Sands are packed on the bottom of bed and millet particles are arranged loose over sand. The condition of gas velocity set as 1 m/s, 1.5 m/s, and 2.5 m/s. Pressure drop is recorded by a pressure transmitter and data collecting system. Images are saved by high speed video. The height of sands is about 40 mm in all experiment initial arrangements. The experiments will provide pressure fluctuation and instantaneous images as a contrast validation for the simulation.




3.2. Simulation Conditions


Modeling is calculated by the in-lab code Multi-Flow [40]. In CFD frame, the calculation domain has same width and length as the experimental fluidized bed (30 mm × 120 mm) but considering the computational efficiency, the height of numerical model is 600 mm. The upside outlet boundary is a pressure-outlet. The setting of particles and bed features are listed in Table 2. Biomass particle properties such as Poisson’s ratio, Young’s modulus, friction coefficient and coefficient of restitution are referenced from reference [41]. The minimum fluidization velocity of mixing particles is estimated according to the empirical formula from reference [9].



Considering the calculation cost, the initial arrangement of the particles is different from the natural dense packed initialization in experiments. The initial particle position is shown in Figure 1b. Sands (blue) are arranged on the bottom of the fluidized bed and biomass particles (red) on the upside of sands. The number of particles would be the same as that in experiments but the space between particles is given as a quarter of the particle diameter. Because of the loose arrangement, the initial bed height would be much higher than that in experiments. Particle calculation tasks would assign to more processors due to the increasing number of mesh containing particles. Moreover, another reason to have a different initial arrangement is that the cost of calculation can sharply reduce as fewer particles need to be visit when calculate the contact force of particles. Sand particle number is 143120 in all cases. However, the quantity of biomass particles in each case is different when mass ratio is different as shown in Table 3. The biomass particle number also varies when biomass size is different as the biomass ratio stays the same.



Searching distance is provided to find the nearby particles so the given space between particles would be sensitive to particle searching time. In present work, the searching distance is 1.05 times the host particle so a space of quarter diameter is enough to keep the calculation highly efficient in the initial calculation. The CFD time step is 10 × 10−6 s and the DEM time step is 10 × 10−7 s in the calculation. 20 processors are assigned for each case to conduct parallel calculations on a high performance computer. The actual calculation time of each case is around 4 weeks.



Particles mixture is complicated phenomenon and the mixing characteristics are influenced by many factors such as the bed size, biomass density, size, shape, mass fraction and gas velocity [42]. Moreover, each factor could interact on the mixing quality in fluidization [43]. In the present study, gas velocity, biomass density and biomass size are considered. Inlet gas velocity is the basis of fluidization so we investigate the mixing behavior in different gas velocities. Besides, Biomass particle size is an important parameter of mixing behavior so different biomass particle sizes are investigated. The wall slip condition is considered in our 3-D model, a test has been conducted before all simulation and a comparison of a near wall void fraction about the no – slip and slip wall condition is shown in Figure 2. The void fraction in near wall area is calculated by the time averaged. Void fraction has similar trend from bed bottom to the surface of bed height. The minimum and maximum void fraction appears at same height for both slip wall and no – slip wall condition. Gas velocity in the near wall area also have same trend as shown in Figure 3. A slight difference could be found, so a no slip wall condition is applied in all cases.





4. Results and Discussion


4.1. Validity of Simulation Results


Figure 4 is the snapshots of an instantaneous fluidized process from 0 s to 10 s of simulation and experiments. It can be seen that the fluidized processes agree well between the simulation and experiments. The bed height of simulation is higher than that of experiment at 0 s because of the loose arrangement. Then, the particles movement of both the simulation and the experiment are in accordance. Bubbles generate and rise up in the central area; particles are carried and pushed aside by bubbles.



The instantaneous pressure drop of the cases is shown in Figure 5. Pressure fluctuation period of the experiment is normally between 180 ms and 250 ms and the pressure fluctuation period of simulation is from 166 ms to 250 ms, which is basically in accordance. The value of averaged pressure drop in experiments and simulation is 412 Pa and 266 Pa. The different gas distribution may be the main reason for a larger pressure drop in the experiment. The time averaged value of empty bed pressure drop is measured as 155 Pa at the same condition, which due to the distribution plate and the wall effect. Considering the additional pressure loss in experiments, the simulation results are well matched with the experiment results. Pressure drop at the initial time could be affected by the particle arrangement as described in Section 3. Considering the mentioned hypothesis in simulation such as particle arrangement, mesh size and gas distribution, the simulation results are reasonable and valid.




