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Abstract 

The 2.5D model recently proposed by Li et al. (Li, T., Benyahia, S., Dietiker, J., Musser, J., and Sun, 

X., 2015. A 2.5D computational method to simulate cylindrical fluidized beds. Chemical 

Engineering Science. 123, 236-246.) was validated for two cylindrical gas-solids bubbling 

fluidized bed systems. Different types of particles tested under various flow conditions were 

simulated using the traditional 2D model and the 2.5D model. Detailed comparison against the 

experimental measurements on solid concentration and velocity were conducted. Comparing to 

the traditional Cartesian 2D flow simulation, the 2.5D model yielded better agreement with the 

experimental data especially for the solid velocity prediction in the column wall region. 
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Gas–solids fluidized bed reactors are widely used in the chemical industries owing to their 

excellent gas–solids contact and favorable heat- and mass-transfer characteristics. Continuous 

efforts have been made during the past decades to gain a thorough understanding of the 

fundamentals of gas–solids fluidized beds using various tools. With the rapid development of 

high-performance computers, computational algorithms, and multiphase flow models, 

computational fluid dynamic (CFD) modeling has become an effective tool to help researchers 

better understand the complex flow hydrodynamics in fluidized beds. However, the 

computational cost of simulating gas-solids flows is extremely high due to inherent unsteady 

and highly coupled multi-scale characteristics that require highly resolved numerical grids and 

small time steps. Various methods have been introduced to reduce the computational cost and 

accelerate the simulations for gas–solid systems such as coarse grain method (Sakai and 

Koshizuka 2009) and sub-grid models (Igci and Sundaresan 2011). Specifically, to alleviate the 

computational cost of transient simulations of gas-solids fluidized beds, numerous two-

dimensional (2D) numerical simulations of various fluidization regimes, e.g. bubbling, slugging, 

turbulent, and circulating fluidized beds, have been reported in the literature. 

 

In most applications, cylindrical columns are routinely used for the fluidized beds. Considering 

the symmetry in geometry and flow conditions of most cylindrical gas-solids fluidized beds, it is 

natural to make the axisymmetric assumption to reduce the computational cost. However, it has 

been generally realized that in the axisymmetric assumption the central axis behaves like a free-

slip wall and prevents the gas-solids flow from crossing it (Pain et al. 2001; Cabezas-Gomez and 

Milioli 2003; Reuge et al. 2008; Xie et al. 2008a). Hence, high solids concentration and 

downward solids flow were often reported along the central axis of the bubbling fluidized bed 

when using the axisymmetric flow assumption. This is inconsistent with the experimental 

observation of the usually upward flow with low solids concentration in the central region. Due 

to the unphysical accumulation of solids along the central line, the axisymmetric flow 

assumption is rarely used in the unsteady flow simulation of fluidized beds. An alternative, the 

Cartesian 2D simulation of a vertical plane cutting along the central axis is commonly used in 

simulating the cylindrical gas-solids fluidized beds. The Cartesian 2D simulation breaks the 

symmetry constraint along the central axis in the axisymmetric assumption and predicts 

qualitatively more consistent results to the experimental observation.  

 

Despite the wide applications of 2D Cartesian simulation for various gas-solids fluidization 
systems, it is generally acknowledged that there exist considerable differences between 2D and 
3D simulations. The limitations of 2D Cartesian model comparing to the 3D simulation have 
been discussed by several authors in the literature (Peirano et al. 2001; Cammarata et al. 2003; 
Xie et al. 2008a, 2008b; Li et al. 2010a; Cloete et al. 2013; Li et al. 2014a, 2014b).  All studies 
revealed significant quantitative differences between 2D and 3D simulations. The reported 
differences could be attributed to the inherent three dimensional flow structures in the gas-
solids flow and the geometrical inconsistency of simplifying a cylinder to a Cartesian 2D plane. 
Consequently, a 2D simulation is recommended for qualitative evaluation and only a 3D 
modeling is recommended for quantitative predictions. 
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Recently, to overcome the geometrical inconsistency in the 2D simulation, a 2.5D model was 

recently proposed by Li et al. for simulating the cylindrical gas-solids fluidized beds operated in 

batch mode. The new model combined the Cartesian 2D assumption and the axisymmetric flow 

assumption followed the same idea by Sun and Gidaspow (1999). This new method has been 

tested for a small bubbling fluidized bed system for which various 2D and 3D simulations were 

conducted. Detailed comparison of the flow hydrodynamics were made after careful grid studies. 

