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Abstract 

The motion of calcium alginate spheres in a liquid-solid fluidized bed is examined by radioactive 

particle tracking (RPT) and simulated by computational fluid dynamics coupled with discrete 

element method (CFD-DEM). Observables relevant for phenomenological models of the solid 

motion determined from RPT are compared with those arising from the CFD-DEM simulations. 

Bed expansion, solid distribution, time averaged velocity fields and axial dispersion coefficients 

calculated from simulations reasonably agree with the experimental values. The influence of the 

liquid inlet distribution on simulations results is examined. A non-negligible effect is observed 

on the predicted velocity profiles, solid distribution and dispersion coefficients, mainly in the 

entrance region. Uniform liquid distribution at the entrance generally predicts a less steeped 

profile. When the liquid inlet distribution is parameterized considering the geometry of the 

experimental distributor, the fitting of the solid mean axial velocity and solid distribution radial 
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profiles, judged from a sum of squares of relative errors, improves in 90% and 80%, 

respectively, compared to results obtained when considering a uniform liquid distribution at the 

entrance.  

 

1. Introduction 

Liquid-solid fluidization appears in several processes in the chemical [1], biotechnological [2] 

and mineral processing industries [3]. The internal dynamics of liquid-solid fluidized beds 

(LSFB) is complex, and may strongly affect the reactor performance. It is difficult to 

characterize due to strong interaction between the moving phases and the problems in studying 

the motion of the liquid and the suspended solids in a non-intrusive way. Hence, the ability of 

properly representing and predicting the LSFB dynamics will contribute to establishing 

appropriate rules for design, scale up and operation control [4].  

Advances in computation capacity and speed have permitted detailed simulations of LSFB based 

on first principles, which take into account the diverse aspects governing the liquid and the solid 

motions [5, 6, 7]]. From the microscopic contributions by liquid elements and particles of the 

system emerge observables as bed height, pressure drop, solid and liquid velocities, shear 

stresses and solid dispersion coefficients [8,9]. The correct prediction of these observables 

depends on the precision with which these microscopic forces are described and it remains, to a 

large extent, an open issue [10, 11]. 

The existing approaches for the modeling of particle motion in a fluid media can be classified 

into two main categories: the continuous approach at the macroscopic level and the discrete 

approach at the microscopic or particle level [12]. The behavior of the continuous phase is 
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described by the Navier-Stokes equations, with given closure conditions [13]. The continuous 

approach has been the preferred method of processes modeling. However, its effectiveness 

depends on the hypothesis that the liquid solid system behavior approaches to a pseudo-phase, 

which is not always fulfilled, and particles must be treated as a different phase [12]. The discrete 

approach is based on the analysis of the individual particles movement by the discrete element 

method, DEM [14]. The method considers a finite number of discrete particles that interact by 

means of contact and distance, the movement of each particle in the considered system is 

described by Newton's equations of motion. The main advantage of the DEM is that it can 

generate detailed information of particles, such as trajectories, and depends on the forces acting 

on the individual particles, which is the key to interpreting the mechanisms that govern the 

behavior of the complex multiphase flow. However, DEM is often difficult to use in process 

modeling because it can handle only a limited number of particles depending on the available 

calculation capacity.  

In recent years, the development of liquid and particle motion measurement techniques have 

enabled a complete characterization of the internal motion of multiphase systems and, 

consequently, the validation of detailed models that describe them [15, 16]. The solid motion 

within a turbulent media is best examined with non-invasive methods. Radioactive particle 

tracking (RPT) is an advanced tomographic technique that allows recovering the path of a tracer 

freely moving in a 3D media. It proved to be appropriate for extracting thorough information in 

different multiphase systems [17, 18] which is valuable for hydrodynamic model validation [19, 

20].  

Among others, calcium alginate is a gel traditionally used to immobilize by retention enzymes 

[21] and/or living organisms such as yeasts for bioprocesses [22]. Moreover, its potential use as 
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support for inorganic catalysts is also being explored [23]. A characterization of the motion of 

calcium alginate particles in LSFB will contribute to the design of large-scale LSFB reactors 

involving catalyst immobilized within gel beads. In addition, for bioprocesses, it is important to 

control the levels of turbulence around the catalyst particles to increase their stability over time 

[24]. Hence, the objective of this work is to study the motion of calcium alginate beads in LSFB 

by comparing experimental results obtained with the Radioactive Particle Tracking (RPT) 

technique in a pilot scale LSFB with those predicted by CFD-DEM simulations made with the 

open source software CFDEM coupling [25]. Liquid distributors are a key component of a LSFB 

for its influence on the pressure drop, and on the reproducibility of mixing and flow behavior of 

solid and liquid in the entrance region. These features directly impact on transport coefficients 

conventionally used in the practical design and scale-up of LSFB [26]. Then, the effect of the 

inlet liquid distribution on the results of the simulations (i.e., predicted solid velocity field, solid 

hold up distribution and turbulence parameters) is particularly examined.   

