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Abstract: The paper describes a comparison between
four numerical models of porosity, for better
understanding the influence of porosity on the
hydrodynamics  (macroscopic and  microscopic)
behaviors of fluidized beds. The study has been done
through an approach based on combine discrete-
continuum to achieve the simulations. This approach
deals with the modeling of the interactions between the
fluid-solid. In which the discrete approach is used for
localizing the position and velocity of each individual
particles based on Newton’s 2" law of motion, using a
numerical time stepping scheme. While the continuum
approach is based on finite volume method, which is
solved the fluid flow equations (Navier-Stokes
equations). The geometry of fluidizing column was;
column diameter (D=0.096 m) and column height (H=1
m). Glass grains were firstly deposited inside the
column, and then subjected to the range of inlet water
velocity (0-0.14 m.s?). The results of simulations are
point out those four models of porosity, achieved
comparable results for simulating fluidized beds. The
simulations results were compared and showed a good
agreement and consistency with the experimental data
in the literatures. In other hand, the simulations results
revealed that the models of porosity, which based on
the microscopic scale, are most reliable between the
models of porosity. However the differences between
these models must be analyzed and kept in mind in
order to select the appropriate porosity model. The
results revealed that the porosity is an important
parameter which effect on the hydrodynamics behavior
of fluidized beds during the fluidization processes.

Keywords: Numerical simulation; Porosity; Fluid-solid
flow; Discrete approach; Continuum approach;
Circulating fluidized bed.

1. INTRODUCTION
Many of industrial applications include of two phase
flow (solid phase and fluid phase). Processes like
fluidization, pneumatic transport, spouted beds,
sedimentation, etc. In each of those processes, it is an
important fact to reach a homogeneous distribution for
the solid phase. Although it is not possible to obtain
homogeneity for the solid phase in the whole of the bed,
then it is pivotal to know the intensity distribution of the
solid phase in various parts of the system to predict the
behavior of the solid phase in the processes. The solid
phase (solid particles) distribution or concentration is
called porosity or bed voidage (&) which is represent the
ratio of volume taken by fluid to the total volume
occupied by solid particles and the fluid. The porosity is

main factors in describe and characterize the
hydrodynamics behavior, heat and mass transfer
properties of fluid-fluidized beds. In the case of spherical
particles the porosity can vary between (& =0.476) in
case of a stationary bed, up to (& =1) which the last solid
particle has been removed from the volume of the
system (apparatus).

2. LITERATURE REVIEW
A number of different studies and researches are
achieved to understand the act of porosity (bed voidage)
on the hydrodynamics of two phase flow. Different
experimental methods are developed for observation and
measurement of the bed porosity allocation in
fluidization processes. Methods of measurements can
generally be divided into mechanical, pressure, electrical
capacitance and optical methods. According to the
processes, the measurements can be divided into local,
zone and averaged over a part or all the bed [I, 13].
Although of certain limitations of experimental
techniques  (experimental  instrumentations  and
measurement ~ methodology),  but  experimental
techniques have provided valuable information on
concentration (porosity) of solid phase in fluid-fluidized
beds. Mathematical (theoretical) models are proposed for
predicting the solid concentration profile in fluidized
beds [14- 17]. The lacks in mathematical models are
still need to experimental validation for fluidized
systems. In other hand, empirical studies have been
made for understand the macroscopic behavior of
fluidized beds. Gidaspow and Ettehadieh [18] have
proposed the first computational approach model to
estimate the porosity distributions for 2D fluidized bed.
Bouillard et al. [10, 19] have studied and extensive the
experimental and theoretical work by proposing a model
to study the fluidization process in a two-dimensional
bed. In recent years, with the progress in calculation
capacities pushed the computational models to develop
and reproduce mechanical behaviors in macroscopic and
microscopic levels, of complex units involving
multiphase flows. Many of models have been studied
circulated fluidized beds and proposed some models of
porosity as secondarily in their researches [20-25].
Tanaka et al. [26] investigated the cluster formation in a
circulating fluidization in gas—solid flows, and the effect
of global porosity on the inhomogeneous and stability of
the system. Helland et al. [27-31] have been studied the
effects of the porosity on the value of the drag force,
through the formation of cluster in circulating fluidized
beds. It can be noted that pure researches of porosity is
rare in numeric side and still in experimental works
depends on the visual (macroscopic), thus the



motivations of present work are; present four numerical
models of porosity, for examination and prediction the
hydrodynamics macroscopic and microscopic behaviors
of fluidized beds, applying a combine discrete-
continuum approach to achieve the simulations,
numerical results of a fluidized bed simulation will
present and compare to experimental results, in order to
select the appropriate porosity model, and optimize the
hydrodynamics behavior of fluidized beds through a
porosity model, and used it as dependable design tool for
fluidized beds systems.