Through comparison with highly resolved 3D simulation results, the 2.5D model produced 

improved results compared to the 2D Cartesian and 2D axisymmetric assumptions. 

 

The objective of the current study is to validate the 2.5D model results against available 

experimental data for cylindrical gas-solids bubbling fluidized bed. For this purpose, both 2D and 

2.5D simulations of two well documented experimental systems covering a wide range of 

operating conditions have been conducted. Numerical results are compared against the 

experimental data of solids concentration and solids velocity for validation.   

 

2. Model Description 

In this section, the 2.5D model proposed by Li et al. (2015) is briefly reviewed. In the 2.5D model, 

a novel computational domain made of two wedges connected by a thin plate is proposed to 

combine the advantages of axisymmetric and 2D Cartesian simulations. The computational 

domain is schematically shown in Figure 1. Here the ratio between the plate half width, L, and 

the wedge radius, R, is adjustable and determines the thickness of the plate, H. By adjusting the 

ratio between L and R, the simulation varies between axisymmetric and two dimensional. This 

approach attempts to impose flow symmetry in a cylindrical column by adopting the wedge-

shape computational domain. At the same time, it allows the flow to pass through the central 

axis by incorporating the 2D Cartesian flow assumption in the central region. With a small angle 

of wedge, α, the computational domain can be discretized by a single layer of cells which makes 

the computational cost the same as the 2D model.  

 

Figure 1. The computational domain of 2.5D model for fluidized bed simulations (Top view). 
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The 2.5D model has been implemented into the open-source code, Multiphase Flow with 

Interphase eXchanges (MFIX) 2015-1 release, developed at the National Energy Technology 

Laboratory (NETL). In MFIX, the multi-fluid, Eulerian-Eulerian approach is used, with each phase 

treated as an interpenetrating continuum. Mass and momentum conservation equations are 

solved for the gas and solids (particulate) phases, with appropriate closure relations (Syamlal et 

al. 1993; Benyahia et al. 2012). The model equations solved in the current study are briefly 

summarized in Table 1.  

 

Table 1. Summary of MFIX equations 

A. Governing equations  

(a) Continuity equations 

Gas phase    ( ) ( ) 0g g g g gV
t
   


 


 

Solids phase    ( ) ( ) 0p p p p pV
t
   


 


 

(b) Momentum equations 

Gas phase    ( ) ( ) gg g g g g g g gpg g g P g IV V V
t
      


     


 

Solids phase    ( ) ( ) pp p p p p p p gpp p p P g IV V V
t
      


     


 

B. Constitutive equations 

(a) Gas stress tensor 

2g ge gS   

 
1 1

( ) ( )
2 3

T

g g g gS IV V V       

(b) Solids stress tensor  
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  2p s b p pp
P I SV        

 
1 1

( ) ( )
2 3

T

p p p pS IV V V       

0[1 4 ]s p p p pP g        

 
*

0 0

0

2 8 8 3
1 1 3 2

3 (2 ) 5 5 5

p

p p p bg g
g


      

 

     
         

      

 

0*

0

2

p p p

p

p p p

p p

g

g

  



 

 




 

 

5

96
p p pd     

2

0

256

5
b p g 


  

1

2

e



  

(c) Frictional model 

24 * 10 *

*

10 ( )     

0                         

p p p p

f

p p

P
   

 

  
 



 

max *

2

*

sin( )
min ,      

4

0                                      

f

f p p

Df

p p

P

I


  



