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Abstract - In this paper, numerical investigations of effects of cohesive particles proportion on the fluidization of binary particles was 

conducted by using Eulerain two flow model incorporating a new developed particle-particle drag model. Geldart-A and C particles 

consists the binary particles mixture. The bed expansion, mixing and segregation of the binary particles were simulated in different 

conditions of varying superficial velocity and Geldart-C particles proportion. It found that the particle-particle drag model can 

reasonably predicate bed expansion of the binary particles by introducing the parameter of solid surface energy to characterize the 

effect of cohesive collision energy loss. With an increase in superficial velocity, the bed voidage shows a nearly linear relationship vs. 

superficial velocity in logarithmic coordinates. Cohesive particles proportion greatly affects the mixing index of binary particles and 

optimal mixing is observed with increasing cohesive particles proportion at a certain superficial velocity. The mixing uniformity of 

binary particles is decreasing with an increase in superficial velocity.  
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1. Introduction 
The gasification of biomass in fluidized bed can produce clear energy for power plant and synthesis gas for further 

processing and obtaining high-value chemicals. The efficiency of gasification processes deeply depend on the effective 

regulations of fluidization of biomass particles. During the gasification, the biomass particles gradually convert to ash, 

which belongs to Geldart-C particles and easily adhere to other particles. Due to the high content of alkali metal, the ash 

has low-melting-point, which always induces lagging and leads to local defluidization. The complex distribution of 

multicomponent particles in the fluidized bed is an important influence factor for the gasification reactions. A reasonable 

evaluation of the effect of cohesive particles is necessary to predicate the distribution of the multi-competent particles. 

The fluidization behaviour of binary particles deeply depends on the physical properties of cohesive particles (density 

and size etc.). It is not easy to accurately predicate the mixing or segregation characteristics of binary particles of cohesive 

powder under some operation conditions. Some CFD models have been established to describe the binary particles flow 

behaviours. The simulation of the fluidization processes of binary particle of Geldart-C and A or B can be conducted by 

Multiphase Emulation method by applying the particle-particle drag. There are two types of P-P drag in literature. One 

expression is developed by kinetic theory of granular flow, such as Chao et al.[1]. These methods connect the particle-

particle drag coefficient to the average or individual granular temperature. The other way to derive the equation is based on 

an empirical voidage function, such as Bell[2]. Although the particle-particle drag models have been investigated widely, 

there are inconsistency of the impact of the particle-particle drag. However, the present particle-particle drag model can 

hardly be directly used to deal with cohesive particles flow because the effects of cohesive force during the collision 

process are not be considered when they are developed.  

This work use a new derived particle-particle drag model for cohesive particles. The binary particle of cohesive 

particles and Geldart-A particles are simulated by applying the drag model to multiphase Eulerian model. 
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2. Simulation Model and Setup 
 
2.1. Equations 

The model equations for the binary solid phases are investigated, thus the number of particle types is two. The index A 

and B represent the two types of particles. When the particles are fluidized, the slip velocity u_sm (s=A,B;m≠s) between 

the two particle phases induced the binary particle drag, which is considered as a dominant factor for the fluid dynamics. 

The control equations of Eulerian model are shown below, and index g and s refer to the gas and solid phase 

 

The continuity equations of gas phase and solid phases are: 

 
𝜕

𝜕𝑡
(𝛼𝑔𝜌𝑔) + ∇ ∙ (𝛼𝑔𝜌𝑔𝑢⃗ 𝑔) = 0 (1) 

𝜕

𝜕𝑡
(𝛼𝑠𝜌𝑠) + ∇ ∙ (𝛼𝑠𝜌𝑠𝑢⃗ 𝑠) = 0, 𝑠 = 𝐴, 𝐵 (2) 

 

The momentum equations of gas phase and solid phases are 

 
𝜕

𝜕𝑡
(𝛼𝑔𝜌𝑔𝑢⃗ 𝑔) + ∇ ∙ (𝛼𝑔𝜌𝑔𝑢⃗ 𝑔𝑢⃗ 𝑔) = −𝛼𝑔∇𝑝𝑔 + ∇ ∙ 𝜏̿𝑔 + 𝛼𝑔𝜌𝑔𝑔 − ∑ 𝛽𝑔,𝑠(𝑢⃗ 𝑔 − 𝑢⃗ 𝑠)