3. METHODS AND MATERIALS

3.1 Numerical Method

In order to describe the hydrodynamic characteristics of
fluidized beds, these must related to the porosity, particle
size, and physical properties for the fluid and the
particles. Four models of porosity are tested through a
combine of discrete-continuum. This combine is
provided an effective method for numerical simulations
of fluid-solid fluidized beds. In continuum approach, the
fluid phase is evolved in the computational fluid
dynamics (CFD) system, and the solid phase is treated
by the discrete approach (DEM) [32-35].

3.2 Discrete approach model

The originality of the discrete element code (SIGRAME)
consists in using as contact solver the bipotential
initiated by de Saxcé [36]. In a fluidized bed system,
consists of N particles, the maximum number of contacts
between the particles is an important parameter in
numerical modeling. The discrete code SIGRAME
which is house code uses the separating method
combined with connectivity table [37]. This combined is
reducing the cycle of calculation time. Moreover, it uses
the NSCD concept developed by Jean and J.-J Moreau
[38, 39], which allows to model correctly the dynamic
effects but also to work with a step of discretization

(At=~1073s) in comparison with the explicit codes
(At=107"s). In the present study, the particles are
spherical non-deformable and non-penetrable. By
choosing q as parameters of configuration, the
coordinates of the center of gravity of the particles. The
mechanical equation to be modeled is in the following:

MG = Feq (0.d.t)+R” 1)

where Fg represent the known external forces and R*

is the unknown internal forces associated with unknown
prior contact reactions. Each couple of particles i and j
which are candidates for contact (Figurel), the local
reaction F¢ (contact force) is given by:

Fe =R +F,-n @)

where n is the normal unit vector from particle j to
particle i, F, is the friction force and F, is the normal

force. The algorithm of calculation cycle is using a
numerical time stepping scheme.

Figurel Contact force between two particles

The movement of each particle is governed by the laws
of Newton’s second law of motion, for i-th particle, by:

dv;
mid—t':mig+':c,i +Fgi+Fp; @)

where m; represent mass, , I; is the radius, and v, is the

velocity of the i-th particle, g is acceleration due to
gravity, Fc; is the contact force between the particles

which is calculated by the discrete code, Fg; is the float
(buoyancy) force, Fp; is the drag force, I; is the
moment of inertia and @; is the angular velocity of i-th

particle, T; is the torque. The particle-fluid drag force
(Di Felice drag force model) [40] is obtained from:

Foi :0'125CD,i”di2Pf|Vf —Vi|(Vf v, et (5)

where Cp; is the drag coefficient of the fluid on the
particle i, d;, & are the diameter and porosity of the
particle i, p;,v; are the density and velocity of the

fluid. &; “is the corrective function to take in account
the presence of other particles in neighbors of the
particle i in to consideration, and y is empirical
coefficient can expressed as;

2
4 =37 —0.65exp{_ L5- '02910 Re;) } ©6)
where  Re :pfgi|vf —vi|di/yf is the particle

Reynolds number, the drag force coefficient (Cp;) is
implemented in the combine model as (Brown and

Lawler) [41]:
24 06s1)  0.407
i =—— 1+ 0.15Re; —_— 7
Cpij Re, ( +0.15Re; >+1+8710 @)
Re,



3.3 Continuum approach model

The continuum approach (Computational Fluid
Dynamics (CFD)) has developed in last two decades
with the increase of capacity of the computers. The CFD
codes are able to solve the governing equations of fluid
flow for laminar and/or turbulent flows [35]. In this
study, the CFD code is code_Saturne (version 3.0) and
Salome platform (version 7) for design the geometry of
the case study. The code is open source CFD software
developed by EDF of France, the code is based on finite
volume method which solves the Navier—Stokes
equations for 2D and 3D flows. The code accepts
meshes with any type of cell (tetrahedral, hexahedral,
polyhedral ...) and any type of grid (structured,
unstructured, hybrid ...).The locally-averaged continuity
and  Navier-Stokes  equations  (pressure-velocity
coupling) are solved by SIMPLEC method [42]. The
assumptions were no slip boundaries and unstructured
meshes are used for the column walls in the CFD model.
The k-g¢ model is used in this work, which largely
applied for its simplicity.

The mass balance and the momentum balance of the
fluid gives:

ops

—+V.(p;vs)=0 8
o (pivy) 8
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%+V-(vaf ®Vi)=-V.pr +Vz+pef (9)

where p;, p;, V; represents density, pressure, and

velocity of the fluid flow respectively , t denotes the
time, 7 is fluid viscous stress tensor and f is the

gravity force.