4.2. Particle Mixing Characteristics at Different Gas Velocities


4.2.1. Instantaneous Particle Height


Instantaneous particle height is a critical factor of particle fluidization which can indirectly reflect the bubble and particles movement characteristics. The instantaneous height of biomass and sand particles are calculated separately as:


Hb=∑iNHi/Nbiomass



(15)






Hs=∑iNHi/Nsand



(16)




in which, Nbiomass is the number of biomass and Nsand is the number of sand.



The instantaneous height of biomass particles and sands at different gas velocities in 10 s is shown in Figure 6. The different colours, black, yellow and green, represent different gas velocities, 1.0 m/s, 1.5 m/s and 2.5 m/s. Both biomass and sand particles reach higher positions when the superficial velocity is higher. The fluctuation tends to be severe with the increasing of gas velocities. In each case, the instantaneous height of biomass particles and sands is similar in a late period but the difference in the initial period should be discussed. The details of particles time averaged height in the first second is shown in Figure 6b. Particle movement details would be better understood with an instantaneous snapshot. Particle instantaneous movements of the first second are shown in Figure 7. Particles in cases with 2.5 m/s arrived at the summit at 0.4 s, shown by the green line in Figure 6b. The cases with 1.0 m/s and 1.5 m/s have similar periods in Figure 7 but it could be observed that the particle movement period would be longer as the gas velocity increases and particles in the case with higher velocity would have higher bed height and mix better. It is clear that the different flow patterns of different velocities occur at the initial period in Figure 7. The red particles are still gathered in the top area at 0.8 s as shown in Figure 7a but as the gas velocity increases, particles become better mixed as shown in Figure 7b,c.




4.2.2. Particle Averaged Kinetic Energy


The difference movements between biomass and sand particles are generally discussed in Section 4.2.1. To explore individual particle motion, the particle averaged kinetic translational motion of biomass and sand are calculated separately and shown in Figure 8a,b. Both biomass and sand particles will get larger kinetic translational motion when the gas velocity is higher. Due to the fact that biomass density is half of sand density and the diameter of biomass is 2.5 times of sand diameter, the averaged kinetic translational motion of biomass is nearly 10 times that of sand particle motion in each case. Because of the large mass difference, the instantaneous height of sand can be higher than biomass. Consistent with Figure 8, the particle averaged kinetic translational motion of both biomass and sand has similar variation trend. The averaged kinetic translational motion reaches the highest value in the early period and fluctuates in a certain range based on different gas velocities.




4.2.3. Particle Mixing Index


The Lacey index of biomass particles is shown in Figure 9. The Particles mixing index in both the vertical direction and horizontal direction are calculated. Particles are well mixed after 8 s in all three cases. Particles reach a well mixed state faster when the gas velocity is higher because of the more extensive gas solid interaction. However, the mixing state is not stable when the gas velocity is too high. Particles may separate because of the intensive gas movement, which can involve a sudden rupture of large bubbles. It is clear to see that there were two sharp drops between 4 and 6 s when the gas velocity is 2.5 m/s as the line in green shows in Figure 9a,b. Particles in low velocity mix more slowly in a horizontal direction because particles get less motion with low gas velocity. Particles mix faster and better in a vertical direction than in a horizontal direction in all three cases. In this regard, the case is in the best mixing condition of the three simulation cases when the gas velocity is 1.5 m/s.




4.2.4. Time Averaged Biomass Distribution


After the study of instantaneous information, it is necessary to discuss the mixing state after reaching a well mixed state. In particular, the relation of gas velocity and the biomass particle distribution by height should be studied. The time-averaged biomass particle distribution is the ratio of the weight of biomass at a certain height to the total biomass weight as shown in Figure 10. Comparing the cases with different velocities, it could be observed that from bottom to top, the biomass time-averaged concentration in each case have a similar trend by growing firstly and then dropping to nearly zero. Combined with the discussion of the former section, particles would have a larger kinetic motion when gas velocity is larger, so the case of higher gas velocities have more particles in the higher area and less in the lower area.





4.3. Particle Mixing Characteristics with Different Biomass Particle Sizes


4.3.1. Instantaneous Particle Mixing Behavior


Biomass particle size is one of the critical parameters because the large sized difference between biomass particles and sand is very common in industry utilization.



The distribution of biomass and sand particles in each cell are investigated to provide more mixing details at the local position. To ensure the simulation results in a well fluidized condition, the gas velocity of all cases in this section is 1.5 m/s according to the discussion of the former section. Particle instantaneous snapshots are shown in Figure 11. The mixing processes of biomass and sands in all three cases have a similar trend. Biomass particles fell around near wall area firstly (0.8 s) and then sands rose and mixed with biomass. Particles are well mixed after around 8 s. The instantaneous distribution and movements of biomass particles in all three mixing processes are different as the size changed.