 

  
       




  

max 100f    

(d) Granular temperature   
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 ,

3
( ) ( ) :

2
p p p p p p p p p gp p p pp p

JV V
t
       

 
         

 

*

2 2 2 2

, 0 0 0

0

12 12 64
1 1 (4 3) (41 33 )

5 5 25

p

p p p pg g g
g


       




   
        

   
 

0*

0

6

5

p p p

p

p p p

p p

g

g

  



 

 




 

 

75

48 (41 33 )

p p pd 


 





 

 
3/2

048
1

p p

p

p

g
J

d


 




   

2
2

3

0

81
3

p g g p

gp p

p p p

V V

g d

 


 


    


 

(e) Inter-phase momentum exchange 

 gp g pI V V   

2

2

2 65

150 1 75   if  0 2

3
        if  0 2

4

p g p gp g

p

g p p

p g g p g

d g p

p

V V

d d

V V
C

d

  





  
  

 
    


 


 


 

0.68724
(1 0.15(Re ) )     if Re 1000

Re    

0.44                                          if Re 1000

g g

gd

g

C
 






     

  
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Re
g pp g

g

dV V




      

 

3. Model Validation 

As suggested by Grace and Taghpour (2004), validation should cover a wide range of fluidization 

regimes and operating conditions to fully evaluate the performance of the CFD model. In the 

current study, we focused on validation of the 2.5D model for the bubbling fluidization regime 

against experimental data from the literature. To make sure the validation study is 

comprehensive, two different experimental setups using different particles and various flow 

conditions were considered.  

 

3.1 Experiments of Makkawi et al. 2006 

Makkawi et al. (2006) reported the solids volume fraction distribution in a freely bubbling bed 

measured using the electrical capacitance tomography (ECT). In their experimental facility, the 

cold fluidization tests were carried out in a cast acrylic cylindrical column with internal diameter 

of 13.8 cm. Air at ambient conditions was introduced through a perforated distributor located at 

the bottom of the column to fluidize the bed material. Two types of particles with mean 

diameters of 350 µm and 125 µm were tested which can be categorized as group B and group 

A/B respectively according to Geldart’s classification. Different gas velocities were tested for 

both types of particles. The experiment data were collected for a period of 50 seconds using ECT 

at 100 frames per second.  

 

In the current validation study, fluidizations of both types of particles were simulated. The 

particle properties and operating conditions simulated are summarized in Table 2. The simple 

rectangle domain was used for both 2D and 2.5D numerical simulations. The 2.5D simulation 

accounted for the variation in the third dimension as illustrated in Figure 1. The system was 

initialized with a static bed height of 20 cm according to the experimental tests. Gas flow was 

then introduced through the bottom to fluidize the bed. Unsteady simulations were conducted 

with the transient results saved for post-processing and analysis. 

 
Table 2. Summary of physical properties, operating conditions and numerical parameters used 

in the simulations. 

Parameter Value Parameter Value 

Diameter (cm) 13.8 Height (cm) 80 

Superficial gas 
velocity (cm/s) 

26, 40, 54, 80 Bed inventory (kg) 0.8 

Temperature (K) 297 Pressure (atm) 1 

Gas viscosity (Pa.s) 1.8e-5 Gas molecular weight 28.8 
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(kg/kmol) 

Particle diameter 
(µm) 

125, 350 Particle density 
(kg/m3) 

2500 

Inter-particle 
restitution coefficient 

0.95 Particle-wall 
restitution coefficient 

0.8 

Angle of inter-particle 
friction (deg) 

30 Particle-wall frictional 
angle (deg) 

30 

Packing limit 0.65   

 

The boundary conditions used in the simulations are summarized as follows. At the top 

boundary, a constant pressure was assumed and particles are free to leave the system. For the 

bottom distributor, a uniform gas velocity is specified, with no solids entering the domain. For 

the gas phase, a no-slip wall boundary condition was used. Different wall boundary conditions 

for the solids phase were investigated which will be discussed later. 