 

2. Experimental section 

Experiments have been carried out in a 1.2 m height and 0.1 m inner diameter acrylic column. 

The solid was in batch (solid bed height at rest = 0.1 m) and the liquid was continuously 

circulated upwards with a liquid flow rate of 11 L/min, giving a superficial velocity of 0.024 m/s. 

A schematic diagram is given in Figure 1 (left). The fluidized solid particles were calcium 

alginate gel beads (Figure 1, right) prepared before the experiments using a technique typically 

employed for immobilizing enzymes by retention. The technique is known as extrusion dripping 

and generally provides spherical particles with relatively narrow size distribution [27]. The 

procedure involved dripping a 1.5% (w/v) sodium alginate aqueous solution onto a 0.5 M CaCl2 



  

5 
 

solution. A peristaltic pump that ends in a needle was used to produce the drops of sodium 

alginate, which formed the calcium alginate beads by ion exchange when they get in contact with 

the concentrated calcium chloride solution. The particle size depends on the distance between the 

needle and the liquid bath receiving the drops and on the needle size, which were set to prepare 

beads of 4 mm mean diameter. The model liquid used for the experiment was a 0.05 M CaCl2 

aqueous solution to ensure the stability of the calcium alginate beads during the experiment. 

Characteristics of the liquid and solid phases and of the tracer are detailed in Table 1. It is 

important to note that, under the experimental conditions used, calcium alginate beads were 

mechanically and chemically stable while kept in contact with the solution. 

 

   

Figure 1. Experimental setup: scheme (left) RPT detectors array (center); enlargement of part of 

the column illustrating the fluidized calcium alginate beads (right) 
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The column was surrounded by an array of 2 inches NaI(Tl) scintillation detectors (Figure 1, 

center) to follow the motion of a radioactive tracer which properly represents the calcium 

alginate beads. The radioactive tracer used to follow the solid motion was prepared to match the 

size, density, texture and wettability of the suspended gel particles. It was made by embedding a 

nugget of 
198

Au (t1/2=2.7d, Epeak=412 keV), of around 50μCi activity, into a 1mm polypropylene 

sphere covered afterwards with calcium alginate in a mold. The tracer path was followed during 

several hours with a sampling period of 30ms. For the reconstruction, a calibration stage was 

carried out prior to the experiment by measuring the counts when the tracer is positioned at given 

coordinates within the system. With the signal distribution, the tracer radioactivity, the media 

attenuation coefficient and the dead time of the detector system were fitted for each detector to 

estimate their response. Details of the reconstruction procedure can be found elsewhere [28]. 

 

Table 1. Properties of the liquid-solid system 

   (kg m
-3

) dp (mm)  (mPa s) 

Liquid 1018 ---- 1.07 

Solid 1027 4.1 ± 0.5 ---- 

Tracer 1025 4.5 ---- 

 

The spider type distributor, shown in Figure 2, was designed for gas and liquid injection. Since 

the purpose of this work was to study a LSFB, there was no gas injection for the experiment 

carried out; the holes intended for gas were sealed. The liquid entered the column through 40 

holes of 1.6 mm, resulting in an effective liquid inflow cross section that was 2.2% of the total 

cross sectional area of the column.  
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Figure 2. LSFB distributor used on RPT experiments. Liquid enters through the larger holes. 

Holes intended for gas injection were sealed for the experiments. 

 

 

3. Modeling CFD-DEM for liquid-solid fluidized bed column 

The multipurpose CFD-DEM framework put forward in the CFDEM® project dedicated to open 

source high performance scientific computing in fluid mechanics and particle science has been 

used [Error! Bookmark not defined.,Error! Bookmark not defined.]. The motion of the 

particles is obtained from a DEM approach and CFD is used to calculate the interstitial liquid 

flow for each considered computational cell. The computation scheme considered unresolved 

CFD-DEM approach, which is applicable when particle sizes are smaller than the computational 

grid.  
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For the liquid phase, the volume-average Navier-Stokes equations are solved numerically, taking 

into account the volume occupied by the particles in each computational cell, while for the solid 

phase the forces acting on the particles are calculated as proposed by Wang et al. [Error! 