𝑠=𝐴,𝐵

 (3) 

𝜕

𝜕𝑡
(𝛼𝑠𝜌𝑠𝑢⃗ 𝑠) + ∇ ∙ (𝛼𝑠𝜌𝑠𝑢⃗ 𝑠𝑢⃗ 𝑠) = −𝛼𝑠∇𝑝𝑔 − ∇𝑃𝑠 + ∇ ∙ 𝜏̿𝑠 + 𝛼𝑠𝜌𝑠𝑔 + 𝛽𝑔,𝑠(𝑢⃗ 𝑔 − 𝑢⃗ 𝑠) + ∑ 𝛽𝑠,𝑚(𝑢⃗ 𝑚 − 𝑢⃗ 𝑠)

𝑠=𝐴,𝐵;𝑚≠𝑠

 (4) 

 

Where 𝜏̿𝑔 is the viscous tress tensor of gas: 

 

𝜏̿𝑔 = 𝛼𝑔𝜇𝑔(∇𝑢⃗ 𝑔 + 𝑢⃗ 𝑔
𝑇) −

2

3
𝛼𝑔𝜇𝑔∇ ∙ 𝑢⃗ 𝑔𝐼 (5) 

 

The effective viscosity of gas phase 𝜇𝑔 includes two parts: dynamic viscosity 𝜇𝑔𝑑 and turbulent viscosity 𝜇𝑔𝑡, which can 

be determined by solving gas phase turbulence 𝑘 − 𝜀 models. 

 

𝜏̿𝑠 = 𝛼𝑠𝜇𝑠(∇𝑢⃗ 𝑠 + 𝑢⃗ 𝑠
𝑇) + 𝛼𝑠(𝜆𝑠 −

2

3
𝜇𝑠)∇𝑢⃗ 𝑠𝐼 (6) 

 

Where 𝜆𝑠 is bulk viscosity 

 

𝜆𝑠 =
4

3
𝛼𝑠𝜌𝑠𝑑𝑠𝑔0,𝑠𝑠(1 + 𝑒𝑠𝑠) (

𝛩𝑠

𝜋
)
1 2⁄

, 𝑠 = 𝐴, 𝐵 (7) 

 

The solid shear viscosity includes three parts: kinetic viscosity 𝜇𝑠,𝑘𝑖𝑛  [3], collisional viscosity 𝜇𝑠,𝑐𝑜𝑙 , and frictional 

viscosity 𝜇𝑠,𝑓 [4]. 

 

𝜇𝑠,𝑘𝑖𝑛 =
10𝜌𝑠𝑑𝑠

96

√𝛩𝑠𝜋

(1 + 𝑒𝑖𝑖)𝑔0,𝑠𝑠
[1 +

4

5
𝛼𝑠𝜌𝑠𝑑𝑠𝑔0,𝑠𝑠(1 + 𝑒𝑠𝑠)]

2

 (8) 

𝜇𝑠,𝑐𝑜𝑙 =
4

5
𝛼𝑠𝜌𝑠𝑑𝑠𝑔0,𝑠𝑠(1 + 𝑒𝑠𝑠)(

𝛩𝑠

𝜋
)1 2⁄ 𝛼𝑠 (9) 

𝜇𝑠,𝑓 =
𝑃𝑠 sin𝛷

2√𝐼2𝐷

 (10) 
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𝐼2𝐷 is the second invariant of the deviatoric stress tensor. And 𝑃𝑠is the solid pressure, 𝛷is the angle of internal friction. For 

binary particles, the solid pressure turns to [5] 

 

𝑃𝑠 = 𝛼𝑠𝜌𝑠𝛩𝑠 + 2(
𝑑𝑠+𝑑𝑚

2𝑑𝑠
)
3
𝜌𝑠(1 + 𝑒𝑠,𝑚)𝛼𝑠𝛼𝑚𝑔0,𝑠𝑚𝛩𝑠+2𝜌𝑠(1 + 𝑒𝑠𝑚)𝛼𝑠

2𝑔0,𝑠𝑚𝛩𝑠 𝑠 = 𝐴, 𝐵;𝑚 ≠ 𝑠 (11) 

 

where，𝑔0,𝑠𝑚is radial distribution function for binary mixture.   