 
The simulations were conducted for 250s and the first 10s was excluded in analysis to avoid the 

startup effect. The longer simulation time compared to the time for experimental measurement 

was intent to achieve symmetric results to facilitate comparison with experimental data which 

demonstrated slight asymmetric flow behavior. This should help eliminate the discrepancy 

between simulation and experimental data caused by comparing different radial directions. 

 
Grid convergence 

A grid resolution of 40 X 160 was used to discretize the computational domain for the coarse 

particles with a diameter of 350 µm. This led to a grid size of about 12-particle-diameter which is 

believed to be sufficient to achieve grid independent results based on our previous experiences 

(Li et al. 2010b; Li et al. 2014a). To confirm the grid independence, a fine grid simulation using 

the grid resolution of 60 X 240 was conducted for both 2D and 2.5D simulations. Figure 2 

compares the radial profiles of mean voidage and solid vertical velocity predicted by the coarse 

and fine grids for the case with a superficial gas velocity of 80 cm/s. The radial profiles were 

obtained through averaging between 14.3 and 18.1 cm above the distributor according to the 

experimental measurement. As can be seen from the comparison, the excellent consistency 

between coarse and fine grid results suggests good grid convergence. In the following analyses, 

the grid resolution of 40 X 160 was used for this type of particles.  
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(a)                                                                           (b) 

Figure 2. Time-averaged radial profiles averaged between 14.3–18.1 cm above the distributor 

predicted by coarse and fine grids (a) voidage, (b) vertical solid velocity (Ug = 80cm/s, dp = 350 

µm). 

 
Effect of L/R 

A small section of plate to connect two wedges was recommended to maintain the geometrical 

similarity between the simulated domain and the cylinder fluidized bed. However, as 

demonstrated by Li et al. (2014), it is critical to choose an appropriate value for L/R to achieve 

the best compromise between axisymmetric and 2D flow assumptions. For this purpose, a 

parametric study for L/R has been conducted for the case with a superficial gas velocity of 80 

cm/s. The radial profiles of mean voidage and solids vertical velocity averaged between 14.3 and 

18.1 cm above the distributor are compared in Figure 3. The experimental data measured by 

ECT is presented as reference. The experimental data has been flipped and shown with the 

original ones to avoid the asymmetric flow behavior in the measurement. As can be seen from 

Figure 3(a), there exist a significant solids accumulation in the central region for L/R=0.1. As the 

values of L/R increases, the solids accumulation there tends to disappear and the voidage 

profiles for L/R of 0.4, 0.5 and 0.6 show good resemblance to that of 2D simulation. This is 

consistent to the fact that the 2.5D model assumption shifts gradually from axisymmetric to 

two-dimensional as L/R increases from 0 to 1.  As far as the radial voidage profile is concerned, 

results of high L/R’s of 2.5D runs and the 2D simulation both show reasonable agreement to the 

experimental data. However, there exist considerable differences between the solids velocity 

profiles predicted by 2.5D and 2D models. It can be seen from Figure 3(b) that the solids velocity 

profiles are very sensitive to the value of L/R. As L/R increases, magnitudes of the upward 

velocity in the central region and downward velocity close to the walls increase. The 2D 

simulation, which corresponds to the 2.5D model with L/R=1, predicted the strongest upflow in 

the central region and downflow close to the walls which suggest more vigorous internal solids 

circulation than the other 2.5D simulations. For the results presented in the following 

paragraphs, constant value of 0.5 for L/R was used for all 2.5D simulations.  
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(a)                                                                           (b) 

Figure 3. Time-averaged radial profiles averaged between 14.3–18.1 cm above the distributor 

predicted by different L/Rs, (a) voidage, (b) vertical solid velocity (Ug = 80cm/s, dp = 350 µm). 