Bookmark not defined.]. This strategy of calculating the exchange of momentum between the 

two phases allows obtaining, for each instant, velocities and pressures in each computational cell 

for the liquid, and the position and velocity of each of the simulated suspended particles. 

To analyze the influence of liquid distribution, the liquid injection positions were parameterized 

following the geometries illustrated in Figure 3. The liquid velocities are defined considering the 

liquid flow rate and the inlet section taking into account the liquid distribution around the 

injection center. The configuration that best resembles the experimental inlet liquid distributor 

(Fig. 2) is (d). Even if the experimental distributor has 40 holes, we had to select 32 for 

computational purpose; if 40 holes were parameterized, the size of the holes were smaller than 

the grid size and generated a mismatch, creating artifacts. Even if the number of holes is 

different, the geometry of the holes distribution is coincident with the experimental situation. 

 

 

Figure 3: Inlet liquid distributions considered for the simulation: a) uniform, b) central 

distribution, c) 9 holes and d) 32 holes with geometry similar to the distributor used for the 

experiments. 
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3.1 Force models 

The model proposes a strategy to calculate the exchange of momentum between the liquid and 

solid phases; this allows obtaining, for each instant, velocities and pressures in each 

computational cell for the liquid and positions and velocities of each computed particle [Error! 

Bookmark not defined.,Error! Bookmark not defined.]. The liquid motion can be determined 

for each CFD cell, which can contain many particles, providing it satisfies the closing condition 

given by Equation 1 (conservation of mass) and Equation 2 (conservation of momentum) [29]. 

 

                          (1) 

                                               
                                   (2) 

 

Where L, L and s are the liquid density and local volumetric fractions of liquid and solid 

respectively, u is the local average velocity of liquid, t is the time coordinate, p is the pressure,  

is the local stress tensor of liquid, n is the local number of particles per unit volume,   
  is the 

average local force on the particles and g is the acceleration of gravity. Equation 2 is a simplified 

version, valid if the condition of a steady liquid flow through the particles (Equation 3) is 

fulfilled [Error! Bookmark not defined.].  
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ρL εs [∂(u)/∂t +   (uu)] = 0 (3) 

 

The equations of forces that govern the translation (Equation 4) and rotation (Equation 5) of each 

solid particle i with radius Ri, mass mi and moment of inertia Ii, can be written as: 

 

  

   

  
                          

  

    (4) 

  
   

  
               

  

    (5) 

 

Where vi and i are the local translation and rotation velocities of particle i, fc and fd are the 

elastic and plastic components of the particle-particle collision forces and fpL,i is the particle-

liquid interaction force acting on individual particles by the liquid and it is similar to   
   in the 

continuum approach express in Equation 2 [Error! Bookmark not defined.]. The rotations 

described in Equation 5 are due to the torque acting on a particle i induced by the other adjacent 

particles j, and it includes two components: Mt,ij, generated by the tangential force, and Mr,ij, 

commonly known as the rolling torque.  

The particle-liquid interaction force, fpL,i is the sum of all types of interaction forces acting on 

individual particles by the liquid, including the so-called drag force fdrag,i, which lumps the force 

of pressure gradient, the viscous force and the virtual mass force [Error! Bookmark not 

defined.,Error! Bookmark not defined.]. The forces of Basset, Saffman and Magnus are 

omitted because they are several orders of magnitude lower [Error! Bookmark not defined.]. 



  

11 
 

Therefore, the interaction of the individual particle i with the liquid can be expressed as in 

Equation 6. 

 

      
 

  
                   (6) 

Where Vp,i is the volume of the i-th particle. The drag force fdrag was considered to follow the 

model proposed by Di Felice [Error! Bookmark not defined.], expressed in Equation 7a-c.  

 

                  
 
   

   
   

                (7a) 

                

   
 
 
          

 
               

 (7b) 

                              
 
 (7c) 

 

Where | ui-vi | is the relative velocity, the difference between liquid and solid velocities, Rei is 

the Reynolds number of the particle i, dp is the particle diameter and L is the dynamic viscosity 

of the liquid. The equations used to calculate fd,ij and fc,ij forces and particle-particle interaction 

moments are well established in the literature [Error! Bookmark not defined.,Error! 