 

𝑔0,𝑠𝑠 =
1

1 −
𝛼𝑠

𝛼𝑠,𝑚𝑎𝑥

+
3

2
𝑑𝑠(𝛼𝑚 𝑑𝑚⁄ + 𝛼𝑠 𝑑𝑠⁄ ) (12) 

 

𝑔0,𝑠𝑚 =
𝑑𝑠𝑔0,𝑠𝑠 + 𝑑𝑚𝑔0,𝑚𝑚

𝑑𝑠 + 𝑑𝑚
, 𝑠 = 𝐴, 𝐵;𝑚 ≠ 𝑠 (13) 

 

Where, 𝛼𝑠,𝑚𝑎𝑥 is the max packed limit. The granular temperature equations are: 

 
3

2
[
𝜕

𝜕𝑡
(𝛼𝑠𝜌𝑠𝛩𝑠) + ∇ ∙ (𝛼𝑠𝜌𝑠𝑢⃗ 𝑠𝛩𝑠)] = (−∇𝑝𝑠𝐼 + 𝜏𝑠): ∇𝑢⃗ 𝑠 + ∇ ∙ (𝑘𝑠∇𝛩𝑠) − 𝛾𝑠 + 𝜙𝑠𝑚, 𝑠 = 𝐴, 𝐵;𝑚 ≠ 𝑠 (14) 

 

The granular temperature𝛩𝑠 , 𝑘𝑠  is the energy conductivity coefficient, and 𝛾𝑠  is the collisional dissipation of energy 

fluctuation. The diffusion coefficient 𝑘𝑠: 

 

𝑘𝑠 =
150𝜌𝑠𝑑𝑠√𝛩𝑠𝜋

384(1 + 𝑒𝑠𝑠)𝑔𝑜,𝑠𝑠
[1 +

6

5
𝛼𝑠𝑔𝑜,𝑠𝑠(1 + 𝑒𝑠𝑠)]

2

+ 2𝜌𝑠𝛼𝑠
2𝑑𝑠(1 + 𝑒𝑠𝑠)𝑔𝑜,𝑠𝑠√

𝛩𝑠

𝜋
 (15) 

 

 

The rate of energy dissipation 𝛾𝑠: 

 

𝛾𝑠 =
12(1 − 𝑒𝑠𝑠

2 )𝑔𝑜,𝑠𝑠

𝑑𝑠√𝜋
𝜌𝑠𝛼𝑠

2𝛩𝑠
3 2⁄

 (16) 

 

 

The transfer of kinetic energy of random fluctuation between two types 

 

𝜙𝑠𝑚 = −3𝑘𝑠𝑚𝛩𝑠 (17) 

 

The gas-solid drag model is shown below [5]: 

 

 

𝑎𝑔 < 0.8 𝛽𝑔,𝑠 = 150
𝛼𝑠

2𝜇𝑔

𝛼𝑔𝑑𝑠
2 + 1.75

𝜌𝑠|𝑢⃗⃗ 𝑠−𝑢⃗⃗ 𝑔|

𝑑𝑠
; 𝑎𝑔 > 0.8 𝛽𝑔,𝑠𝑖 = 150

𝛼𝑠
2𝜇𝑔

𝛼𝑔𝑑𝑠
2 +

3

4

𝛼𝑠𝛼𝑔𝜌𝑠|𝑢⃗⃗ 𝑠−𝑢⃗⃗ 𝑔|

𝑑𝑠
𝛼𝑔

−2.65 (18) 

where 𝐶𝐷 = {

24

𝛼𝑔𝑅𝑒𝑠
[1 + 0.15(𝛼𝑔𝑅𝑒𝑠)

0.687], 𝑅𝑒𝑠 ≤ 1000

0.44, 𝑅𝑒𝑠 ≥ 1000
 (19) 
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The particle-particle drag coefficient for cohesive flow is [6] 

 