4.3.2. Particle Averaged Kinetic Energy


To explore the size effect on individual particle motion, the particle averaged kinetic translational motion of biomass and sand are calculated separately and shown in Figure 12. Sands motion has similar value in all three cases but biomass motion has a sharp increase when the size becomes large. The integrate fluctuation also becomes strong when biomass particles is large. The motion of biomass particle is larger than sand. Even for the smallest biomass, single biomass still has 10 times the motion of sand.




4.3.3. Time Averaged Biomass Distribution


It is helpful to understand the dynamic mixing process of biomass particles and sands from Figure 9. However, it is not the objective to get a clear relationship between the biomass particle size and mixing trend only according to the instantaneous position. Time-averaged concentration of biomass particles by height is shown in Figure 13. The data is extracted between 8 s and 10 s when the fluidized state is fully stable. The overall variation trend of all three cases is extremely similar as discussed in the last section but the changing of biomass size barely affects the results. Probably, in a well mixed condition, size difference in the range of 2 to 4 times may not affect the biomass distribution in a vertical direction. However, due to being limited by the mesh size and the ratio of mesh size and particle size, it is not suitable to conduct a larger size difference in present calculation model.



The Lacey mixing index of the case with different biomass particle diameters in vertical direction is shown in Figure 14. Comparing the results of all three cases, smaller size difference of biomass particles and sands could lead to a better mixing state and also reach the stable mixing state faster. However, even with the largest size difference as the green line shown in Figure 14, the case could keep a high Lacey index over 0.8 when gas velocity is 1.5 m/s. Figure 14b has a particle mixing quality at 1.0 m/s gas velocity. The Lacey index of the case with large biomass particles has a slightly quicker rise than that with 1 mm diameter biomass particles. Comparing the Lacey index of Figure 9 and Figure 14, the biomass particles size is not as sensitive as gas velocity to the mixing behavior.






5. Conclusions


The Biomass particle and sands mixing process is complicated but significant for biomass chemical utilization. The simulation method could provide the details of particle movement and mixing process. Our study has built a model of a biomass particle and sands mixing process in a Euler – Lagrange frame. The large size and density difference between biomass particles and sands leads to complicated fluidizing and mixing behavior. This present study has focused on the effectiveness of particle size, gas velocity. Particle instantaneous averaged height, particle distribution, particle motion and Lacey index of each case are discussed. Some conclusions could be drawn based on the analyzing of simulation results: Increasing gas velocity in a reasonable range can accelerate the mixing process but can also enhance the fluctuation. Compared to biomass particle size, gas velocity is more sensitive to the mixing quality. Size difference could slightly affect the mixing quality on the condition that the gas velocity is suitable and it is found that a smaller size difference would lead to a better mixing process. In the view of the present study, biomass particles and sands could be well mixed if the size difference is smaller than 4 times.
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Nomenclature