Bookmark not defined.,Error! Bookmark not defined.]. 

 

3.2 Implementation of the CFDEM ® program 
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The calcium alginate beads liquid fluidization was simulated through the open source software 

CFDEM, on a Linux platform [Error! Bookmark not defined.]. The source code was compiled 

with its various components: OpenFOAM for liquid simulations, LIGGGHTS [30] for simulation 

of the motion of individual solid particles and ParaView for visualization of the results. The 

coupling routine to resolve consists of several steps, which have been detailed in [Error! 

Bookmark not defined.]. 

For the liquid phase, solutions of the Navier-Stokes equations were estimated by the Pressure-

Implicit with Splitting of Operators (PISO) solver [6]. A Cartesian structured mesh was selected 

and it was verified that the pressure and velocity trends were similar using mesh size within 1 to 

4 cm
3
. Numerical CFD stability were estimated a priori using the Courant-Friedrichs-Levy 

(CFL) condition for convective equations, being the CFL number several orders of magnitude 

lower than 1 for the superficial liquid velocity and maximum liquid interstitial velocity 

respectively. Being the mean Reynolds particle number of 108, the onset of turbulent structures 

were taken into account using the k-epsilon model and compared with simulations considering a 

turbulence-free situation. Table 2 summarizes the simulation conditions and numerical stability 

parameters.  

For the solid phase the gravity, buoyancy and solid-solid interactions were estimated as proposed 

by Wang et al. [Error! Bookmark not defined.]. Drag force was calculated using the model 

proposed by Di Felice [Error! Bookmark not defined.], as described in section 3.1. For each 

condition, minimum 2 minutes simulations have been considered. After 90s, the expansion and 

profiles get stable. Then, results arise from an average of the period simulated after 90s. 
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Table 2. Simulation settings 

Geometry, boundary, initial and operating conditions 

Bed diameter 0.1 m 

Bed length 1 m 

Number of particles 13500 beads 

Particle mean diameter 4 mm 

Initial bed height 0.1 m 

Initial solids packing 0.4 
 

Outlet boundary condition Fully developed flow 

Wall boundary condition No slip 

Gravitational acceleration 9.81 m/s
2
 

Operating pressure 1 atm 

Liquid superficial velocity 0.024 m/s 

Inlet boundary condition Uniform to jet velocity inlet 

    
CFDEM characteristics 

mesh type structured hexahedral 

mesh size 1 to 4 cm
3
 

mesh number 2650 to 8640 
 

time step (CFD) 0.2 to 4 ms 

time step (LIGGGHTS) 0.01 to 0.2 ms 

Calculation time 80 to 450 s / (simul. s) 

Courant number (typical) 6.4 x10
-4

   

Courant number (max.) 3.5 x10
-3

   

Step iteration number 6 iterations 

CFL Number 3 x10
-7 

to 10
-4

   

 

 

4. Results 
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The results of the particles motion obtained by simulation both considering a turbulence model 

for the liquid or a turbulence-free condition are compared with experimental results obtained 

with RPT. RPT provides a long trajectory of the tracer resembling the other particles in the bed, 

from which observables are inferred. 

 

4.1 Bed expansion and solid distribution 

The bed expansion determined by visual observation, RPT and those predicted by the simulation 

are shown in Table 3. From RPT and from the simulations, the expansion is taken as the height 

for which the 99 percentile of the events or particles remain below. The liquid distribution at the 

entrance has a moderate effect on the predicted expansion. The central and 9 holes distributions, 

distributions concentrated in the center, lead to higher expansions than the experimental. The 

uniform and the 32 holes distributed following the experimental distributor lead to expansions in 

the order of the experimental one if a turbulence model is considered, and slightly higher for a 

turbulent free model. 

 

Table 3. Bed expansion determined experimentally and from simulations 

Liquid 

velocity 

(m/s) 

Bed expansion (m) 

Visual 

inspection 

Inferred 

from 

RPT 

CFDEM 

turbulent (k-epsilon model) 

CFDEM 

turbulent free 

uniform central 9 holes 32 holes uniform 32 holes 

0 0.10 – 0.10 0.10 0.10 0.10 0.10 0.10 
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0.024 0.52 0.50 0.49 0.54 0.58 0.52 0.53 0.55 

 

 

