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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
3

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
4

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 198Au (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.
6

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 particleliquid 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.].
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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 PressureImplicit 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 cm3. 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/s2

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

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

CFL Number

3 x10-7 to 10-4

4. Results
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cm3

iterations

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

Bed expansion (m)
Liquid
velocity Visual
(m/s)
0

inspection
0.10

Inferred CFDEM
turbulent (k-epsilon model)
from

CFDEM
turbulent free

RPT

uniform central

9 holes

32 holes

uniform

32 holes

–

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
20

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
21

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 Solid axial dispersion coefficient from CFDEM
(m2 s-1)

0.023

(m2 s-1)
Uniform

Central

9 holes

32 holes

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.
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