 
Effect of Granular Temperature Model 

Instead of solving the partial differential equation (PDE) for granular temperature listed in Table 

1, an algebraic form of granular temperature can be used by assuming an equilibrium between 

its generation and dissipation as proposed by Syamlal (1993) in the simulations. The simplified 

algebraic expression for granular temperature has been used in many numerical simulations to 

save the computational cost while still maintaining reasonable accuracy (van Wachem et al. 

2001; Li and Guenther 2011; Li et al. 2012). It is important to study the impact of simplifying the 

complicated PDE to an algebraic expression especially in the new model approach. Figure 4 

compares the predictions of both 2D and 2.5D simulations using different forms of granular 

temperature. For the 2.5D simulation, the value of 0.5 for L/R was used. As can be seen from the 

comparison, the choice of different forms of granular temperature has almost no impact on the 

voidage profiles. However, it does affect the solids velocity slightly. The PDE for granular 

temperature leads to slightly higher solids velocity in the center and lower solids velocity close 

to the walls. The 2.5D model shows somewhat more sensitivity to the choice of granular 

temperature equation than the 2D model. For the results presented in Figure 4, the no-slip wall 

boundary condition for the solid phase was used. Similar comparison was conducted for the 

simulations using a free-slip wall boundary condition which is not shown here for brevity. 

Overall, the algebraic form of granular temperature has been demonstrated a valid assumption 

for the current system which is consistent to the finding reported in the literature (van Wachem  

et al. 2001, Mineto et al. 2014). For the best model performance, the full partial differential 

equation for the granular temperature was solved in the rest simulations. 
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Figure 4. Time-averaged radial profiles averaged between 14.3–18.1 cm above the distributor 

predicted by algebraic and PDE granular temperature, (a) voidage, (b) vertical solid velocity 

(Ug = 80cm/s, dp = 350 µm). 

 
 
Effect of Wall Boundary Condition 

It has been reported that the boundary conditions for the solids phase has a significant impact 

on the flow hydrodynamics predicted by CFD modeling, especially for the lab scale experimental 

systems (Li et al. 2010a, 2010b; Lan et al. 2012; Zhong et al. 2012; Loha et al. 2013). Generally, it 

is believed that a partial-slip boundary condition is most realistic for the solids phase. The effect 

of solids phase wall boundary conditions has been investigated for the current system. Both 

free-slip wall and no-slip wall boundary conditions as well as the partial-slip boundary condition 

were tested. For the partial-slip boundary condition, the model by Johnson and Jackson (1987) 

was used. In Johnson and Jackson boundary condition, a specularity coefficient is needed to 

characterize the tangential momentum transfer during particle-wall collisions. Since it is difficult 

to measure this parameter experimentally, the semi-theoretical expression for the specularity 

coefficient developed by Li and Benyahia (2012) was used. In this method, the specularity 

coefficient is automatically determined based on the flow conditions and physical properties for 

each computational cell adjacent to the wall (Li and Benyahia 2013). For all simulations, the no-

slip wall boundary condition was used for the gas phase. 

 

Figure 5 presents the radial profiles of voidage and solids velocity predicted by different wall 

boundary conditions for both 2D and 2.5D models. There exist great discrepancy between the 

results predicted by free-slip and no-slip wall boundary conditions for both voidage and solids 

velocity. The free-slip wall leads to very strong solids downward flow and high solids 

concentration along the wall. While the no-slip and partial-slip wall boundary conditions predict 

similar radial solid distribution with the densest region slightly away from the wall and slight 

difference in the near wall region. There exist certain differences in the solids velocity profiles 

mainly in the central and wall regions between no-slip and partial-slip wall simulations. As far as 

the experimental data is concerned, the results by no-slip and partial-slip wall boundary 

conditions show better agreement than that by the free-slip wall boundary condition.  The 
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results here suggest a free-slip wall boundary condition should be carefully used for a bubbling 

fluidized bed system which is consistent to the finding reported in the literature.   