The relative number of events of the tracer crossing at different cells within the column, related 

to the local solid holdup in fluidized beds [31, 32], was determined from RPT and compared to 

the local solid holdup calculated from the simulations. Figure 4 shows the radial profiles of 

axially averaged solid holdups obtained from the experiment and for the different parameterized 

liquid inlet configurations. Experimental results point to an increased solid holdup close to the 

column wall, which is also predicted by simulations. Different inlet configurations led to similar 

profiles except for the uniform liquid distribution for which the radial profile is less steep at the 

wall. With a turbulence-free model, the radial profile arising from the uniform liquid distribution 

is closer to the experimental one. The sum of square of relative errors calculated for the curve of 

32 holes considering turbulence is 80% lower than the one calculated while considering the 

uniform liquid distribution. 
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Figure 4. Axially averaged radial solid hold up determined from RPT and calculated by 

simulations. 

 

 

 

 

4.2 Particles velocities and velocity fields 

 

Instantaneous velocities were calculated from the long tracer trajectory obtained from RPT. The 

column is discretized in voxels and the velocity of the tracer whenever crossing each voxel is 

computed. Then, the velocities obtained for each voxel are time averaged to get the 3D velocity 

field. More details on the procedure used for calculating the velocities can be found in Chaouki 

et al. [Error! Bookmark not defined.]. From the simulations, 3D velocity fields can also be 

obtained considering the same column discretization and computing the velocity of the particles 
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crossing the different voxels at different times. Figure 5 shows the radial profile of the solids 

axial velocity (axial and azimuthally averaged) obtained from the experiment and through 

simulations.  

 

 

Figure 5 Comparison of the solid axial velocity radial profile (axial and azimuthally averaged) 

determined from experiment and simulations for a liquid velocity of 0.024 m/s 

 

The liquid velocity is positive close to the column center and negative near the wall, indicating 

the mean direction of the solid recirculation. This figure remarks the influence of inlet liquid 

distribution. The inlet liquid distribution arising from 32 holes with a geometry resembling the 

experimental one (Fig. 3d) and considering a k-epsilon turbulence model provides the best 

estimation. The uniform liquid distribution at the entrance leads to little variations in the radial 

coordinate when the k-epsilon turbulence model is considered and to a region of maximum 

velocities around a 0.7 radial dimensionless position for the turbulence-free condition. The sum 
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of squares of relative errors of the profile calculated with an entrance liquid distribution of 32 

holes is reduced in 90% with respect to the uniform inlet liquid distribution. 

Figure 6 presents the radial-axial projection of the solid velocities determined by azimuthally 

averaging the 3D velocity field obtained as indicated above (from time average of instantaneous 

velocities for different voxels). Results calculated from the experiment and for the various liquid 

distributor simulated geometries considering the k-epsilon turbulence model are shown.  

 

 

Figure 6. Comparison of axial-radial velocity fields (time and azimuthally averaged) simulated 

and experimentally determined for a liquid velocity of 0.024 m/s. 

 

The flow field obtained by RPT indicates solid recirculation with ascending velocities in the 

center and descending close to the wall. Although not clearly appreciated, a recirculation zone in 
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the lower region of the column can be inferred from the radial direction of the velocities. 

Simulated solid velocity fields are significantly influenced by the parameterized liquid 

distribution. Uniform distribution of the liquid at the entrance leads to little variation of the solid 

velocities along the bed. Distributors concentrating the liquid injection closer to the center are 

able to represent the existence of an entrance vortex with ascending solid velocities in the center 

and descending near the wall. The simulation considering 32 holes for the liquid entrance, with 

geometry similar to the distributor used for the experiment provides the minimum sum of square 

of relative errors while compared to the experimental one.  

 

 

4.3 Turbulent parameters for the solid particles motion 

 

From the covariance of the solid velocity fluctuations in each voxel, estimators of turbulence 

features, such as the turbulent kinetic energy (TKE) and shear stresses can be obtained [33]. 

Equation 9 shows the matrix representing the Reynolds strain tensor [34], where   
    

        
  

are the coordinates of the solid particles fluctuating velocities, and the bar indicates ensemble 

average. The trace of the matrix is the TKE and the elements outside the matrix are shear 

stresses. 

 

     

  
   

        
            

   
       

     
                        

       

  
   

         
            

   
       

   (9) 
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Figures 7 and 8 present the radial profile of the TKE and the radial-axial shear stress, 

respectively. Experimental radial profile of the TKE is generally uniform in the radial direction, 

descending only slightly close to the column wall. Simulations predict significantly lower values 

for TKE, an order of magnitude less, likely because the velocity fluctuations are less intense 

since they are not blurred with experimental noise. Instantaneous positions of the tracer 

determined from RPT contain an intrinsic fluctuation arising from the stochastic characteristic of 

radiation which adds to the hydrodynamic fluctuation. However, the radial profile trend would 

be comparable to simulations. Inlet liquid distribution affects the TKE levels. Turbulence-free 

model provides a profile trend which better agrees to the experimental results. 