	Cd
	drag force coefficient of singe particle



	C¯
	mean of sampled concentration



	ci
	local concentration



	Db
	biomass particle distribution



	Dij
	strain tensor



	dp
	diameter of particle p



	fc
	contact force



	fd
	gas-solid drag force



	fpg
	pressure gradient force



	G
	acceleration of gravity



	Gp
	particle gravity



	Hb
	instantaneous height of biomass particles



	Hs
	instantaneous height of sand



	Is
	particle momentum of rotation inertia



	M
	number of sand



	mp
	particle mass



	Nbiomass
	total number of biomass particles in the case



	Nsand
	total number of sand in the case



	P
	gas phase pressure



	Re
	Reynolds number



	Ts
	particle torque



	uf
	fluid velocity



	up
	particle velocity



	up,i
	velocity of particle i



	vcell
	volume of cell



	Vp
	volume of particle p



	vp,i
	volume of particle i



	ρf
	gas phase density



	µf
	gas dynamic viscosity



	α
	void fraction



	β
	interphase momentum transfer coefficient



	δij
	Kronecker delta function



	κ
	tensor of stress



	σ02
	variance of complete separated particles in statistical grids



	σr2
	concentration variation of particles when fully mixed
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Figure 1. (a) The experiment system [39]; (b) particles initial position in simulation. 
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Figure 2. Void fraction in the near wall area. (Simulation case: Biomass diameter is 2 mm; Sand diameter is 0.8 mm; gas velocity is 2.0 m/s.). 
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Figure 3. Gas velocity in the near wall area. (Simulation case: Biomass diameter is 2 mm; Sand diameter is 0.8 mm; gas velocity is 2.0 m/s.). 
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Figure 4. Snapshots of the instantaneous fluidized process. (Simulation case: Biomass diameter is 2 mm; Sand diameter is 0.8 mm; gas velocity is 1.0 m/s. Experiment case: Millet is the biomass particles used in experiments; gas velocity is 1.0 m/s. Biomass mass fraction is 6 % in both simulation and experiments.). 
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Figure 5. Pressure drop comparison of experiment and simulation. (Simulation case: Biomass diameter is 2 mm; Sand diameter is 0.8 mm; gas velocity is 1.0 m/s. Experiment case: Millet is the biomass particles used in experiments; gas velocity is 1.0 m/s. Biomass mass fraction is 6% in both simulation and experiments.). 
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Figure 6. The instantaneous average height of particles (Biomass diameter is 2 mm). (a) is a period of 10 s and (b) is the details of the first second. 
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Figure 7. Snapshots of particles instantaneous movements. 
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Figure 8. Averaged particle kinetic motion. (Biomass particle diameter is 2 mm.). 
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Figure 9. Lacey index Biomass (Biomass particle diameter is 2 mm.). 
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Figure 10. Time averaged biomass concentration by height. Time range is from 8 s to 10 s. Biomass particle diameter is 2 mm. 
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Figure 11. Snapshots of particles instantaneous movements. (a) biomass particle size is 1.5 mm; (b) biomass particle size is 2.0 mm; (c) biomass particle size is 3.0 mm; sand diameter is 0.8 mm and gas velocity is 1.5 m/s in all three cases). 
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Figure 12. Averaged particle kinetic motion. (Gas velocity is 1.5 m/s.). 
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Figure 13. Time averaged biomass concentration by height. (Gas velocity is 1.5 m/s.). 
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Figure 14. Lacey index. 
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Table 1. Relative equations of contact force.
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Force

	
Equation






	
Normal elastic force

	
Fen=−43E∗r∗δn32n




	
Normal damping force

	
Fdn=−α(43E∗m∗r∗δn)0.5vrnn




	
Tangential elastic force

	
Fdt=−μi+μj2(8G∗m∗)0.5(r∗δnδt)0.25uslip




	
Tangential damping force

	
Fet={−8G∗r∗δnuslipΔt if |Ft|≤|Fn|μij(|Ft+Fn|)μi+μj2δtδt if |Ft|>|Fn|μij




	
*where, 1E∗=1−vi2Ei+1−vi2Ej, 1G∗=2−viGi+2−vjGj, Gi=Ei2(1+vi), Gj=Ej2(1+vj), 1r∗=1ri+1rj

in which, E* is the reduced elastic modulus, Ei and Ej is the Elastic modulus of particle i and j; r* is the reduced radius, ri and rj is the radius of particle i and j; Gi and Gj is the shear modulus of particle i and j, vi and vj is poisson ratio of particle i and j [37].
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Table 2. Simulation Details.
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	Parameters
	Unit
	Value





	Diameter of sand
	mm
	0.8



	Diameter of biomass particle
	mm
	1.5, 2, 3



	Density of sand
	kg/m3
	2650



	Density of biomass
	kg/m3
	1300



	Density of gas
	kg/m3
	1.28



	Velocity of gas
	m/s
	1.0 m/s, 1.5 m/s, 2.5 m/s



	Viscosity of gas
	Pa∙s
	1.75 × 10−5



	Wall young’s modulus
	MPa
	1 × 106



	Wall friction coefficient
	
	0.35



	Wall restitution coefficient
	
	0.9



	Biomass Young’s modulus
	Mpa
	1.6 × 103



	Biomass Possion ratio
	
	0.4



	Biomass friction coefficient
	
	0.34



	Biomass restitution coefficient
	
	0.59



	Biomass mass fraction
	
	2%, 4%, 6%



	Sand Young’s modulus
	Mpa
	1 × 106



	Sand Possion ratio
	
	0.33



	Sand friction coefficient
	
	0.35



	Sand restitution coefficient
	
	0.9



	CFD Mesh size
	mm
	6 × 6 × 6



	vmf
	m/s
	0.36, 0.4, 0.54
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Table 3. Biomass number in each case.
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Biomass Diameter

	
Mass Ratio




	
2%

	
4%

	
6%






	
1.5 mm

	
903

	
1806

	
2708




	
2 mm

	
381

	
762

	
1143




	
3 mm

	
113

	
226

	
339
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