 
 

 
(a)                                                                             (b) 

Figure 5. Time-averaged radial profiles averaged between 14.3–18.1 cm above the distributor 

predicted by different types of wall boundary conditions for the solid phase (Ug = 80cm/s, dp = 

350 µm). 

 
Validation against different operating conditions 
Through the above analyses, the optimum model parameters are determined for the validation 
study. For the rest of validations, the PDE for granular temperature was solved and the partial-
slip wall boundary condition was used for the solids phase. In addition, the value of 0.5 for L/R 
was used in all 2.5D simulations. Three superficial gas velocities of 0.26, 0.54 and 0.8 m/s were 
simulated for the large particles with size of 350 µm with the results shown in Figure 6.  Overall, 
both 2D and 2.5D predictions yield reasonable agreement to the experimental measurements of 
voidage profile. However, there do exist considerable differences between the radial profiles of 
vertical solids velocity which characterizes the internal circulation of solids inside the system. 
The magnitude of solids vertical velocity predicted by the 2.5D simulations is consistently lower 
in both central region and wall region comparing to the 2D simulations which suggest a stronger 
solids circulation predicted by the 2D simulations. The difference is very significant for low 
superficial gas velocity and become less obvious for high superficial gas velocity.   
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(a) 

 

 
(b) 

 

 
(c) 

Figure 6. Time-averaged radial profiles averaged between 14.3–18.1 cm above the distributor for 

different superficial gas velocities, (a) Ug = 26 cm/s, (b) Ug = 54 cm/s, (c) Ug = 80 cm/s. (dp = 

350 µm) 

 

Similar simulations have been conducted for the fine particles with a diameter of 125 µm. For 

the numerical simulation of fine particles, a finer grid resolution of 120X480 was used which 
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yielded a grid size of 1.15X1.67 mm. A further grid refinement to 240X480 was carried out which 

confirmed the grid independence. The same model settings were used in the simulations, i.e. 

PDE for granular temperature, partial-slip wall boundary condition and L/R=0.5 for the 2.5D 

simulations. Two superficial gas velocities of 0.26 and 0.40 m/s were simulated. The radial 

profiles of voidage and solids velocity averaged between 14.3 and 18.1 cm above the distributor 

are shown in Figure 7. Similar radial voidage profiles are predicted by both 2D and 2.5D 

simulations and no distinct differences can be observed. There still exist differences between 2D 

and 2.5D simulation especially for the solids velocity as the 2D model tends to predict stronger 

upflow in center and downflow close to the walls. Compared to the experimental data, the 

voidage in most region of the column was over-predicted by both 2D and 2.5D simulations. It is 

not clear the reason for the over-prediction.  

 

 
(a) 

 
(b) 

 
Figure 7. Time-averaged radial profiles averaged between 14.3–18.1 cm above the distributor for 

different superficial gas velocities, (a) Ug = 26 cm/s, (b) Ug = 40 cm/s (dp = 125 µm). 

 

3.2 Experiments of Laverman et al. 2012 

In the above validation study, it was shown that both 2D and 2.5D models are capable of 

predicting reasonable flow behavior with respect to the experimental measurements of radial 
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voidage profile. However, there exist considerable differences in the solids velocity profiles 

between these two models. Hence, it is important to compare against the experimental 

measurement for the solids velocity to further validate the 2.5D model.  

 

The experimental setup by Laverman et al. (2012) was chosen to validate the model prediction 

of solids movement inside the fluidized bed. The experimental column was constructed of PVC 

and had an outer diameter of 0.314 m and an inner diameter of 0.306 m. The bed was filled with 

either glass beads with a diameter of 400–600 μm or with linear low density polyethylene 

(LLDPE) particles with a diameter of 1000–1300 μm. The non-invasive positron emission particle 

tracking (PEPT) was used to measure the solids movement within 2.5 to 3 hours. Mean solids 

velocity was obtained for each particle under different operating conditions, i.e. superficial gas 

velocity and bed ratio.  

 

In the current study, the glass beads were simulated by assuming a mean particle size of 500 μm. 