 

Figure 7 TKE radial profile (axial and azimuthally averaged) determined from the experiment 

and simulations for a liquid velocity of 0.024 m/s 

 

The shear stress experimental radial profile increases around the relative radial coordinate 

r/R0.7, decreasing slightly towards the wall and more near the column center. As in the case of 
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TKE, simulations predict lower values, particularly when considering a uniform liquid 

distribution at the entrance with a k-epsilon turbulence model. The turbulence-free model 

provides similar results for a distributor of 32 holes and significant higher values for the uniform 

distribution.  

 

 

Figure 8 Radial profile of the radial-axial shear stress (axial and azimuthally averaged) 

determined from the experiment and simulations for a liquid velocity of 0.024 m/s 

 

 

4.4 Axial solid particles dispersion coefficients 

 

Local solid axial dispersion coefficients can be calculated from the time dependence of the mean 

square displacements of the particles in the axial direction after the initial correlation period and 
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before they reach the boundaries, considering the Einstein relation for the divergence of 

molecular trajectories. There is a time span for which a linear trend is found, and the slope 

provides an estimation of the solid dispersion coefficient [35, 36]. Figure 9 displays results 

calculated from the experiment and simulations for two initial axial locations in the bed. The 

maximum attained mean square displacements are generally related to the bed expansion. From 

simulations, the asymptotic maximum, which is related to the column boundaries is attained 

faster than from the experiments, except if a uniform liquid distribution is considered. The 

dispersion coefficients are calculated from the linear slope obtained after the initial correlation 

time, the asymptote attained has no influence on the predicted value. When the initial position is 

taken in the entrance zone, the variance of displacements depends on the liquid distribution (Fig. 

9a). The uniform liquid distribution results in shorter displacements during the whole time-span 

considered. The liquid distribution of 32 holes resembling the geometry of the distributors used 

for the experiment provides the best estimation in the entrance zone. However, when the initial 

position is taken sufficiently far from the distributor, the differences among simulations and with 

the experiment are small except for the uniform initial liquid distribution; the slopes in the linear 

region are similar.  
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Figure 9 Time variation of the mean square displacements of solid particles starting their path 

from dimensionless axial locations (left) z/Z = 0.1 and (right) z/Z = 0.3 

Table 4 lists the axial dispersion coefficients estimated as the mean of results calculated for 9 

initial axial positions along the bed, indicating that the values tend to converge far from the 

distribution region. The uniform initial distribution attains similar results only in the upper region 

of the column. 

 

Table 4: Solid axial dispersion coefficients calculated from the experiment and simulations 

Experimental 

(m
2
 s

-1
)  

Solid axial dispersion coefficient from CFDEM  

(m
2
 s

-1
) 

 Uniform Central 9 holes 32 holes 

0.023 0.015 0.028 0.027 0.024 
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5. Conclusions 

Observables calculated from an experiment carried out with radioactive particle tracking in a 

liquid-solid fluidized bed of alginate beads have been compared to those estimated from 

simulations. The influence of liquid inlet distribution on the predicted values has been 

particularly examined. Fairly good agreement between the predicted bed expansion and the 

experimentally observed one is found. The model reasonably predicts the solid phase distribution 

once the steady state of the system is attained. Moreover, velocity fields and axial dispersion 

coefficients can also be satisfactorily predicted. 

The liquid inlet distribution has a non-negligible effect on the predictive capacity of the 

simulations particularly in the entrance region. Hence, care should be taken for the case of 

relatively shallow beds. 

 

Acknowledgments 

The authors acknowledge funding from the University of Buenos Aires, CONICET 

(PIP1122015-0100902CO) and ANPCyT (PICT2014-0704). They also wish to acknowledge the 

support of the RA1 reactor staff of Centro Atómico Constituyentes – Comisión Nacional de 

Energía Atómica. 