3.4 Combine Discrete-continuum (CFD-DEM)
The calculation by the CFD allows us to obtain the field
of velocity in every knot of the mesh M. The technique
to calculate the speed of every particle p decomposes
into 2 stages:
i) look what is the element e of M which contains
the particle p,
ii) calculate the speed of the particle p from the
speeds of the knots of the element e:

ne
Vp =Z§Dj‘pvj' (10)
j=1

where @, denotes the basic functions calculated in the

center of the particle p, ne is the number of the nodes in
the element. The calculated speed is used to compute the
drag force on the particle. To optimize the calculation
time, table of inverse connection is build. The search for
the knot i of the meshing M the closest of p so allows,
from the table of inverse connection, to look for the
element e only on the patch of elements connected in i
and not on all the elements of M (Figure 2).

Element (e)
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Figure 2 Sketch of particles in mesh arrangement

3.5 Models of porosity

The porosity in the vicinity (neighborhood) of each
particle is estimated according to 4 models that will be
comparing;

e  First model (Mod1l) is defined by:

&=1-0131IN, if N, <4; otherwise ¢=0,476 (11)

where N represent the number of contacts of the
particle, the value of &£=0,476 corresponds to the
porosity of a sphere in a cube [29].

e Second model (Mod2) is defined by:

Vinax =V
o= max p.T (12)
\Y

max

where V. is the volume defined by the height of the
highest particle in the fluidized bed, and V1 is the total
volume of the particles [16].

e Third model (Mod3) which uses the mesh M
serving for the detection of the contacts is
defined by:

_ Ve _Vp,e
V,

e

£ (13)

where V, is the volume of the mesh e containing the

particle and V. is the volume of the particles contained
in the mesh [43].

. Fourth model (Mod4) calculates a local
porosity from a REV (Representative Elemental
Volume) around each particle, detailed in [35]:

V -V
o ~REV " VpREV (14)

VREV

where Vgg, is the volume of the REV and V gy is the

volumes of the particles in the REV. The calculation of
the porosity in models 3 and 4 requires the calculation of
the volume of grains contained in a mesh or a REV; this
can be obtained by the following formula:



Vp rev =Zj:gfzaj<aj —<hx>+>+<aj —<hy>+> (15)

+

where <>+ represents the positive part, h,and h, are
the deviations between the center of the particle j of
radius a; and the edges of the REV (Figure 3).

Figure 3 Sketch of REV

4. Results and discussion

The hydrodynamic characteristics of fluidized beds
including porosity (bed voidage) and bed height were
investigated for fluidized beds. The geometry of
fluidizing column (pipe) has the dimensions (D=0.096
m, H=1 m), as depicted in (Fig.4-a,b), to compare the
performance and affectivity of the four models of
porosity.  Glass grains were firstly generated and
deposited inside the column under gravity, see Table 1,
and then subjected to the flowing water. Non slip
boundaries are used for the column walls in the CFD
model. The numerical parameters employed are listed in
Table 1. The CFD model consist of unstructural mesh
with; 944 tetrahedron elements, 369 nodes, 69 edges,
and 2470 triangles (Fig.4-c).

4.1 Porosity (bed voidage)

Figure 5 (a-f), shows the fluidized bed porosity for the
four models as a function of time of simulation for a
range of inlet water velocity. Figure 5-a, depicts the
porosity for the four models with low velocity of inlet
fluid (water) velocity, the values of porosity are close
(& ~0.59) for the fluidized bed. The values of porosity
are increase according to the model of porosity with the
increases of inlet fluid velocities, where the porosity
values of model four (Mod 4) is developed more than the
other models. In other hand, the porosity values of model
one (Modl) are less than the other values, because its
model are based in general porosity for the fluidized bed.

Fluid Flow

() () ©

Figure 4 Sketch of fluidized bed, a) sketch of column, b)
geometry 3D, ¢) meshing

Table 1: Simulation parameters.

Parameter Value
Particle diameter [mm] 2
Number of particles 2400
Density of particle [kg/m®] 2300
Young's modulus [GPa] 70
Poisson coefficient 0.35
Coefficient of friction 0.3
Coefficient of restitution 0.9
Column diameter (m) 0.1
Column length (m) 1
Initial bed height [m] 0.1
Porosity initial 0.4
Density of water [kg / m?] 1000
Dynamic viscosity of water [Pa.s] 0.001
DEM time step [s] 5x10°
Simulation time [s] 10
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Figure 5 Variation of porosity for the four models with the time of simulation, for inlet water velocity;
a) vi =0.04, b) vi = 0.06, ¢) v=0.08, d) vi = 0.10, e) v; =0.12, and f) vt =0.14 m/s.