The physical properties and numerical parameters used in the simulations are summarized in 

Table 3. Two static bed heights of 30 and 45cm, corresponding to bed ratios of 1 and 1.5, and 

three superficial gas velocities of 27, 45 and 63, which correspond to 1.5, 2.5 and 3.5 times the 

minimum fluidization velocity, were simulated. A grid with resolution of 90X450 was used for 

the computational domain of 30.6X150 cm. The grid size is about 6 particle diameter which is 

believed sufficient (Li et al. 2010b; Cloete et al. 2015). Similar model settings to the previous 

case were used for the simulation. The PDE for granular temperature was solved and the partial-

slip wall boundary condition for the solids phase was used. Both 2D and 2.5D simulations were 

conducted for validation against the measurement. For the 2.5D simulation, L/R of 0.5 was used. 

All simulations were conducted for 100 s physical time and the last 90 s results were analyzed.  

 

Table 3. Summary of physical properties and numerical parameters used in the simulations. 

Parameter Value Parameter Value 

Diameter (cm) 30.6 Height (cm) 150 

Superficial gas 
velocity (cm/s) 

27, 45, 63 Static bed height (cm) 30, 45 

Temperature (K) 297 Pressure (atm) 1 

Gas viscosity (Pa.s) 1.8e-5 Gas molecular weight 
(kg/kmol) 

28.8 

Particle diameter 
(µm) 

500 Particle density 
(kg/m3) 

2500 

Inter-particle 
restitution coefficient 

0.95 Particle-wall 
restitution coefficient 

0.8 

Angle of inter-particle 
friction (deg) 

30 Particle-wall frictional 
angle (deg) 

30 

Packing limit 0.62   
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In the experiments, the position of the radioactive tracer particle was tracked by the detectors 

during a long period of time around 10000s. The particle velocity was calculated from the time 

history of tracer particle position and time-averaged solid velocity profiles were obtained finally. 

It should be noted that mean solid velocity obtained through this approach differs from the 

simple time average velocity through numerical simulation due to the preferential presence of 

the tracer particle in the high solid concentration region.  To be consistent to the experimental 

measurement, the weighted mean solids velocity is calculated as (Verma et al. 2013) 

 s s

s

s

V
V




   (1) 

Where the <> indicate time average. Equation (1) becomes simple time averaging when the flow 

is homogenous. Figure 8 compares the radial profiles of solid vertical velocity at different 

elevations calculated by the weighted time average according to equation (1) and simple time 

average. Considerable difference can be observed especially in the central region of the upper 

bed where the presence of vigorous bubbles leads to strong heterogeneous flow structures.      

 

Figure 8. Comparison of mean solid vertical velocity calculated by weighted average and simple time average at 
different elevations (Ug = 3.5 Umf, Static bed height = 0.3m). 

 

Radial profiles of mean voidage and solids vertical velocity at various elevations above the 

distributor for different superficial gas velocities are shown in Figure 9 and Figure 10 for the 

static bed heights of 30 and 45 cm, respectively. The experimental data measured from PEPT are 

shown for comparison. Good symmetric in the experimental data has been assumed and 

confirmed by the repeated tests by Laverman et al. (2012). In the figures, the experimental data 

has been mirrored to compare to the numerical results predicted along the diameter. For both 

bed heights with different superficial gas velocities, the predicted voidage profiles by both 2D 



17 
 

and 2.5D simulations at various elevations are similar which is consistent to the simulation 

results shown above. However, some distinctions can be observed in the radial voldiage profiles 

at the height of 0.11cm for superficial gas velocities of 2.5 Umf and 3.5 Umf. The 2.5D 

simulations predicted higher voidage in the near wall region which indicates the preferential 

path for bubbles to move up. This behavior is less obvious from the 2D simulations. Similar 

conclusion can be obtained from the solid velocity profiles. Consistent with the previous cases, 

strong discrepancies in solids velocity profiles in the central and near wall regions can be 

observed between 2D and 2.5D simulations. The 2.5D simulations consistently predict lower 

solids velocity magnitudes in both central and wall regions, except for the case with low 

superficial gas velocity of 1.5 Umf in which the solids circulation pattern is quite different from 

the rest. Comparing to the experimental measurements of solids velocity profiles, the 2.5D 

simulation results show considerable improvement over the 2D simulation results, especially in 

the central and wall regions. Overall, the agreement between simulation results and 

experimental measurements are reasonably well.    