 

References 

References 



  

25 
 

[1] Kalaga, D.V.; Dhar, A.; Dalvi, S.V.; Joshi, J.B., Particle-liquid mass transfer in solid–liquid fluidized 

beds, Chemical Engineering Journal 245 (2014) 323–341 

[2] Francesco Di Capua, F.; Ivana Milone, I.; Lakaniemi, A-M.; Piet N.L. Lens, P.N.L.; Esposito, G., 

High-rate autotrophic denitrification in a fluidized-bed reactor at psychrophilic temperatures, Chemical 

Engineering Journal 313 (2017) 591–598 

[3] Di Felice, R., Hydrodynamics of liquid fluidization, Chemical Engineering Science, 50 (1995) 1213-

1245 

[4] Dudukovic, M.P.; Mills, P.L., Scale-up and multiphase reaction engineering, Current opinion in 

Chemical Engineering, 9 (2015) 49-58 

[5] Di Renzo, A.; Di Maio, F.P., Homogeneous and bubbling fluidization regimes in DEM–CFD 

simulations: Hydrodynamic stability of gas and liquid fluidized beds, Chemical Engineering Science, 62 

(2007) 116–130 

[6] Zhang, K., Wu, G., Brandani, S., Chen, H., Yang, Y., CFD simulation of dynamic characteristics in 

liquid-solid fluidized beds, Powder Technology, 227 (2012) 104–110 

[7] Wang, S.; Guo, S.; Gao, J.; Lan, X.; Dong, Q.; Li, X., Simulation of flow behavior of liquid and 

particles in a liquid–solid fluidized bed, Powder Technology, 224 (2012) 365–373 

[8] Kloss, C., Goniva, C., Hager, A., Amberger, S., Pirker, S., Models, algorithms and validation for 

open source DEM and CFD-DEM, Progress in Computational Fluid Dynamics, 12 (2012) 140 – 152 

[9] Huang, X.: CFD modeling of liquid–solid fluidization: Effect of drag correlation and added mass 

force, Particuology, 9 (2011) 441–445 

under foaming and non-foaming conditions. Chinese Journal of Chemical Engineering 26 (2018) 1370–

1382 

[10] Cornelissen, J.T.; Taghipour, F.; Escudié, R.; Ellis, N.; Grace, J.R.: CFD modelling of a liquid–solid 

fluidized bed. Chemical Engineering Science 62 (2007) 6334 – 6348 

[11] Goniva, C.; Kloss, C.; Deen, N.G.; Kuipers, J.A.M., Pirker, S., Influence of rolling friction on single 

spout fluidized bed simulation, Particuology, 10 (2012) 582–591 

[12] Zhu, H.P.; Zhou, Z.Y.; Hou, Q.F.; Yu, A.B., Linking discrete particle simulation to continuum 

process modelling for granular matter: Theory and application, Particuology, 9 (2011) 342–357 

[13] Gidaspow, D.; Bacelos, M.S.: Kinetic theory based multiphase flow with experimental 

verification. Rev Chem Eng 2018; 34(3): 299–318. 



  

26 
 

[14] Cundall, P. A.; Strack, O. D. L., A discrete numerical model for granular assemblies, Geotechnique 

29 (1979) 47–65 

[15] Ozel, A., Brändle de Mottaa , J.C.; Abbas, M.; Fedea, P.; Masbernat, O.; Vincent, S.; Estivalezes, 

J.-L.; Simonin, O., Particle resolved direct numerical simulation of a liquid–solid fluidized bed: 

Comparison with experimental data, International Journal of Multiphase Flow 89 (2017) 228–240 

[16] Palkar, R.R.; Shilapuram, V., Detailed parametric design methodology for hydrodynamics of 

liquid–solid circulating fluidized bed using design of experiments, Particuology 31 (2017) 59–68 

[17] Sharma, L.; Nigam, K.D.P.; Roy, S., Investigation of two-phase (oil-water) flow in coiled 

geometries using‘‘Radioactive Particle Tracking-Time of Flight (RPT-TOF)” and‘‘Radioactive Particle 

Tracking-Volume Fraction (RPT-VOF) measurements, Chemical Engineering Science, 170 (2017) 422–436 

[18] Jain, V.; Kalo, L.; Kumar, D.; Pant, H.J.; Upadhyay, R.K., Experimental and numerical investigation 

of liquid–solid binary fluidized beds: Radioactive particle tracking technique and dense discrete phase 

model simulations, Particuology, 33 (2017) 112–122 

[19] Bhusarea, H.; Dhimanc, M.K.; Kalagae, D.V.; Roy, S.; Joshi, J.B., CFD simulations of a bubble 

column with and without internals by using OpenFOAM, Chemical Engineering Journal, 317 (2017) 157–