𝛽 = (1 + 𝑒′)
𝑚𝑖𝑚𝑗

𝑚0

𝛼𝑗

𝜋
6 𝑑𝑗

3

𝛼𝑖
𝜋
6 𝑑𝑖

3
[
𝜋

6
(𝑑𝑖 + 𝑑𝑗)

3
+

𝜋

4
(𝑑𝑖 + 𝑑𝑗)

2
𝜆𝑖𝑗]

|𝒄⃗ 𝑖𝑗|

𝜆𝑖𝑗
 (20) 

𝑒′ = e√1 − 𝜆𝑐;  𝜆𝑐 =
2𝑚0𝐸𝑐

𝑚𝑖𝑚𝑗𝑒𝑖𝑗
2𝒄⃗ 𝑖𝑗

2 ; 𝐸𝑐 = −γ𝜋𝑎2 
(21) 

 

Where, 𝛾 is the solid surface energy per unit contact area, and 𝑎 is the contact area radius of the particles. 

 

2.2. Setup for Simulation 
The simulation parameters are shown in table 1. The physical model of the fluidized bed is consistent with literature 

[7]. 

  
Table 1: Setup for simulation. 

 
Parameter gas FCC particles Al(OH)3 Parameter Value 

Density  kg ∙
m−3 

1.21 1659 2400 Bed diameter m 0.138 

Viscosity 𝐏𝐚 ∙ 𝐬 1.78 × 10−5   Initial bed height m 0.36 

Diameter  60 μm 8 μm Coefficient of restitution 0.9 

Geldart group  A C Grid mm 0.1~0.5 

𝒖𝒎𝒇 𝐦 ∙ 𝐬−𝟏  0.0022  Time step 10-5-10-4 

 

3. Results and Discussion 
Fig. 1shows the time-averaged voidage profile vs. superficial velocity. With an increase in superficial velocity, the 

voidage increases. The binary particles with 1wt% cohesive particles shows a lowest bed expansion rate. The increasing 

cohesive particles proportion enhance the bed expansion rate. The cohesive particles may reduce the bed resistance by 

positing Geldart-A particle clearance. The cohesion effects between particles is not obvious when the bigger particles 

dominate the binary system. Fig.2 shows the average fraction of cohesive particles vs. increasing superficial velocity and 

cohesive particles proportion. Both increasing superficial velocity and cohesive particles proportion reduce the solid 

fraction of cohesive particles. The slop of the profiles become large with an increase in cohesive particles proportion when 

the maximum fraction of Geldart-C below 15%.  
 

0.2 0.4 0.6 0.8 1.0

0.5

0.6

0.7

 

 



u / ms
-1

 1 wt% 

 5 wt%

 10 wt%

 14 wt%

 16 wt%

 20 wt%

    
Fig. 1: Time-averaged voidage profile vs. superficial velocity.     
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Fig. 2: Time-averaged Geldart-C solid fraction profile vs. u. 

 

Fig.3 shows the effects superficial velocity on the mixability of binary particles. A mixing index M is defined as the 

ratio of the number of flotsam particles in mixing section to the total number of flotsam particles. With an increase in 

superficial velocity, the mixing index rapidly reduce. The increasing superficial velocity provides an enhanced gas-solid 

drag force, which increase the segregation of Geldart-A and C particles within the fluidized bed. Fig.4 shows the effects of 

weight proportion of cohesive particles on the mixing index. It can be observed that an optical mixing can be obtained at a 

certain value of wt, the mixing index reduce above or below the value, which may attributed an competition between gas-

solid interaction and particle-particle interaction. 
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Fig. 3: Variation of mixing index vs. superficial velocity.     

0.0 0.1 0.2
0.0

0.2

0.4

0.6

0.8

1.0

 

 

M


s2

 / wt%

 0.3 cms
-1
  0.4 cms

-1

 0.6 cms
-1
  1.0 cms

-1

 
Fig. 4: Effects of cohesive particles proportion on the mixing index. 
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4. Conclusion 
The conclusions of the CFD investigations include: (1) the particle-particle drag model can reasonably predicate bed 

expansion of the binary particles; (2) with an increase in superficial velocity, the cohesive particle fraction and mixing 

index reduce; (3) cohesive particles proportion greatly affects the mixing index of binary particles and optimal mixing is 

observed at a certain cohesive particles proportion. 
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