 

 

(a) 

 

(b) 
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(c) 

Figure 9. Radial profiles of solids velocity and voidage at different elevations (a) Ug = 1.5 Umf, (b) Ug = 2.5 Umf, (c) Ug 
= 3.5 Umf (Static bed height = 0.3m) 

 

 

(a) 

 

(b) 

Figure 10. Radial profiles of solids velocity and voidage at different elevations (a) Ug = 2.5 Umf, (b) Ug = 3.5 Umf 
(Static bed height = 0.45m). 
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4. Further Discussion 

As indicated by Li et al. (2015), a small value is preferential to maintain a good geometrical 

similarity to the real cylindrical system. In this study, a high value of 0.5 for L/R was used for 

most cases which introduced considerable discrepancy from the axi-symmetry in the cylindrical 

fluidized beds. According to the parametric study shown in Figure 3, low L/R values tend to 

predict high solids accumulation and low solids velocity in the center. As compromise, a high 

value around 0.5 is recommended which still yield considerable improvement over the 2D 

simulation.   

 

The current study confirmed that the new model improves the numerical predictions mainly in 

the solids velocity comparing to the old 2D model as far as the experimental measurements are 

concerned. Solids movement is closely related to the mixing inside the reactor hence it has a 

significant impact on the reactor performance. It is crucial for the CFD simulation to predict the 

correct solids motion in addition to solids distribution. It should be noted the fluidized bed 

modeling is sensitive to many model parameters such as drag correlation (Du et al. 2006; Loha 

et al. 2012; Estejab and Battaglia 2014), frictional stress model (Passalacqua and Marmo 2009; 

Farzaneh et al. 2015), and specularity coefficient for solid wall boundary condition (Li et al. 

2010a, 2010b; Lan et al. 2012; Zhong et al. 2012; Loha et al. 2013). In the current validation 

exercise, no much effort has been spent on the drag correlation and frictional stress model. 

Hence, the results might be further improved by conducting comprehensive evaluation of the 

available models.  

 

The current validation study indicated the 2.5D simulation improves quantitative agreement 

with the experimental data comparing to the widely used 2D simulation as the new model 

improve the geometrical similarity between the computational domain and the cylindrical 

column. As indicated before, the reason for the discrepancy between 2D and 3D simulations is 

two-fold:  the geometrical inconsistency of simplifying a cylinder to a Cartesian 2D plane and the 

inherent three dimensional flow structures in gas-solids flows. The 2.5D model somehow 

overcomes the first issue by combining axisymmetric and 2D plane assumptions. However, the 

second issue persists. To fully resolve all these issues, a 3D simulation is always preferential 

when possible.  

 

5. Conclusion 

In the current validation study, two different experimental systems, three types of particles 

under different operating conditions with a total of ten tests were considered. During the 

validation exercise, a careful sensitivity study was conducted for the grid resolution, wall 

boundary condition and other model parameter to identify the optimum combination of model 

parameters. Numerical results of both 2D and the recently proposed 2.5D models were 
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compared to the experimental data of solids distribution and velocity. Both modeling 

approaches yielded good qualitative and reasonable quantitative agreement to the 

experimental measurements. The 2.5D model predicted similar solids concentration profiles and 

considerable different solids velocity profiles mainly in the wall region compared to those by the 

2D model. The validation study clearly demonstrated the improved quantitative agreement to 

the experimental data by the newly proposed 2.5D model over the traditionally used 2D model. 
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