4.2 Bed height

Figure 6 is revealed the relation between the bed height
(normalized bed heights) and the inlet liquid velocity.
Comparison with the experimental results [35], we seek
to find the appropriate model of porosity. Figure 6
reveals that the bed height increase for three models
(Mod 2, Mod 3 and Mod 4) with increase the inlet liquid
velocity. The figure 6 shows that the Mod 4 results are
the closest to the experimental results. Figure 7 (a-f),
depicts the bed height of fluidized bed for the four
models of porosity as a function of time of simulation.
The bed height is developed and increased with the
increase of inlet liquid velocity. Bed height values for
model four (Mod4) are greater than the rest of the values
for other models developed and increased with the
increase of inlet liquid velocity (Figure 7-f).
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Figure 7 Variation of bed height for the four models with the time of simulation, for inlet liquid
velocity, a) vs =0.04, b) v = 0.06, ¢) v=0.08, d) vi = 0.10, e) v¢ =0.12, and f) vt =0.14 m/s.

While the bed height values for model 1 (Mod1) are not
developed and the particles are still in the base of the
column. Figure 8 shows the snapshots of fluidized beds
for the four models, at inlet liquid velocity (vi= 0.14 m/s)
and time 10 second. The visualization of fluidization
process revealed the fact that models (Mod 1 and Mod 2)
are efficient to present the movement and position of the
particles. The porosity model of Mod 1 and Mod 2 are
based on the macroscopic scale (general porosity of the
bed). While the third model (Mod 3) is more efficient as
compared with first and second models, because it based
on the microscopic scale (level of the elements of the
meshing). The fourth model (Mod 4) is based on the
microscopic scale (level of individual particles and

formation of clusters), which make Mod 4 is most
reliable between all the models of porosity. All of these
reasons makes the Mod 4 is the nearest to the actual
fluidized beds in fluidization process. The comparison
between the two models; model 3 and model 4 can be
done at the level of clusters formation as shown in figure
9. The hydrodynamics of the suspended particles in
multi phase flows system, depend on the drag force is
the only source which raises the relative motion between
particles. The porosity calculation (porosity model), and
porosity function effect directly on the magnitude of
drag force (Eq.5), which reveal the difference in the
hydrodynamic behavior (cluster formation) of the two
models (Mod3 and Mod4), the results of this work are
consistency with these studies [9, 16, 28, 29, and 44].



Initial Mod 1 Mod 2 Mod 3 Mod 4

Figure 8 Fluidized beds for the four models of porosity
at the end of simulation (t =10 s with vi= 0.14 m/s).

4.3 Fluidized beds test for Model 4

The bed being initially at rest at t = 0, the introduction of
the fluid causes the particles to fluidize preferably in the
column, as can be seen in Fig. 10 at times t = 0.5s, and t
= 1s. The expansion of the bed is maximal att=6s
approximately, before the fluidized bed drops off
slightly.

Mod 3 Mod 4

Figure 9 Comparison between two snapshots of model 3
and model 4

The results are very strongly dependent on the porosity
function, which requires us to verify the validity of the
porosity model 4 (Eq. 14). Fig.10 shows a heterogeneity
of the particle distribution in the chamber (fort = 6s, t =
8s and t = 10 s) that can be related to cluster formation.

Initial t=05s t=1s

Figure 10 Position of fluidized particles over time (t = 0-10 s) for porosity model 4 with vi= 0.14 m/s.



5. CONCLUSION

Four models of porosity have been investigated and
compared. The study has been done through an approach
based on combine discrete-continuum to achieve the
simulations. The results of the comparisons and
validation of the four models of porosity revealed a good
consistency with the experimental results. The
simulations results revealed that the model of porosity
(Mod 4), which based on the microscopic scale, is most
reliable between all the models of porosity. In the longer
term, models of heat transfer and transfer of material
between the fluid and the particles (e.g. during a drying
operation) will be integrated into the software. This will
provide a multi-physical code combining fluid and
granular aspects, heat exchanges, material exchanges,
inter-particle cohesion and grinding. The applications are
as much in the process industries (reactors, dryers) as on
larger scale (wave effect on the rock fill structures ...).

Nomenclatures

m mass of particle, kg

r radius of particle, m

d diameter of particle, m

a; radius for the particle j (m)

D diameter of column, m

V  volume, m?

g acceleration due to gravity, m/s?

t time,s

n normal unit vector, dimensionless

v velocity, m/s

I moment of inertia of a particle, kg-m2/rad?
T Torque, N.m

p pressure, N/m?

Cp drag force coefficient, dimensionless
Fext external force, N

R# internal force, N

Fc contact force, N

F: tangential force (frictional force), N
F. normal force, N

Fp drag force, N

Fg float (buoyant) force, N

f  gravity force, N

ne number of nodes

No number of contacts

Re Reynolds number, dimensionless

Greek letters

density, kg/m3

viscous stress tensor, Pa

porosity (void fraction), dimensionless
viscosity, Pa.s

angular velocity of a particle, rad/s
empirical coefficient, dimensionless
basic functions, dimensionless

ASNRNRQLIE®™® D

Subscripts

x empirical coefficient, dimensionless
f  fluid (liquid) phase

i forith particles (solid phase)

p particle
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