174 

[20] Gupta, A.; Roy, S., Euler–Euler simulation of bubbly flow in a rectangular bubble column: 

Experimental validation with Radioactive Particle Tracking, Chemical Engineering Journal, 225 (2013) 

818–836 

[21] Paulya, J.; Gröger, H.; Patel, A.V.: Design, characterisation and application of alginate-based 

encapsulated pig liver esterase. Journal of Biotechnology 280 (2018) 42–48 

[22] Mohd Azhar, S.H.; Abdulla, R.; Jambo, S.A.; Marbawi,H.; Gansau, J.A.; Mohd Faik, A.A.; 

Rodrigues, K.F.: Yeasts in sustainable bioethanol production: A review. Biochemistry and Biophysics 

Reports 10 (2017) 52–61 

[23] Furusawa T.; Kurayama, F.; Shiba, M.; Kadota, R.; Sato, M.; Suzuki, N.: CaO-loaded alginate 

capsule modified with silane coupling agents for transesterification of rapeseed oil with methanol. 

Chemical Engineering Journal 288 (2016) 473–481 

[24] Chalmers, J.J.: Mixing, aeration and cell damage, 30+ years later: what we learned, how it 

affected the cell culture industry and what we would like to know more about. Current Opinion in 

Chemical Engineering 2015, 10:94–102 

[25] CFDEM project: CFDEM–Open source CFD, DEM and CFD, http://www.cfdem.com 



  

27 
 

[26] M. Tahmasebpoor, R. Zarghami, R. Sotudeh-Gharebagh, J.R. van Ommen, N. Mostoufi, Dynamic 

analysis of the scale-up of fluidized beds, Advanced Powder Technology, 28 (2017) 2621–2629 

[27] Lee, B.B., Ravindra, P., Chan, E.S., Size and Shape of Calcium Alginate Beads Produced by 

Extrusion Dripping, Chemical Engineering Technology, 36 (2013) 1627–1642 

[28] Chaouki, J., Larachi, F., Dudukovic, M.P. (Eds.), Non-Invasive Monitoring of Multiphase Flows, 

Elsevier, Amsterdam (1997) 

[29] Zhou, Z.Y.; Kuang, S.B.; Chu, K.W.; Yu, A.B., Discrete particle simulations of particle-fluid flow: 

model formulations and their applicability, Journal of Fluid Mechanics 661 (2010) 482-510 

[30] LIGGGHTS (2011): LAMMPS improved for general granular and granular heat transfer 

simulations. Retrieved from http://www.liggghts.com 

[31] Grevskott, S., Sannaes, B.H., Dudukovic, M.P., Hjarbo, K.W., Svendsen, H.F. (1996) Liquid 

circulation, bubble size distributions, and solids movement in two- and three-phase bubble columns, 

Chemical Engineering Science, 51, 1703-1713 

[32] Salierno, G.L.; Fraguio, M.S.; Piovano, S.; Cassanello, M.C.; Cardona, M.A.; Hojman, D.; Somacal, 

H.: Bubble columns dynamics inferred from the motion of a radioactive tracer followed by axially aligned 

detectors, Chem. Eng. J. 207–208 (2012) 450–461 

[33] Salierno G., Maestri, M., Piovano, S., Cassanello, M., Cardona, M.A., Hojman, D., Somacal, H.: 

Calcium alginate beads motion in a foaming three-phase bubble column, Chemical Engineering Journal, 

324 (2017) 358–369 

[34] Monin, A.S.; Yaglom, A.M.: ¨Statistical Fluid Mechanics: Mechanics of Turbulence¨ MIT Press, 

1975. 

[35] Salierno G., Maestri, M., Piovano, S., Cassanello, M., Cardona, M.A., Hojman, D., Somacal, H.: 

Features of the motion of gel particles in a three-phase bubble column 

[36] Oh Lim, H.; Jae Seo, M.; Kang, Y.; Won Jun, K.; Particle fluctuations and dispersion in three-phase 

fluidized beds with viscous and low surface tension media. Chemical Engineering Science 66 (2011) 

3234–3242 

 

 

Highlights 

 

CFD-DEM modeling of liquid-solid fluidized bed of calcium alginate beads 
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Comparison with experimental results arising from radioactive particle tracking 

Parameterization of liquid inlet distribution affects model predictive capacity  

CFDEM reasonably predicts observables relevant for phenomenological models 


